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Gold nanoparticles (NPs) were assembled and cross-linked into
spherical aggregates by colloidal emulsion evaporation and ligand
exchanging. The optical absorption, conventional transmission
electron microscopy (TEM) and bright field (BF) TEM tomography
confirm that the cross-linking of the pre-condensed aggregates
generates high stability and compactness.
Motivated by the idea of generating new collective properties from
the unique properties of individual nanoparticles (NPs) and their
geometrical and chemical coupling, NPs have been assembled into
superstructural blocks. The self-assembly of NPs can be a 2D
monolayer or a 3D superlattice, which can be tuned by tailing the
interaction between NPs.1,2 Besides constructing ordered NP lattices,
it is also interesting to assemble NPs into aggregates with regular
shape. These NP aggregates can be fabricated via various mechanisms, such as molecular recognition through hydrogen bonding,3
multidentate thioethers’ cross-linking,4–6 and electrostatic binding.7
To further assemble NPs into blocks of regular shape with tunable
and near equal interparticle chemical environment, several efforts
have been made to bind NPs into stable submicrometre spherical
aggregates.8,9 The glue molecules can be as small as hundreds of
Daltons which act as surface stabilizing and binding ligands. These
monolayer interparticle ligands provide a new possibility to bind NPs
into uniform aggregates within which the interparticle electronic state
is almost equal, thus the hybrid aggregates can act as supermolecules
with less property fluctuations. Unfortunately, few of the previous
practices of bonding NPs into a regular superstructure have proven
to be either stable in a solvent or linked by functional molecules.
The electron transportation through aromatic dithiols, which act
as functional elements, has been calculated using density functional
theory,10,11 and measured using scanning probe microscopy on the
planar deposited monolayer12 and a dimer structure technique13 for
single molecule electronic devices. Recently, a report reveals that the
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cross-linking efficiency of aromatic dithiol is 4 times higher than
aliphatic dithiol between CdTe quantum dots due to its rigid difference.14 Though the simple alkanedithiol molecules can bridge NPs
into spherical aggregates in monophase4–6,8 or in emulsion,9 the size
uniformity and structure stability are still uncontrollable. Assembling
gold NPs into monodisperse high symmetry blocks with a molecule
like biphenyldithiol acting as both binding and electronic or photoelectronic functioning elements provides a promising strategy for the
repeatable construction of molecular electronic devices. Using an
emulsion evaporation technique, the monodisperse polymer spheres15
and polydisperse NP aggregation spheres7 can be fabricated. Because
gold NPs passivated by alkanethiol have very weak interparticle
interaction within a nonpolar solvent, the NPs can aggregate into
spheres with tunable size by varying the concentration of NP
colloidal solution and the droplet size of emulsion through a solvent
evaporation process. Thus, it is possible to fabricate gold NP
spherical aggregates through emulsion evaporation, ligand
exchanging and cross-linking. Here we report our experimental study
on the construction and the structure analysis of the sub-micrometre
spherical aggregates. The microstructure of the spherical aggregates
was analyzed by either conventional transmission electron microscopy (TEM) or bright field (BF) TEM tomography, which has been
used to present the spatial structure with nanometre resolution for
materials like viruses, NPs and nanovoids using three-dimensional
(3D) reconstruction16–19 during the last decade.
Gold NPs were fabricated by a two-phase liquid–liquid routine.20
The dodecanethiol was used as a surface passivation molecule. To
generate spherical aggregation by surface tension, we dropped 0.2 ml
NP colloidal solution with concentration of about 1 mg ml 1 into
10 ml water, in which 1% w/v polyvinyl alcohol (PVA) (Mw z 6000)
was dissolved. The chloroform phase was broken into emulsion using
ultrasonic vibration. The stable emulsion was put into a vacuum
rotary dryer to evaporate the colloidal droplets into solid aggregates.
After 30 min evaporation in vacuum of about 100 mba at room
temperature, the condensed aggregates in water were collected by
centrifugation. To cross-link the gold NPs, octanedithiols or biphenyldithiols were dissolved in methanol with concentration of 0.2 mM.
5 ml 1 : 1 v/v methanol/water solution was used to dissolve the
aggregates and the temperature was kept at 60  C for 12 h. The crosslinked aggregates were collected by centrifugation. The morphology
of NPs and their aggregates was analyzed using a Jeol 2100 TEM.
The optical absorption spectra of dispersed Au NPs in chloroform,
condensed aggregates in water, and cross-linked aggregates in
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methanol were measured using a Shimadzu UV-3600 spectrometer.
The BF TEM images with different tilt angles were recorded using
a Gatan 894 CCD on a FEI TECNAI G2 microscope through FEI
Xplore 3D tomography software suite. The image acquired was
taken using automatic cross-correlation shift tracking and focused
 2$s 1. One frame was taken with exposure
under dosage of 10e A
time of 0.5 s and the total 60 frames from 60 to +60 with 2 step
were taken for about 30 min.
The size of as-prepared Au NPs scatters from 1 nm to 5 nm. The
colloid monodispersity when dissolved within chloroform was
demonstrated by both the optical absorption spectrum and the TEM
image (Fig. S1 of the ESI†). The close packed hexagonal array of
nanodots with nearly equal spacing distance demonstrates that the
nonpolar solvent enables the very weak interparticle attraction within
solution. The spherical aggregates were condensed from emulsion of
colloidal solution in water. The chloroform phase was broken into
disperse droplets using ultrasonic vibration. The NPs in the droplets
were condensed into spherical aggregates by interfacial tension. The
TEM image of the aggregates shows that most of the condensed
spheres collapse into monolayer discs (Fig. 1a), which means that the
aggregates are not stable without interparticle cross-link bonding.
The inset, selected region electron diffraction (SAED) pattern, shows
the typical nanocrystalline feature.
To enhance the interparticle adhesion stability, octanedithiol and
biphenyldithiol were used as cross-linking molecules. Dithiol molecules exchange dodecanethiol bonded to the gold NP surface. Two
–SH groups on the ends of one dithiol molecule provide anchor force
to eliminate the slip mobility of the neighboring particles in the
aggregates. To cross-link neighboring NPs, the aggregates were
added to dithiol dissolved methanol/water solution. The mixture of
methanol and water does not dissolve the hydrophobic aggregates.
The compactness of the cross-linked aggregates can be enhanced by
the evaporation of methanol during the cross-linking process. The
TEM images (Fig. 1b and c) show that most of the aggregates keep
circular shape. By tilting the sample to higher projection angle, it can
be seen that most of the aggregates keep 3D structure. This means
that the covalent bonds through dithiol molecules anchor the
neighboring gold NPs from shear slip during drying on a substrate.
The spacing distances between NPs are almost 1 nm, corresponding
to the molecular length of the dithiols. To visualize the spatial

structure of the aggregates, we have recorded a series of planar
projection images for a typical sphere at different tilt angles.
The efficiency of the cross-linking was proved by optical absorption. Fig. 2 shows the surface plasmon resonance absorption of
dispersed Au NPs and their aggregates. The concentration of NPs in
chloroform is 1/5 of that of condensed and cross-linked samples. The
red-shift of the resonance peak can be observed for the aggregates
without cross-linking (Fig. 2, plot 2).
After adding dithiols, the optical absorption spectra of the samples
cross-linked by octanedithiol or biphenyldithiol have no obvious
peaks. The red-shift of the resonance peak was explained by the nearfield coupling.21 From our observation, the variation of the resonance
peak from 524 nm of the dispersed NP to 578 nm of aggregates
without cross-linking appears to be compatible with the systemic
observation on the Au NP assemblies meditated by methylthio arylethynes,22 while the optical absorption spectra measured on the
cross-linked NPs show that the plasmon resonance is much depressed
(very weak peak at 600 nm for the sample cross-linked by biphenyldithiols and almost no peak for the sample cross-linked by octanedithiols). The red-shift of the Au NPs in 2D closest packed
configuration1 or disordered multilayer thin film of Au NPs with

Fig. 2 Optical absorption of the NPs dissolved in chloroform (plot 1),
aggregates condensed from emulsion evaporation (plot 2), cross-linked
aggregates by biphenyldithiols (plot 3) and octanedithiols (plot 4).

Fig. 1 TEM images of gold NP aggregates without cross-linking (a) (inset is a SAED pattern), cross-linked by octanedithiols (b) and cross-linked by
biphenyldithiols (c).
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alkanethiols of different chainlengths23 was explained based on the
Maxwell–Garnett formalism. But the decreased interparticle distance
does not largely quench the plasmon resonance. Since the covalent
bonding can lower the tunneling barrier and the electron transportation through Au electrodes is enhanced by dithiols,24,25 it can be
deduced that the loss of surface plasmon resonance may be caused by
the higher electron transferring rate through neighboring NPs. The
detailed mechanism needs further understanding.
Fig. 3 shows the aggregates cross-linked by octanedithiol or
biphenyldithiol at various tilt angles. Though the 200 kV electron
beam will unavoidably cause the evaporation of molecule residues
and the ripening of gold NPs under continuous exposure to electron
beam, there are no morphology changes on either the residual dithiol
layer enveloped on the sphere or the particle size during our image
acquiring process under careful dosage control.
Referring to the TEM images of the spherical aggregates of gold
NPs cross-linked by multidentate thioethers4 and alkanedithiols,7 it
can be seen that both molecules cannot provide enough stability and
rigidity for the aggregates. The formation of the aggregates happened
during the mixing of cross-linking molecules with surface passivated
NPs in monophase solution or in biphase emulsion. Thus there are
large irregular bonded NP clusters during ligand exchanging and
cross-linking. The symmetry of the aggregates is deteriorated. Our

Fig. 3 TEM images of a typical spherical aggregate with different tilt
angles and cross-linking molecules, (a) 0 , octanedithiol, (b) +45 , octanedithiol, (c) +63.8 , octanedithiol, (d) 0 , biphenyldithiol, (e) 45 ,
biphenyldithiol and (f) +60 , biphenyldithiol.
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strategy avoids this drawback. Before introducing cross-linking
molecules, the shape of the condensates was controlled by the interfacial tension between chloroform and water. The high symmetry of
the aggregates from our observation proves that the interfacial
tension is strong enough to drive the weak interacted NPs into perfect
spheres. The weak interaction between alkanethiol passivated gold
NPs in nonpolar solvent not only enables the high monodispersity
which reduces the aggregation within the solvent and thus increases
the symmetry of the condensed spheres, but also enhances shear
mobility of the condensed NPs under the interfacial tension during
the solvent evaporation process, which can be seen from the near 2D
discs of the NPs when dipping a drop of water containing NP
condensates onto a copper grid (Fig. 1a).
Octanedithiols and biphenyldithiols can stabilize the spheres
through covalent cross-linking. But the efficiency of ligand exchange
and cross-linking between these two molecules differs obviously.
Measured from the TEM images of two typical spheres, the aspect
ratio of the projection image at tilt angle of 63.8 for the sphere crosslinked by octanedithiols is about 0.916 (Fig. 3c), while that at 60 for
the sphere cross-linked by biphenyldithiols is about 0.998 (Fig. 3f).
The near 1 aspect ratio means that the contact angle between the
sphere and substrate is near 0 . Based on a simple geometry model of
sphere segment, the contact angle (80 ) can be calculated from the
aspect ratio of different tilt angles for the sphere cross-linked by
octanedithiol (Fig. 3a–c). Using our ligand exchanging and crosslinking strategy, the mixture of biphenyldithiol dissolved methanol
and water presents sufficient interfacial tension which keeps the
stability of the spherical aggregates due to the high polarity of the
methanol/water mixture. The higher affinity of the methanol than
water to the hydrophobic alkanethiol passivated NPs may enable the
partial phase separation of methanol within the condensates. From
our TEM observation of the sample cross-linked at room temperature and the reported images in ref. 7, most of the aggregates
condensed from solvent evaporation and cross-linked by dithiols
show plicate features like dried and folded capsules. This morphology
can be explained by the evaporation of the trapped solvent within
aggregates during ligand exchanging and cross-linking processes. The
solvent residue thus relaxes the close contact between neighboring
hydrophobic NPs and decreases the cross-linking efficiency within
aggregates. By elevating the cross-linking temperature, the methanol
was evaporated and most of the dithiols were carried out of the
aggregates. This largely reduces the volume of solvent and dithiol
residues and unanchored NPs within the sphere. The much larger
contact angle of the sphere cross-linked by octanedithiols confirms
that the cross-linking efficiency of flexible alkanedithiols does not give
enough rigidity between neighboring NPs.
The compactness of the aggregates can be visualized from 3D
images reconstructed and displayed using software of Inspect3D.
Fig. 4 shows the reconstructed 3D rendering of the sphere at 0 and
45 viewing orientation. The tilting axial is indicated as y in the view
plane. Though the finite tilt angles of TEM tomography cause some
distortion of the NPs on the reconstructed image, the spatial
configuration of the NPs can be clearly identified in the 3D image. Its
near perfect spherical shape with a diameter of about 68 nm was
confirmed. By generating an isosurface image, the individual NP and
gap between neighboring NPs can be identified. The less compact
region within the sphere (labelled as A in Fig. 3d and 4a) clearly
indicates that there is molecular residue trapped in the sphere. In this
region the inter-particle distance is much larger than 1 nm, which is
Nanoscale, 2011, 3, 4567–4570 | 4569

Downloaded on 28 November 2011
Published on 27 September 2011 on http://pubs.rsc.org | doi:10.1039/C1NR10897B

View Online

Fig. 4 3D reconstructed isosurface rendering viewing at 0 (a) and 40
(b) for the sphere as shown in the BF image of Fig. 3(d–f).

more obvious viewing at 45 (Fig. 3b). It shows that the left part of
the sphere traps more dithiols than the right part. From the reconstructed image, the shape and size of the particles and interparticle
voids are unavoidably distorted by the missing wedges of the TEM
tomography. On the surface, the resolution of the isolated particle
and gap can reach 1 nm (labelled as B in Fig. 4a). The distortion can
cause the margin of some particles cannot be clearly depicted
(labelled as C in Fig. 4a). Despite a few uncertainties, the spatial
position of most of the NPs within the aggregate can be identified
through 3D reconstruction with nanometre resolution.
In summary, we have demonstrated the formation of gold NP
nanospherical aggregates through ligand exchanging and molecular
monolayer cross-linking under controllable conditions. TEM and
TEM tomography show that the spherical aggregates cross-linked by
a rigid biphenyldithiol monolayer are more stable than the aggregates
cross-linked by a flexible octanedithiol monolayer. 3D reconstruction
demonstrates that the spatial configuration of an individual NP can
be visualized with nanometre resolution. This spatial visualization
confirms that the stability of the spherical aggregates relies on the
effective cross-linking between neighboring NPs.
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