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This paper reports the transformation of rhombic dodecahedral gold nanoparticles through two
different pathways depending on the water content. The gold nanoparticles were prepared by reducing
HAuCl, with N, N-dimethylforamide in the presence of poly(vinyl pyrrolidone) and water. Not only the
concentration of PVP but also the water content has a critical role in determining the shape
transformation of the gold nanocrystals. At low water content the rhombic dodecahedron is
transformed into a rhombicuboctahedron to a truncated octahedron and then to an octahedron, while
at higher water content the rhombic dodecahedron is transformed into a rhombicuboctahedron and
then to a cube or a truncated cube and then to a cuboctahedron and to a truncated octahedron. In
addition, we demonstrated cell imaging by using the truncated octahedral, rhombic dodecahedral and

octahedral gold nanoparticles as a contrast agent.

Introduction

The control of the shape and morphology of metal nanocrystals
has been intensively studied in recent years in order to investigate
the strong correlation between their shapes and their optical,
electronic, chemical, physical, and catalytic properties.’® In
particular, gold nanocrystals have attracted considerable atten-
tion because of their numerous applications, such as in surface
plasmonics, surface-enhanced Raman scattering (SERS), photo-
thermal therapy, as well as in chemical and biological sensing.”**
Various synthetic methods based on colloidal chemistry have
already provided routes for the production of shape-controlled
gold nanoparticles such as Platonic solids,’*** decahedra,'®
rods,' plates,® and multipods.’” The seed-mediated growth of
gold nanoparticles has recently been used to demonstrate
transformations between nanoparticles with various shapes such
as rod to octahedron' and cube to cuboctahedron to octahe-
dron; this latter transformation shows the possibilities for
nanocrystals with octahedral symmetry (Oy,). However, rhombic
dodecahedral nanoparticles composed of twelve {110} facets
have been difficult to achieve even though they have the same Oy,
symmetry as cubes and octahedra, because the surfaces of gold
nanocrystals tend to exhibit facets in the order {111} > {100} >
{110} among the lowest index planes to minimize their surface
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energies.’>*' Here we report that a rhombic dodecahedron can be
directly transformed to an octahedron through two different
pathways depending on the water content. At low water content,
the rhombic dodecahedron is transformed into a rhombicu-
boctahedron to a truncated octahedron and then to an octahe-
dron, while at higher water content, the rhombic dodecahedron
is transformed into a rhombicuboctahedron and then to a cube
or a truncated cube and then to a cuboctahedron and to a trun-
cated octahedron. In addition, we demonstrated cell imaging by
using the truncated octahedral, rhombic dodecahedral and
octahedral gold nanoparticles.

Experimental
Materials

N,N-Dimethylformamide (DMF: Sigma-Aldrich), hydrogen
tetrachloroaurate trihydrate (HAuCly-3H,O: Sigma-Aldrich),
and poly(vinylpyrrolidone) (PVP: Aldrich, Mw = 55 000) were
obtained from Sigma-Aldrich and used without further purifi-
cation. High-purity deionized water (18.3 MQ cm™') was
produced using Pure Power water purification system (Human,
Korea).

Synthesis of gold nanoparticles

In a typical synthesis, 3.5 mL DMF and 1.4 mL water are added
to 0.1 mL of 94.2 mM HAuCl, with 7 mL of 1.46 mM PVP in
DMF; this solution is placed in a 50 mL vial, which is then
capped and heated with stirring in an oil bath at 120 °C for 2 h.
To observe the size and shape change of the particles during the
reaction, the reactants were picked out and quenched by ice bath
at certain times. The final solution was cooled, and the particles
were collected by centrifugation at 13 000 rpm and purified by
dispersion/precipitation cycle with water and ethanol to remove
excess PVP. The product was finally dispersed in ethanol for
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SEM and TEM characterization or DPBS (Dulbecco’s Phos-
phate Buffered Saline, 1x, Gibco) for cell imaging.

Characterization

SEM images were recorded with a field-emission scanning elec-
tron microscope (Sirion, FEI) operating at an accelerating
voltage of 10~20 kV. TEM images and SAED patterns were
obtained using a field-emission transmission electron microscope
(JEM-2100F, JEOL) operating at an accelerating voltage of
200 kV. The samples were prepared by putting a few drops of
colloidal solutions either on silicon wafer for SEM or on copper
grids coated with carbon film for TEM and SAED. The UV-Vis
absorption data were collected on a UV-Vis spectrophotometer
(Cary 100, Varian) using colloidal ethanol suspension.

Cell imaging

RAW264.7, a mouse macrophage cell line, was obtained from
the ATCC (Manassas, VA). Cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco, USA) supplemented
with 2 mM glutamine, antibiotics (100 ng mL-1 penicillin and
50 pg/mL streptomycin), and 10% (v/v) fetal bovine serum
(FBS, Gibco, USA) at 37 °C under 5% (v/v) CO,. RAW264.7
cells (5 x 10°/mL) were also prepared in 24-well plates. 500 uL of
DPBS was used to wash cells before experiments. PEG-coated
gold NPs (truncated octahedral (540 nm), rhombic dodecahedral
(565 nm), octahedral (603 nm), the optical density at each plas-
mon resonance wavelength was matched to 1.0) (350 pL) were
then added to the RAW264.7 cells and the mixture was incubated
at 37 °C for 1 h. After washing with 500 pL DPBS three times to
remove unattached gold NPs, 300 pL of McCoy’s SA medium
containing 10 % [v/v] FBS and antibiotics were added. Light-
scattering images of RAW264.7 cells treated with gold NPs were
obtained using an inverted dark-field microscope (Nikon). A
narrow beam of light from a tungsten source was delivered with
a dark-field condenser, and only scattered light from samples was
collected, using a 100x/1.35 oil Iris objective (Uplanapo).

Results and discussion

In the colloidal chemistry of gold nanoparticles, N,N-dime-
thylformamide (DMF) is often used as both a solvent and
a reducing agent for the gold salt. Gold atoms can be obtained by
reducing HAuCl,; with DMF in the presence of water via the
following reaction:*

2HAuC14 + 3HCON(CH3)2 + 3H20 < 2Au
+ 3(CH;),NCOOH + 8H* + 8CI- (1)

Once the concentration of gold atoms reaches the supersatu-
ration value after the dissociation and reduction of the gold salt,
gold nuclei are generated and nanoparticles form. During
the growth of the nanocrystals, the addition of poly-
(vinylpyrrolidone) as a capping agent can be used to regulate the
shape of the resulting particles by stabilizing certain facets of the
nanoparticles and preventing the aggregation of gold on other
facets. PVP has a critical role in determining the shape of the
nanocrystals, but the water concentration is also expected to
affect this process (see Fig. S1, 2, ESIt). Water enables the gold

salts to dissociate into gold ions, which are readily reduced to gold
atoms by DMF, but it also accelerates the forward reaction. At
the same time, it promotes the generation of protons and chloride
ions, which can dissolve or etch twinned particles or sharpened
edges through the backward oxidative etching reaction.*

Firstly for a model system about low water content, we
examined the growth of the gold particles resulting from the
addition of 1.4 mL of water as a function of the reaction time.

Note that we can only get the octahedral gold nanoparticles in
high yield at this water content when examining the shape of the
produced particles according to the variation of the water
content. In a typical synthesis, 3.5 mL DMF and 1.4 mL water
are added to 0.1 mL of 94.2 mM HAuCl, with 7 mL of 1.46 mM
PVP in DMF; this solution is placed in a 50 mL vial, which is
then capped and heated with stirring in an oil bath at 120 °C for
2 h. The primary stages of the reaction can be recognized by
observation of their distinctive colors. In the initial stage, the
color of the solution is light-yellow after all the chemicals (DMF,
PVP, HAuCly, and H,0) have been mixed, and gradually fades
as the solution becomes transparent and colorless within ~3 min;
this color change corresponds to the conversion of Au(IIl) into
Au(I)." The solution turns reddish in color in around ~4 min,
which indicates that Au(I) has been reduced to Au(0) and that
the supersaturated gold atoms have nucleated and nanoparticles
have formed. Fig. la shows a TEM image of the resulting
nanoparticles around ~4 min, which shows that most of the
particles are composed of small multiply twinned particles with
a diameter of ~20 nm, with some single particles with a diameter
of ~50 nm also present. This bimodal distribution is due to the
selective etching and growth of the initially formed nano-
particles; the multiply twinned particles tend to disappear as
a result of the etching of the highly reactive twinned boundaries,
whereas the single nanocrystals survive and grow into larger
ones. Fig. 1b shows an SEM image of the gold nanocrystals
obtained in around 5 min 14 s, which shows the formation of the
monodisperse rhombic dodecahedral single crystals (Catalan
solids) with an edge length of ~40 nm. The rhombic dodecahe-
dral particles also exhibit sharp edges, which imply that the
growth reaction dominates etching because the single crystals
grow immediately at the expense of the twinned crystals during
this stage. Surprisingly, it also clearly shows that the rhombic
dodecahedral crystals formed initially can be transformed into
octahedral nanocrystals in the end. The formation of rhombic
dodecahedral nanoparticles during the initial stages is very
unusual because generally for face centered cubic (fcc) structured
metal nanocrystals smaller than 10~20 nm, the surface tends to
be polyhedral, e.g. cuboctahedral, and to form twinned seeds to
minimize the surface energy. Fig. lc shows the corresponding
TEM image of the rhombic dodecahedral nanoparticles, which
confirms the formation of single crystals with sharp edges. The
right top inset shows a schematic illustration of a rhombic
dodecahedron with its {110} facet parallel to the substrate; the
electron diffraction pattern in the right hand bottom inset
confirms the presence of the (110) plane. The rhombic dodeca-
hedral nanoparticles are truncated at the edges around ~6 min 30
s, as shown in Fig. 1d. The average diameter of the resulting
particles is up to ~85 nm, but the sharp edges of the {100} and
{111} facets have been truncated because the etching reaction
hinders the addition of gold atoms onto the sharp edges and
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Fig.1 SEM and TEM images showing the variation of the shape of gold
nanocrystals in the presence of 1.4 mL of added water with the reaction
time (t): (a) t = 4 min, (b),(c) t = 5 min 14 s, (d),(e) t = 6 min 30 s, (f),(g) t
=7 min, (h),(i) t = 7 min 30 s, (j),(k) t = 8 min (a), (c), (e), (g), (), and (k)
are TEM images. The scale bar is 50 nm. (c) The right top inset shows
a schematic diagram of a rhombic dodecahedron with its {110} face
parallel to the substrate and the right bottom inset shows its electron
diffraction pattern. (g) The right top inset shows a schematic diagram of
a rhombicuboctahedron with its {100} facet parallel to the substrate. The
red, green, and blue colors correspond to the {100}, {110}, and {111}
faces, respectively. The colors of the frames of the other insets showing
the electron diffraction patterns of each face match the displayed color of
the face. (k) The inset shows the electron diffraction pattern that confirms
the presence of the {111} facet. (b), (d), (), (h), and (j) are SEM images.

results in the promotion of selective growth in the <110> direc-
tion. Of course, at this stage it is still unclear that this shape
transformation (truncation) is derived from either selective
capping of certain facets by PVP or from selective etching of
certain facets by a backward reaction since both routes can yield
such shape transformation. Besides the effect of PVP, if
explaining the results from the point of view of the etching
reaction, the growth of particles in all dimensions seems to arise
because growth still dominates etching, although etching hinders
the growth in the <100> and <111> directions. Thus etching
only reduces the growth rate in the <100> and <111> directions
and enables anisotropic growth during this stage. The TEM

image of these particles shown in Fig. le clearly confirms the
formation of truncated rhombic dodecahedral single crystals.
The truncated rhombic dodecahedral nanoparticles have been
transformed into rhombicuboctahedral nanocrystals (Archime-
dean solids) in ~7 min by further truncation, as shown in Fig. 1f.
The image of the rhombicuboctahedral nanoparticles clearly
shows that the edges of the {100} and {111} facets have been cut
by both the selective etching and the growth to form thermo-
dynamically stable crystals. The crystals generally tend to grow
in a direction that preferentially eliminates firstly the most
unstable {110} facet and then the {100} facet and increases the
fraction of the {111} facet. In addition, the size of the nano-
particles slightly decreases to ~80 nm in diameter as the shape of
the nanocrystals is transformed by further truncation. This is
a decisive evidence that the shape transformation during this
intermediate stage is due not to selective capping but to selective
etching because the shape evolution due to selective capping of
certain facets should be accompanied by the enlargement of the
nanocrystals due to the addition of metal atoms onto uncapped
sites. The rhombicuboctahedral particles in the corresponding
TEM image in Fig. 1g appear as octagons because the {100}
faces of the particles are parallel to the substrate. The right top
inset shows a schematic illustration of such a rhombicuboctahe-
dron bound on the {100} (red), {110} (green), and {111} (blue)
faces. To confirm the crystal structures of the particles we
examined the SAED (selective area electron diffraction) pattern
of each facet. The insets (the color of each frame matches the
color of each facet) confirms again the formation of rhombicu-
boctahedra with {110}, {100}, and {111} facets. The rhombi-
cuboctahedral particles have been transformed into truncated
octahedral nanocrystals in ~7 min 30 s by further reactions, as
shown in Fig. 1h. The diameter of the nanoparticles also slightly
decreases to ~75 nm as a result of etching and growth. The
truncated octahedral particles are bound only by {111} and
{100} facets, which indicates that the etching reaction contrib-
utes mainly to the elimination of the edges and/or the hindrance
of the addition of atoms onto the edges, and that the growth
reaction proceeds toward surface energy minimization. Etching
and growth transform the rhombicuboctahedron into a trun-
cated octahedron as a result of the preferential elimination of the
{110} facet. Fig. 1i shows a TEM image confirming the forma-
tion of truncated octahedral single crystals with slightly smaller
dimensions than the rhombicuboctahedral particles. The trun-
cated octahedral crystals have been transformed into octahedral
particles (Platonic solids) with an edge length of ~75 nm at ~8
min as shown in Fig. 1j. The thermodynamically unstable {100}
facet in the cuboctahedral particles is eliminated by further
growth in the <100> direction and finally octahedral particles
bound on the {111} face with sharp edges are formed. Thus the
octahedral nanoparticles are transformed from rhombic
dodecahedral crystals into a thermodynamically stable shape by
etching and growth. The TEM image in Fig. 1k indicates the
formation of octahedral single crystals with sharp edges and the
inset confirms that the crystal structure is bound on the {111}
face. The octahedral nanocrystals grow to become larger parti-
cles with an edge length of ~100 nm without truncation or shape
transformation through further reaction.

Secondly for a model system with high water content, we
examined again the growth of the gold particles resulting from
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Fig.2 TEM images of the gold nanoparticles resulting from the addition of 2 mL of water for various reaction times (t): (a) t =4 min 30 s, (b) t = 4 min
455, (c)t = 5min 30 s, and (d) 7 min 30 s. The insets show schematic illustrations of the resulting particles.

the addition of 2 mL of water as a function of the reaction time.
Except for using 2.9 mL DMF and 2 mL of water, the other
conditions were held constant. The evolution of the particle
shapes during the early stages was characterized with TEM, as
shown in Fig. 2. Fig. 2a shows a TEM image of the nanoparticles
near ~4 min 30 s, which indicates that the truncated octahedral
particles grow from rhombic dodecahedral seed particles with
a diameter of ~30 nm as in the case of the octahedral crystals.
The rhombic dodecahedral seeds are quickly transformed into
rhombicuboctahedral nanocrystals with a diameter of ~35 nm
by around ~4 min 45 s, as shown in Fig. 2b. Interestingly, the
rhombicuboctahedral nanoparticles are then transformed into
cubes or truncated cubes with a diameter of ~60 nm by around
~5 min 30 s, as shown in Fig. 2¢c. The cubic particles might form
as a result of the suppression of addition onto the {100} face and
the activation of addition onto the {110} and {111} faces due to
the enhanced etching and growth. Although the shape trans-
formation is mainly generated by etching in the case of the
octahedral nanocrystals, the cubic shapes are generated by
the growth reaction rather than by the etching reaction because
the sizes of the resulting nanoparticles monotonically increase
with reaction time. Although the preferential elimination of the
{110} face arises due to the enhanced etching and growth (mainly
consisting of the addition of gold atoms onto the {110} face),
most of the rhombicuboctahedral nanoparticles are transformed
into truncated cubes. The cubes or truncated cubes are then
transformed into truncated octahedral nanoparticles with
a diameter of ~80 nm by ~7 min 30 s via cuboctahedral nano-
crystals by further growth, as shown in Fig. 2d. More etching as
a result of the addition of more water can produce truncated
octahedral nanocrystals, because the sharp edges do not survive
under these conditions.

The schematic illustration in Fig. 3 summarizes the interpar-
ticle transformations between the rhombic dodecahedron bound
on the {110} facet, the cube bound on the {100} facet, and the
octahedron bound on the {111} facet. In these experimental
conditions, the rhombic dodecahedral particles are formed
initially and transformed to the truncated rhombic dodecahedra
and then to the rhombicuboctahedra by etching and growth. The
shape of rhombicuboctahedral nanoparticles are then trans-
formed through two different pathways with water content. The
addition of 1.4 mL of water transforms the octahedron into the
rhombicuboctahedron via the truncated octahedron through
the upper pathway. On the addition of 2 mL of water, the

-9

g

°0-8 o
3-8

Fig. 3 A schematic diagram for the shape transformation of the gold
nanocrystals with the water content. The addition of 1.4 mL of water
transforms the octahedron into the rhombic dodecahedron via the
rhombicuboctahedron and truncated octahedron through the upper
pathway, which arises for slower growth. On the addition of 2 mL water,
the rhombic dodecahedron is transformed via the rhombicuboctahedron
to a cube or a truncated cube to a cuboctahedron and then to a truncated
octahedron through the lower pathway, due to the strengthened etching
and growth. The green line shows the transformation of a cube to an
octahedron via the cuboctahedron and vice versa, as previously reported
in the literature.

rhombicuboctahedron is transformed to a cube or a truncated
cube to a cuboctahedron and then to a truncated octahedron
through the lower pathway.

It is very useful to characterize the optical properties of gold
nanocrystals because of the sensitivity of these properties to both
shape and size. UV/Vis absorption spectra were obtained during
the transformation from the rhombic dodecahedron to the
octahedron, which confirms the presence of the particles shown
for each step in Fig. 4. The rhombic dodecahedral nanocrystals
with an edge length of ~40 nm (~50 nm in diameter) exhibit
a strong absorption peak at 565 nm, whereas the larger truncated
rhombic dodecahedral particles with a diameter of ~85 nm
absorb light at 550 nm because the surface charges accumulated
at the sharp edges reduce the restoring force for electron oscil-
lation and result in a red shift in the resonance peak; this result
implies that the absorption peaks are more strongly dependent
on the crystals’ shapes than on their sizes.?*** The absorption
peaks of the rhombicuboctahedral nanocrystals with a diameter
of ~80 nm and the truncated octahedral particles with a diameter
of ~75 nm are blue-shifted to 545 and 540 nm, respectively, by
the additional rounding and contraction in dimensions. The
absorption peak of the octahedral nanocrystals with an edge
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Fig. 4 UV/Vis spectra of the gold nanocrystals for various reaction
times, with the relevant schematic structure shown in each inset. The
absorption spectra are gradually blue-shifted from the rhombic dodeca-
hedron to the truncated octahedron as a result of truncation and are
abruptly red-shifted once the octahedron with sharp edges is produced.

length of ~75 nm is abruptly red-shifted to 590 nm due to the
formation of sharp edges after further growth; the octahedral
nanocrystals with an edge length of ~90 nm still exhibit a red-
shifted absorption peak at 603 nm. The growth of the octahedral
nanoparticles becomes saturated after 30 min of reaction time
and the edge length and the absorption peak of the particles
become ~100 and 610 nm, respectively. The UV/Vis absorption
spectra are consistent with the proposed evolution of particle
shape with reaction time and provide further evidence for the
involvement of etching and growth in the evolution of crystal
shape and size.

We have demonstrated the potential applications of gold
nanoparticles which have different plasmon resonance wave-
lengths in cell imaging.”**” Fig. 5 shows the dark field light

Fig. 5§ Dark-field

light scattering images
(RAW264.7) treated with three different PEG-coated gold nanoparticles.
(a) RAW 264.7, (b) truncated octahedra, (c) rhombic dodecahedra, and
(d) octahedra.

of macrophage cells

scattering image of macrophage cells (RAW 264.7) treated with
three different PEG-coated gold nanoparticles (truncated octa-
hedra (540 nm), rhombic dodecahedra (565 nm), octahedra
(603 nm)). Compared to the dark field image of macrophage cells
(Fig. 5-a), strong scattering signals were detected from the
macrophage cells labeled with PEG-coated gold nanoparticles.
Furthermore, the enhanced scattering-based optical contrast in
macrophage cells were dependent on the plasmon resonance
wavelength of each gold nanoparticles (Fig. 5b,c,d). Our exper-
imental results imply that the gold nanoparticles having different
shapes that preferentially scatter light of choose color can be
used in multiplex applications in biology and medicine.

Conclusions

In summary, the shapes of gold nanocrystals with O}, symmetry
prepared with colloidal chemistry using DMF as a solvent and
reducing agent are strongly dependent on the concentration of
water in our experimental conditions. At lower concentrations of
water (1.4 mL), the rhombic dodecahedral nanocrystals are
transformed into octahedral nanocrystals via rhombicubocta-
hedral and truncated octahedral particles because the etching
reaction contributes to the elimination of the edges and/or to the
hindrance of the addition of atoms onto the edges and the growth
reaction proceeds so as to minimize the surface energy. At higher
concentrations of water (2 mL), the rhombic dodecahedral
nanoparticles are transformed into cubes or truncated cubes via
rhombicuboctahedra due to the suppression of addition onto the
{100} face and the activation of addition onto the {110} and
{111} faces as a result of enhanced etching and growth. The
cubes or truncated cubes are transformed into truncated octa-
hedra or cuboctahedra, which are the thermodynamically more
stable nanoparticles. The elucidation of the transformations of
the nanocrystals with O;, symmetries provides a method for the
synthesis of shape-controlled nanocrystals and opens the door to
a range of interesting studies of the control of the shapes, sizes,
and morphologies of metal nanoparticles. Moreover we
demonstrated that such shape controlled gold nanoparticles
could be used in multiplex applications in biology and medicine.
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