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T
he bottom-up approach to nano-
fabrication requires a precise organi-
zation of nanosized building blocks in

three dimensions, from atomic and molec-
ular to colloidal and microscopic length
scales. Each level is dominated by different
kinds of interactions that require specific
tools to control the spatial distribution of
the respective building blocks. At mole-
cular and colloidal length scales (Brownian
regime), chemistry provides tools that allow
modulating the interactions between parti-
cles upon self-assembly. However, the pre-
cise control over the size and shape of the
clusters, sensitivity toward environmental
factors, as well as distances between the
building blocks within the clusters repre-
sent formidable challenges that may lead
to the development of new strategies for
the fabrication of nanoscale devices. Parti-
cularly attractive is the use of metallic
nanoparticles, which exhibit tunable optical
activity, rendering them promising materi-
als for applications in fields as important as
biodiagnostics1 or energy conversion.2

Liquid-phase reversible assembly of gold
nanoparticles into three-dimensional super-
structures can be achieved by applying a

variety of attractive forces. Examples of such
forces are light-modulated dipole�dipole
interactions between ligand molecules,3

electrostatic interactions between oppo-
sitely charged particles,4 or temperature-
dependent hydrogen bonding between
grafted DNA molecules.5,6 Experimental
control over these interactions can be pro-
vided by well-understood theoretical mod-
els that help us to predict the processes that
take place in these systems.
Interestingly, solvent-mediatedself-assembly

of nanoparticles, which has often been intui-
tively associated with hydrophobic effects,7

is still poorly understood. Hydrophobic inter-
actions are the most important nonspecific
interactions in biological systems and are
responsible, for example, for the creation of
lipid bilayers and determination of the con-
formation of proteins in water.8 The origin
of hydrophobic interactions is related to
the rearrangement of water molecules as
two hydrophobic species come close to each
other.9 In the context of colloid chemistry,
hydrophobic interactions have helped to
explain qualitatively why hydrophobic parti-
cles can gather inside oil droplets during
emulsification processes, and why they form
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ABSTRACT Hydrophobic interactions constitute one of the most important

types of nonspecific interactions in biological systems, which emerge when water

molecules rearrange as two hydrophobic species come close to each other.

The prediction of hydrophobic interactions at the level of nanoparticles (Brownian

objects) remains challenging because of uncontrolled diffusive motion of the

particles. We describe here a general methodology for solvent-induced, reversible

self-assembly of gold nanoparticles into 3D clusters with well-controlled sizes.

A theoretical description of the process confirmed that hydrophobic interactions

are the main driving force behind nanoparticle aggregation.
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3D colloidal crystals upon oil evaporation.10�14 Simi-
larly, hydrophobic effects have been invoked to justify
the solvent-mediated self-assembly of gold nanorods
stabilized with hydrophobic polymers.15,16 Besides the
constantly increasing complexity of the nanoassem-
blies induced by hydrophobic interactions,17�20 un-
derstanding them on the level of colloidal interactions
remains a challenging task.
We show in this article that polystyrene (PS)-stabilized

spherical gold nanoparticles dispersed in tetrahydro-
furan (THF) can form aggregates upon the addition of
water, which is a poor solvent for PS (Scheme 1a,b). We
refer hereafter to such aggregates as “clusters”, since
control over the size and monodispersity differenti-
ate them from the commonly accepted meaning of
“aggregates” in colloid science. We derived a quantita-
tive model that accounts for the attractive hydrophobic
interactions that are responsible for the assembly pro-
cess. Additionally, the growth of the clusters can be
quenched by the addition of a polymeric surfactant
comprising hydrophobic (polystyrene) and hydrophilic
(poly(acrylic acid)) blocks (PS-b-PAA). While the amphi-
philic nature of the polymeric surfactant allows for
sequestration of clusters inside the hydrophobic core,
thehydrophilic outer surfaceof themicelles (comprising
the PAA blocks) ensures stability in polar solvents
(Scheme 1c) and allows improved visualization.

RESULTS AND DISCUSSION

Geometrical features of the nanoparticle clusters,
such as aggregate size and interparticle distance, were
controlled by adjusting the diameter of the gold nano-
particles and the length of polystyrene chains. Since
the clusters assemble by noncovalent interactions,
redispersion in a good solvent induces disintegration

of the structures to release the particles back into
solution.
Addition of water (20 wt %) to a THF solution

containing 18.0 ( 0.5 nm gold nanoparticles (Au18),
stabilized with hydrophobic polystyrene chains
(Au18@PS509), slowly induces a color change (from
red to pink/violet) and finally gives rise to aggregation
and subsequent precipitation (Figure 1a). The color
change is reflected in the progressive redshift of the
maximum of the localized surface plasmon resonance
(LSPR) band;the optical fingerprint of gold parti-
cles;from 540 to 565 nm during the first 30 min after
water addition (Figure 1b, red). The observed redshift
is due to the progressive decrease in interparticle
distances and increase in cluster size, which was con-
firmed by dynamic light scattering (DLS). During the
first 30 min after water addition, the mean size of
the clusters increased from 100 nm (hydrodynamic
diameter of the dispersed Au18@PS509 particles) up
to 904 nm (Figure 1c, red). Transmission electron
microscopy (TEM) from the solution at early stages of
aggregation (10 min) showed quasi-flat assemblies in
the form of circular islands with sizes between 1 and
3μm(Figure 1d).Wepropose that, uponwater addition,

Scheme 1. Three-dimensional self-assembly of polystyrene-
coated gold nanoparticles. (a) Colloidal dispersion of poly-
styrene coated gold nanoparticles in THF. (b) The aggrega-
tion starts upon addition of a nonsolvent (water,�20 wt %).
(c) The addition of polymeric surfactant (PS-b-PAA) at any
time during aggregation suppresses further aggregation.
Mild thermal treatment leads to expelling THF and induces
rearrangement of the particles inside the hydrophobic core,
while the polyacrylic shell ensures stability of the clusters in
water.

Figure 1. Formation of rigid clusters of Au nanoparticles. (a)
Visible changes of the solution containing Au18@PS509 upon
aggregation by hydrophobic interactions. (b) Time trace of
LSPR maxima showing a red shift upon addition of water
(red dots). Addition of PS-b-PAA (indicated by arrow) at
10 min of aggregation time inhibits further spectral shifts.
(c) Size evolution (DLS) of the clusters as a function of time
(red dots). Encapsulation of the aggregates in PS-b-PAA
and transfer to water lead to a decrease of clusters size by
half (blue dots). (d�f) TEM images at different stages of
the assembly process within 10 min of aggregation time.
(d) Beforeadditionof PS-b-PAA theclusters formflat, disk-like
structures upon drying, as confirmed by 3D electron tomo-
graphy reconstruction. (e) Quenching of the aggregation
by the addition of PS-b-PAA. Encapsulation is reflected in
clearly visible organic matter around the clusters, which
remain colloidal stable in THF�water mixture. (f) Thermal
treatment of the quenched clusters makes them rigid and
stable in aqueous solutions. All scale bars correspond to
200 nm.
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the Au nanoparticles assemble into spherical clusters
in solution, which collapse onto the solid substrate
(carbon film) upon solvent evaporation to form flat
disk-like assemblies. Keeping in mind that direct drop-
casting of the particles fromTHF solution resulted in the
formation of extended hexagonal close packed mono-
layers (see Supporting Information, section 1), the
observation of such disk-like assemblies supports the
hypothesis that the nanoparticles start interacting al-
ready in the THF/water mixture.
The aggregation of the polystyrene-coated gold

nanoparticles in the THF/water mixture can be quanti-
tatively explained by considering that the dominant
attractive force is due to hydrophobic interactions. In
pure THF, brush repulsion between the polymer chains
of adjacent particles overcomes the attractive van der
Waals (vdW) interactions.21 However, in the presence
of water, the hydrophobic polystyrene chains com-
press and attract each other to expel solventmolecules
(water and THF) into the bulk and therebyminimize the
free energy of the system. The combination of vdW,22

brush repulsion,21 and hydrophobic interactions23 re-
sults in the following overall expression (see Support-
ing Information, section 2 for details):

E ¼ 200RL2kT
πs3

e�πD=L � R

6
A232

D � 2L
� 2A123

D � L
þA121

D

� �

� 4πRD0γ(1 � f ) e�(D � 2L)=D0

(1)

The first two components correspond to polymer
brush and vdW interactions, where R is the radius of
the nanoparticles, L is the length of the polymer chain, s
is the footprint diameter of a single polymer chain, and
A is the Hamaker constant (A232 = APS‑THF‑PS and A123 =
AAu‑PS‑THF). The third term in eq 1 accounts for hydro-
phobic interactions,23 where γ is the interfacial energy
of the polystyrene in a specific solvent composition,
and D0 is the hydrophobic decay length. The hydro-
phobic term is effectively zero in the pure solvent case,
when f = 1 in eq 1, and contributes an increasingly
attractive hydrophobic interaction as f progressively de-
creases from 1 to 0. Here, f is termed the `hydropho-
bic�hydrophilic balance` because it can be used to
generally describe the spectrum of solvent-based inter-
actions: repulsive hydrophilic interactions for f > 1
(arising from steric-hydration or solvation interactions
due to enhanced density of strongly adsorbed solvent
molecules), and attractive hydrophobic interactions for
f < 1 (arising from hydrophobic or solvophobic interac-
tionsdue to reducedor `depleted` solventdensitynear an
interface). Thus, we use f = 1 to describe the interactions
in pure THF. Without further knowledge of the interfacial
structure, a range of f values between 0 and 1 were used
to describe the interactions in the THF/water mixture.
As shown in Figure 2, when only vdW and brush

interactions are considered (pure THF solvent, f = 1),

there is a strong energy barrier against aggregation of
about 11kT and a positive energy minimum at a cut off
distance of 1.5 Å. As the hydrophobic parameter f is
decreased from 1 to 0, which progressively increases
the hydrophobic contribution, the energy barrier de-
creases to 0.4kT (mixed solvent, f = 0). The primary
minimumat polystyrene�polystyrene contact is nearly
200kT for the fully hydrophobic case (f = 0). While the
exact value of f for this system remains unknown, we
have shown that a reasonable range of values for
f lead to a weak repulsive barrier and strong adhesion,
which is in agreement with the observed experimental
trends. This calculation illustrates the transition from
a stable to an unstable suspension as water is added
to the THF solution, clearly demonstrating that the
system undergoes hydrophobic aggregation.
The clusters can be stabilized by preventing uncon-

trolled precipitation, through the addition of a poly-
meric surfactant that is able to sequester the particles
into the hydrophobic core of its micelles.24�31We used
an amphiphilic diblock copolymer (polystyrene-b-poly-
(acrylic acid) , PS403-b-PAA62, see Figure 1) that forms
micelles in the THF/water mixture.32 The addition of
PS403-b-PAA62 (in THF) during clustering of the particles
(10 min after addition of water) was found to quench
aggregation and prevent further growth, as confirmed
by the invariance of the LSPR band (Scheme 1b, blue
dots). TEM characterization from the stabilized suspen-
sion revealed the presence of apparently spherical
clusters containing the nanoparticles embedded in
some organic material (Figure 1e). This morphology
suggests the flexible and adaptable character of the
assemblies, which arises from the presence of the
solvent in the hydrophobic core. The solvent acts as
a plasticizer and thus increases the exchange rate at
which unassociated copolymer chains andmicelles are
able to reach thermodynamic equilibrium.33 However,

Figure 2. Effect of hydrophobic interactions on the colloidal
stability of gold nanoparticles. Colloid�colloid interaction
energy E as a function of interparticle separation D, calcu-
lated using eq 1 for different solvent compositions f. Length
of PS chain L=7nm; footprint diameter s=1.4 nm; T=298K;
Hamaker constants A232=APS‑THF‑PS = 5.7 � 10�21 J and
A123=AAu‑PS‑THF = 2.3 � 10�20 J; radius of gold nano-
particles R = 9 nm; hydrophobic decay length D0 = 1 nm;
interfacial energy γ = 8 mJ/m2.
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for the micelles that contain nanoparticles stabilized
with polystyrene, equilibrium may never be reached
over reasonable time scales, as the temperature at
which the clustering occurs is far below the glass
transition temperature of bulk polystyrene. Indeed,
the LSPR maximum was found to remain unchanged
for at least 4 weeks. To further displace the system out
of equilibrium we applied a thermal treatment (70 �C)
that resulted in expelled solvent from the hydrophobic
cores. Subsequent transfer of the clusters into pure
water helps maintain a compact polystyrene core,
resulting in size reduction of the clusters by approxi-
mately half the original diameter (Figure 1c, blue dots
and Figure 1f). While solidification of the hydrophobic
polystyrene core promotes uniform filling of the three-
dimensional inner space by the nanoparticles, electro-
static interactions between the hydrophilic outer sur-
faces (measured zeta potential = �37.5 mV) ensure
colloidal stability of the clusters in pure water. As the
kinetically frozen aggregates manifest morphological
stability over long periods of time (4months), we further
characterized them without additional processing.
In general, liquid-phase aggregation of the spherical

particles via nonspecific interactions leads to forma-
tion of isotropic assemblies (Scheme 1f), whose overall
dimensions reflect the magnitude of the interactions.
Hydrophobic interactions, as shown in eq 1, are pro-
portional to the interfacial energy γ, which in turn is
proportional to solvent composition (water content),
or, in the case of polymers, is linearly proportional to
Mn

�2/3.34 Thus, by controlling the molecular weight of
the grafted polymer or the amount of water in the
mixture we expect that the hydrophobic interactions
can be modulated, or in geometric terms, that the size
of the assemblies can be tuned. We first investigated
the influence of the length of the polymer chains using
Au18 stabilized with thiolated polystyrene of three
different molecular weights: 5.8, 21.5, and 53.0 kg/mol.
While keeping aggregation time constant (10 min), as
well as the water content (20 wt %) and particle
concentration (1� 10�9M), the final sizes of the clusters
were established to be proportional to the length of
the PS chains (Figure 3a). Additionally, this trend was
found to be independent of nanoparticle diameter. For
bigger particles (40.0( 0.9 nm, Au40; and 61.7( 1.5 nm,
Au60 nm) the average size of the clusters also increases
with increasing length of the PS chains (Figure 3a, for full
TEM characterization see Supporting Information, sec-
tion 3). Similarly, modulation of polystyrene interfacial
energy through solvent composition (varying H2O con-
tent from 10 to 30wt %) also affects cluster size, leading
to a gradual increase with increasing amount of water
(see Supporting Information, section 4). These trends
indicate that subtle control over the interfacial energies
of the stabilizing polymer via changes in chain length or
solvent composition can determine the final size of the
clusters.

Finally, the presence of dissolved gas can strongly
affect the magnitude of the hydrophobic interaction.
Recent studies have shown that there are three re-
gimes that can contribute to the hydrophobic interac-
tions between micrometer-sized PS surfaces:35 (1) a
very long-range interaction regime from ∼20 nm to
hundreds of nanometers, due to bridging by micro-
scopic and submicroscopic bubbles; (2) a possible
intermediate interaction regime, typically ranging
from several nanometers up to 10�20 nm, due to an
enhanced Hamaker constant associated with en-
hanced proton-hopping in water (so-called Grotthuss
effect); and (3) a short-range interaction regime (from
<1 nm to several nanometers), due to entropic struc-
tural effects of water close to the hydrophobic surfaces.
Especially challenging has been the finding of the
long-range interactions regime, as the bridging of
air bubbles between the polymer surfaces depends
sensitively on the experimental conditions.35,36 Never-
theless, the presence of air upon the clustering of sub-
100 nm particles can also affect the geometry of the
assemblies. We found that ∼1% of our spherical as-
semblies present voids, suggesting that hydrophobic
air bubbles are present and attract the hydrophobic
particles to the interface between the air bubble and
the solvent, thereby playing a structure-directing role
for nucleating particle assemblies (see Supporting
Information, section 5). Therefore, the long-range in-
teraction regime upon the clustering of particles with
diameters smaller than air bubbles can be excluded,
indicating the predominance of the intermediate and
short-range interaction regimes. Interestingly, from the

Figure 3. Control over cluster size, interparticle distance,
and volume fraction. (a) Average cluster diameter as a
function of length of the PS chains for 18, 40, and 60 nm
gold nanoparticles. Each length corresponds to a specific
molecular weight of the PS chains, as indicated by rectan-
gular areas with different colors. (b) Average interparticle
distance as a function of length of the PS chains. (c) Nano-
particles volume fraction as a function of the length of the
PS chains. (d) 3D electron tomography reconstructions of
clusters comprising Au18 with progressively increasing
lengths of the PS chains. Note that interparticle distances
increase with increasing PS chain length.
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standpoint of geometrical complexity of the assem-
blies, the gold particles at the air bubble interface could
be an alternative method for creating hollow spherical
assemblies.37

Characterization of the Au nanoparticle clusters by
electron tomography reconstructions provides insight
into the spatial distribution of the particles in the
cluster as well as interparticle distances. Conventional
electron microscopy yields 2-dimensional projections
of 3-dimensional objects, which may lead to incom-
plete results. Especially for assemblies such as the ones
studied here, it is of great importance to investigate the
3-dimensional spatial distribution of the individual
particles in a cluster. Such studies can be performed
by electron tomography, a technique in which a large
number of 2-dimensional electron microscopy images
is combined in a 3-dimensional reconstruction. Exam-
ples illustrating the outcome of these reconstructions
are presented in Figure 3. Once such a 3-dimensional
reconstruction is obtained, interparticle distances can
also be calculated from the electron tomography
reconstruction. Analysis of these parameters showed
that the particles uniformly fill the polystyrene cores,
with uniform edge-to-edge distances and apparently
a certain degree of order (see Supporting Information,
section 6). Controlling the length of polymer chains
allowed the modulation of the gap distances between
the particles, which is particularly visible for 18 nm
particles stabilized with progressively increasing PS
chains (Figure 3d). Regardless of particle diameter
(Au18, Au40, and Au60), for the shortest polymer chain
length, the distances were smaller (2�5 nm) as com-
pared to the longest polymer chains (distances are
19�22 nm) (see Figure 3b). This renders the clusters
accessible for molecular uptake and controlled release,
which may have interesting biological applications.
3D electron tomography reconstructions also allowed
the average number of particles per cluster to be
estimated, which in more general terms can be pre-
sented in terms of volume fraction (Figure 3c). As
expected, the volume fraction of metallic gold in the
cluster increases with increasing particle diameter and
decreasing polymer chain length. Limiting values of
0.1 and 0.4 were observed for clusters of Au18@PS509
and Au60@PS53 (Figure 3c).
Geometrical features, such as cluster size and vo-

lume fraction, aid understanding of the bulk optical
response of the colloids. Regardless of the mean nano-
particle diameter, increasing the length of the PS
chains increases the redshift of the plasmon band,
accompanied by a significant reduction and broad-
ening of the extinction (Figure 4a). Recent studies on
DNA-induced nanoparticle clustering have shown that
both increased aggregate size and volume fraction
(interparticle distances) can lead to LSPR redshifts.38

In our case, the observed redshifts are due to increas-
ing cluster sizes, with decreasing volume fractions

(Figure 3a,c). With increasing cluster size, the total
number of “coupled” particles contributing to the
overall optical response increases. Therefore, the plas-
mon shift originates from the collective interactions of
particles with light. This feature brings new insights
into the field of plasmon engineering, indicating that
the plasmonic optical window can be easily tuned
independently of the available space between the
particles.
As the Au nanoparticle clusters are held together by

noncovalent interactions, their sensitivity to solvent com-
position can be expressed in terms of cyclic assembly
and disassembly. Figure 4b is an example of such a
process. Initially stable Au nanoparticles in organic sol-
vent (1) are assembled into spherical clusters uponwater
addition and subsequently encapsulated within poly-
mericmicelles. The amphiphilic character of the capsules
ensures stability of the clusters in water (2). Addition
of THF (1:1 vol) to the aqueous solution of the clusters
partially solubilizes the hydrophobic polystyrene cores,
leading to gradual disintegration of the assemblies (3).
Removal of water by centrifugation allows recovery of
the initial colloidal stability of the particles in the organic
solvent (4). Each step of the reversible particle aggrega-
tion is characterized by a specific optical response,
making the process easy to control.

CONCLUSIONS

We showed a newmethodology for the preparation
of clusters containing gold nanoparticles. Control over
cluster size, interparticle distance, and overall optical
response make these structures promising candidates
for drug delivery, especially if release of internal cargo
is required. Note, that the copolymer used here is a
model system that can be replaced by conducting

Figure 4. Optical properties and solvent-induced cluster
disassembly. (a) UV�vis�NIR spectra of the clusters inwater.
The final position of the LSPR band is more red-shifted for
longer PS chains. For Au40@PS509 and Au60@PS509 a second
band appears that may correspond to coupled plasmon
modes. (b) Reversible particle clustering in different mix-
ture compositions and their effect on the optical response:
(1) stablecolloidsolutionofAu18@PS509 inTHF; (2) self-assembly,
thermal treatment, and transfer into water maximize the
redshift of the plasmonband; (3) gradual disassembly of the
clusters by addition of good solvent;plasmon band blue-
shifts; (4) recovery of the initial plasmon band position and
colloidal stability of the building blocks in a good solvent
(THF).
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or biodegradable copolymers that will bring new
solutions for problems in biosensing or energy con-
version. Apart from the applications, our system raises

intriguing questions regarding fundamental concepts,
for example in plasmon hybridization, which has still
been poorly investigated for multiparticle 3D clusters.

EXPERIMENTAL SECTION

Synthesis of Gold Nanospheres (10 nm). First, gold seeds (∼1.5 nm)
were prepared by borohydride (10 mM, 0.3 mL) reduction of
HAuCl4 (0.25 mM, 5 mL) in aqueous cetyltrimethylammonium
bromide solution (CTAB, 100 mM). After 30 min, an aliquot of
seed solution (0.6 mL) was added to a growth solution (100 mL)
containing cetyltrimethylammonium chloride (CTAC, 100 mM),
HAuCl4 (0.18 mM), and ascorbic acid (0.36 mM). Themixture was
left undisturbed for 12 h at 25 �C. Upon synthesis, the solution
was centrifuged (9000 rpm, 2h) to remove excess CTAC and
ascorbic acid, and redispersed in water to a final gold concentra-
tion equal to 2.5 mM.

Synthesis of Gold Nanospheres (18, 40, and 60 nm). To grow 10 nm
gold nanospheres up to 18, 40, and 60 nmdiameter, a volume of
gold seed solution 2.5 mM (0.71, 0.08, or 0.02 mL) was added
undermagnetic stirring to a growth solution (25mL) containing
benzyldimethylammonium chloride (BDAC, 100 mM), HAuCl4
(0.5 mM), and ascorbic acid (1 mM). The mixture was left
undisturbed for 30 min at 30 �C, and then washed twice by
centrifugation. The particles were finally dispersed in water to
a final gold concentration equal to 5 mM.

Ligand Exchange. To replace surfactant with hydrophobic poly-
mer, thiolated polystyrene (Polymer Source, Inc.) with different
molecular weights (5.8, 21.5, and 53 kg/mol) were used. The
solution of gold nanoparticles of desired diameter (5 mM, 1 mL)
was addeddropwise under sonication toa THF solution (10mL) of
PS-SH (1molecule of PS-SH per nm2 of gold surface). The solution
was left for 15 min in an ultrasonic bath. To ensure ligand
exchange, the resulting mixture was left undisturbed for 12 h,
and then centrifuged twice (7000 rpm, 60 min). The particles
were finallydispersed in THF toa final gold concentrationequal to
2.5 mM.

Self-Assembly and Polymer Encapsulation. In a typical self-assem-
bly experiment, water (0.4 mL) was added to the Au@PS colloid
(1.6 mL, THF) under magnetic stirring. In the final mixture the
concentration of gold was 0.25 mM. The solution was left
undisturbed for 10 min under ambient condition. To quench
further aggregation, a solution of PS403-b-PAA62 in THF
(6 mg/mL, 0.2 mL) was added. Subsequently, the water content
was increased up to 35 wt %, followed by increasing the
temperature up to 70 �C, which was maintained for 1 h. The
final solution was centrifuged twice (3500 rpm, 20 min) and
dispersed in pure water.

Three-Dimensional Electron Tomography Reconstructions. TEM spe-
cimens were prepared by applying drops of solution onto
a carbon-coated TEM copper grid. A series of high angle
annular dark field-scanning transmission electron microscopy
(HAADF-STEM) images was acquired with 2� tilt increments
using a Tecnai G2 transmission electron microscope operated
at 200 kV and a Fischione 2020 single tilt holder. Three-
dimensional (3D) reconstruction of the clusters was carried
out using the simultaneously iterative reconstruction techni-
que39 and by the total variation minimization reconstruction
technique.40
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