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Noble-metal nanoparticles of nonspherical shapes are inter-
esting for their size- and shape-dependent optical properties[1]

and for potential applications in hyperthermia of tumors,[2]

pathogen detection,[3] and infrared-absorbing coatings.[4] Typ-
ically, such particles are grown in the presence of surfactants
that stabilize certain crystallographic faces. For example,
silver nanocubes can be prepared by stabilizing the Ag {100}
faces with poly(4-vinylpyrrolidone) (PVP),[5] while gold
nanorods are grown readily in the presence of cetyltrimethy-
lammonium bromide (CTAB), which adsorbs selectively onto
Au {100} faces.[6] Other nanostructures prepared by the latter
method include gold hexagons,[7–9] gold triangles,[10–12] silver
disks,[13] and several other shapes.[14] Recently, considerable
effort has been devoted to the preparation of hybrid or dimer
nanostructures, in which two (or more) domains of different
shapes or material properties are permanently connected.[15]

Such structures are usually made by epitaxial nucleation and
growth on presynthesized nanoparticle seeds[16, 17] or by
thermal decomposition of core–shell nanoparticles.[18]

Herein, we describe a conceptually different route to a new
class of nanoscopic heterodimers composed of spherical and
polygonal domains. In our method, individual nanoparticles
(NPs) are first assembled into metastable, supraspherical
aggregates (SS, Figure 1a,b), and are then thermally decom-
posed into heterodimers (Figure 2). These composite particles
are the result of temperature-induced coalescence of individ-
ual NPs accompanied by crystal nucleation. During this
process, the relative sizes and dimensions of the SS and
crystalline domains change controllably and give rise to
pronounced changes in the particles; optical response.

In a typical experiment, gold supraspheres (SS, diameter
96� 13 nm[19–23]) were prepared by rapid addition of 1,8-

octanedithiol dissolved in toluene (2.86 mm, 40 mL) to a
stirred solution of gold nanoparticles (cAu= 1.0 mm, 1.75 mL)
stabilized in toluene by excess didodecyldimethylammonium
bromide (DDAB, 9 mm) and dodecylamine (DDA, 20 mm ;
Figure 1a,b). The dithiol molecules displaced a portion of the
loosely bound surfactant molecules and simultaneously cross-
linked the NPs. The cross-linking continued until all NPs in
solution were aggregated into spherical aggregates (SS), each
composed of approximately 2500 NPs and with an average of
150 dithiol ligands per NP (for details of the growth
mechanism, see reference [21]).

When the SS solution was heated at 95 8C, it remained
blue for times t< 100 min, then rapidly turned gray; subse-
quently, its color slowly changed to green (t� 100–200 min,
Figure 1c). Corresponding UV/Vis spectra showed that at
around t= 100 min, the intensity of the SS surface plasmon
resonance (SPR) band at lmax= 580 nm decreased dramati-
cally, while a new, strong band at lmax= 920 nm appeared

Figure 1. a) Preparation of Au SS by controlled cross-linking of gold
nanoparticles. The transformation is accompanied by a pronounced
color change. b) SEM side view of several supraspheres resting on a
surface of silicon. Scale bar=100 nm. c) Color changes observed
during thermal treatment of Au SS at 95 8C. d) UV/Vis spectra of the
reaction mixture recorded at different heating times t. The spectra
change abruptly at around 100 min.
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(Figure 1d). Further heating caused the intensity of this new
band to increase and its position to shift to higher wave-
lengths. These changes were accompanied by a gradual
decrease in the intensity of the lmax= 580 nm band. No
further changes were observed after t� 250 min.

To study structural evolution of the SS during heating, we
terminated the process at different times by rapidly lowering
the temperature to 25 8C while evaporating the solvent.
Scanning electron microscopy (SEM) images showed that for
t< 100 min, the morphologies of the SS aggregates did not
change. However, at t� 100 min, each suprasphere “budded”
a hexagonal plate on its surface (Figure 2a). Upon further
heating, these hybrid structures evolved into supraspheres
connected to either triangles or dodecagons (Figure 2b).

During this evolution, the plates grew at the expense of the
SS. At every stage of this process, the standard deviation in
the sizes of the plate domains was up to approximately 20%,
and the average volume and mass of the dimers remained
roughly constant, suggesting that these structures evolved but
did not merge with one another (see the Supporting
Information, Section 1). Ultimately, at t� 200 min, the
spheres disappeared completely to give a mixture of triangu-
lar and dodecagonal prisms (Figure 2c,d). High-resolution
TEM images of the particles taken at different times showed
that the plate domains had no structural defects in the {111}
planes (Figure 3). The single-crystalline nature of the plates
was confirmed by selected-area electron diffraction (SAED)
patterns taken perpendicular to the {111} face (Figure 3c).

The progress of the sphere-to-heterodimer transformation
was affected by temperature, by the presence and types of the
surfactants stabilizing the supraspheres,[24,25] and by the
concentration of dithiol cross-linkers. Specifically, below
85 8C, SS were stable for several days and did not nucleate
any crystals. At 90 8C, “budding” of small crystals started only
after t� 200 min, and it took roughly 6 h to obtain pure but
relatively polydisperse crystals (triangles and dodecagons)
without any SS present. Interestingly, a small percentage (1–
2%) of the heated SS nucleated two crystals (see the
Supporting Information, Figure S2). Finally, at 100 8C, the
SS precipitated from the solution rapidly and formed an
extended porous network structure.

When the spheres were purified from excess of DDA and
DDAB surfactants,[26] heating at 95 8C caused their rapid (t<
10 min) precipitation into a network-like structure (see the
Supporting Information, Figure S3a). When, however, the
concentration of DDA was adjusted to its original value
(20 mm), the SS heated at 95 8C remained stable in solution
for several days and did not bud any crystals (though some of
the NPs in the SS coalesced, see the Supporting Information,
Figure S3b). Finally, with no DDA and only DDAB present
(9 mm), the SS heated at 95 8C precipitated rapidly (t
� 15 min) to give a mixture of polydisperse plates of various
morphologies, including tetrahedra, triangles, and higher
polygonal plates (see the Supporting Information,
Figure S3c).

Overall, these experiments suggest that: i) Evolution of
supraspheres is driven by desorption of the molecules coating

Figure 2. SEM images of Au SS transforming into prisms at 95 8C.
Reaction was quenched after a) 110 min, b) 190 min and c) 250 min.
Scale bars correspond to 200 nm (left panels) and 100 nm (right
panels). d) Proportions of particles (P) of different morphologies at
different heating times at 95 8C.

Figure 3. a) TEM image of a typical dodecagon. b) High-resolution
image of the area in (a) delineated by a white frame. The measured
lattice constant of the {111} face is 2.4 G and in good agreement with
that of bulk Au {111} (2.355 G). Scale bars=50 nm in (a) and 5.0 nm
in (b). c) SAED diffraction pattern taken perpendicular to the {111}
face of a dodecagonal plate (see inset).
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the individual nanoparticles and by the coalescence of these
particles.[27] In particular, the optimal temperature for hete-
rodimer synthesis (95 8C) coincides with the previously
measured (by DSC[28]) threshold temperature of alkyl thiol
desorption from AuNPs. This finding suggests that removal of
tightly bound dithiol ligands is a necessary condition for
efficient NP coalescence. ii) An excess of DDA surfactant
stabilizes the supraspheres and prevents their aggregation.
This effect can be attributed to the surfactant lowering the
dielectric contrast between the SS and the solvent and thus
lowering themagnitudes of van derWaals attractions between
the supraspheres.[22] iii) DDAB controls the growth of the
budded crystals by stabilizing {111} crystallographic facets of
gold.[29–31] Once a hexagonal seed bound by two {111} planes
forms, adatoms have difficulty attaching to these flat
planes,[32] and the crystal grows sideways. Indeed, we verified
experimentally that the thickness of the growing crystalline
polygons does not change during in the entire course of SS
evolution (e.g. 9.5� 1.5 nm for the conditions discussed
above). However, for given concentrations of DDAB and
DDA, the plate thickness depends on and can be regulated by
the ratio of the concentration of dithiol cross-linkers to the
concentration of nanoparticles, x= [DT]/[NP]. When x is low,
all dithiols desorb rapidly, and the supraspheres bud large,
thin plates (e.g. 6 nm thick for x� 86). When x is high, the SS-
to-dimer transition takes much longer, and the coalescing NPs
are still held together by the dithiols not fully desorbed from
the supraspheres. As a result, the plates are more compact
and up to 50 nm thick (for x0 800). These trends are
quantified in Figure 4.

The evolution of the heterodimers; hexagonal domains
into triangles can be explained by the differences in the
growth rates of various crystallographic faces. Specifically,
transformation of hexagons into triangles is similar to that
observed in other systems[32,33] and is due to the fact that the
alternating {100} faces along the hexagon;s perimeter have
higher surface energies[34] and grow more rapidly than the
{111} faces. Transformation of hexagons into dodecagons is a
more complex process (Figure 5a) that begins with the
formation of three {110} crystal faces at three alternate
corners of a hexagon (Figure 5b)[35] with subsequent forma-
tion of three other {110} faces at the remaining corners
(Figure 5c). Although the {110} faces are relatively unstable
because of the associated large interatomic distances,[36] their
formation is facilitated by high local concentration of the
desorbing dithiols, which are known to bind to Au {110} with
the highest affinity.[37] Once the {110} faces nucleate, their
growth over both {111} and {100} is preferred and leads to
dodecagons. Interestingly, if {110} faces nucleate later, during
transformation of hexagons into triangles, the triangles
become truncated (Figure 5a,e) and ultimately evolve into
non-equilateral dodecagons (Figure 5a,f) , which are some-
times seen in the reaction mixture.

Finally, we discuss the optical properties of the hetero-
dimeric particles, whose UV/Vis spectra reflect the structures
of individual domains. These spectra are well approximated
by a linear superposition of the optical responses of the
supraspheres and of the crystalline plates. To model the
extinction of the SS domains (see the Supporting

Information), we used the Maxwell–Garnett (MG) theory,
which is an effective-medium approach to inhomogeneous
mixtures of two or more phases having different dielectric
constants (e.g. colloidal solutions of metal NPs). For the
polygonal plates, we applied the discrete dipole approxima-
tion,[38] which can accurately describe optical properties of

Figure 4. a) Aspect ratios a (i.e. plates’ width to thickness, *) and
heating times at 95 8C (t, ~) before the onset of budding for plates
obtained from similarly sized (ca. 96-nm) supraspheres differing in the
number of dithiol cross-linkers per nanoparticle, x = [DT]/[NP]. Supra-
spheres that are less cross-linked nucleate plates early (e.g. 40 min for
x = 86); when x0800, the SS need to be heated for more than five
hours. The aspect ratios of the final plates (i.e. when supraspheres
disappear completely), decrease with increasing x. The SEM images
show b) thin plates (thickness ca. 6 nm, a�18.0) obtained from x =86
supraspheres; c) intermediate plates (thickness ca. 11 nm, a�6.7)
from x = 229 SS; and d) compact plates (thickness ca. 40 nm, a�1.23)
from x = 860 SS. All scale bars correspond to 50 nm.
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arbitrarily shaped objects by representing them as a collection
of point dipoles.[38] The combination of these two methods
gives theoretical spectra that agree with those recorded in
experiments (Figure 6). In these spectra, the band at lmax
� 560 nm originates from the collective SPR of AuNPs
constituting the SS; lmax� 920 nm (for hexagons) and
1050 nm (for triangles and dodecagons) are the in-plane
dipole bands, and lmax� 800 nm is a quadrupole peak (barely
resolved in the experimental spectrum). The broadness of
these peaks reflects the approximately 20% polydispersity of
the plate domains, while the red shift of the in-plane bands is
attributed to snipping or rounding of the prisms; corners.[25]

In conclusion, we described thermal synthesis of hetero-
dimeric nanostructures by gradual decomposition of supra-
spherical precursors. Unlike molecular syntheses, this nano-
scale transformation allows for the isolation of a continuous
range of intermediates between the SS substrates and
polygonal-plate products. It offers a high degree of control
over the dimensions of each of the dimer;s domains and
produces particles with tunable optical properties. In the
future, it could be extended to structures made of different
materials or material combinations. In the latter context,
decomposition of SS comprising NPs of several types[21] could
lead to hybrid structures, in which the connected domains
would vary both in shape and in elemental composition, thus
making them suitable anisotropic building blocks for the
emerging field of nanochemistry.[39]

Experimental Section
Preparation of nanoparticles: Didodecyldimethylammonium
bromide (DDAB, 925 mg) was dissolved in toluene (20 mL) to
make a 100 mm stock solution. Tetrachloroauric acid trihy-
drate (HAuCl4·3H2O, 50 mg) and dodecylamine (DDA,
450 mg) were added to the DDAB stock solution (12.5 mL)
and dissolved by sonication. Tetrabutylammonium borohy-
dride (TBAB, 125 mg) dissolved in the DDAB stock solution
(5 mL) was added to this mixture dropwise under vigorous
stirring. The obtained solution was left to age for 24 h. The
aged solution (7 mL) was then added to toluene (50 mL)
containing HAuCl4·3H2O (200 mg), DDAB (1.00 g), and
DDA (1.85 g). Finally, hydrazine (131 mL) in the stock solution
(20 mL) was added dropwise under vigorous stirring. The
procedure gave gold nanoparticles of average diameter hdi=
5.6� 0.50 nm.

Figure 6. Experimental and theoretical UV/Vis spectra of heterodim-
ers. a) The spectrum of hexagon–suprasphere heterodimers taken after
100 min of heating at 95 8C (red) agrees with the calculated one
(interpolation, orange). This interpolation was obtained by linear
superposition of component spectra of the supraspheres and a family
of spectra corresponding to hexagonal plates of thickness H = 10 nm
and edge length (from left to right) l = 50 nm, 55 nm, 60 nm, 65 nm.
Accounting for different plate dimensions reflects the experimentally
observed polydispersity of the heterodimers. b) Spectrum modeled for
t =190 min is a superposition of individual spectra of supraspheres
(blue), triangles (H =10 nm, green), and dodecagons (H =10 nm,
violet), the latter two taken in proportions observed experimentally
(38% and 62%, respectively). In the calculations, dodecagons are
approximated as cylinders. To account for experimental polydispersity,
the spectra of triangles were modeled for edge-length l (from left to
right) 100 nm, 125 nm, and 150 nm; diameters D of the cylinders were
(from left to right) 100 nm, 125 nm and 150 nm.

Figure 5. a) Schematic representation of thermally-induced transformation of Au SS in
the presence of DDA and DDAB. Initially, the supraspheres bud hexagonal crystals.
These hexagons grow either by the addition of adatoms to the {100} faces, leading to
triangles (bottom left) or, if {110} faces appear at each of the hexagon’s corners,
transform into dodecagon (top right). In a much less common scenario, {110} faces
form in an intermediate structure (truncated triangle), which then gives rise to an
extended dodecagon (bottom right). Different stages of this evolution are captured in
SEM images shown in (b)–(f). b) Evolution to dodecagons begins with the formation of
three {110} faces (indicated by white arrows) at alternate corners of hexagons. c) Next,
three new {110} faces form at the remaining corners (indicated by white arrows). d) An
approximately equilateral dodecagon. e) A truncated triangle as an intermediate between
a hexagon and a triangle. f) A non-equilateral dodecagon evolved from a truncated
triangle. All scale bars correspond to 100 nm.
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Preparation of gold supraspheres: A solution of 1,8-octanedithiol
solution (400 mL, c= 2.86 mm) was added under vigorous stirring to
an as-prepared solution of gold nanoparticles (2.5 mL) diluted with
toluene (15 mL). The reaction mixture changed color from red to
purple within 1 min. The procedure gave Au SS of average diameter
hdi= 96� 13 nm.

Purification of supraspheres: As-prepared SS were purified from
DDAB (8.8 mm) and DDA (19.9 mm) by controlled precipitation
induced by the addition of methanol (20 vol%). Black precipitate was
collected and dissolved in the original volume of toluene. The
purification procedure was repeated without affecting the sizes of the
supraspheres and their ability to redisperse.
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