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ABSTRACT A facile and fast one-pot microwave irradiation method has been developed to prepare different

shapes of gold nanoparticles capped with a mixture of oleylamine and oleic acid. The size, shape, and morphology

of the nanocrystals could be tailored by varying the ratio of oleylamine to oleic acid, the microwave time, and

the concentration of the gold ions. These effects are directly reflected in the surface plasmon resonance properties

of the resulting nanocrystals in the visible and near-infrared regions. Pure amine leads to the formation of only

spherical particles. Introducing oleic acid increases the growth rate and enhances the formation of anisotropic

shapes. Experimental evidence and new insights on the reaction mechanism confirm the formation of dioleamide

from the reaction of oleic acid and oleylamine catalyzed by the gold nanocrystals. In the absence of gold

nanoparticles, the conventional synthesis of dioleamide requires 12 h of reaction time at 120 °C. New insights on

the reaction mechanism indicate that excess oleic acid enhances the formation of hexagons and more anisotropic

shapes of the gold nanocrystals.
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old nanocrystals are among the

most studied nanoparticle systems

due to their fascinating plasmonic
and catalytic properties which can be tuned
by controlling the particle size, shape, surface
covering, and assembly of the individual
nanocrystals." * Great recent interest has
been focused on anisotropic gold nanocryst-
als because of their appealing optical
properties.*° The most interesting feature
of the anisotropic shaped gold nanoparticles
is that they have multiple absorption bands
due to surface plasmon resonances (SPR)
along their multiple axes.® For instance, gold
nanorods exhibit two surface plasmon ab-
sorptions, the transverse and longitudinal
resonances, due to oscillation of the surface
electrons along the width and length of the
rod, respectively.'® However, the gold nano-
prism has three absorption bands due to the
in-plane dipole plasmon resonance, the in-
plane quadrupole resonance, and the out-of-
plane quadrupole resonance. The out-of-
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plane dipole resonance is sufficiently weak
and broad that it is barely discernible as a
shoulder on the in-plane resonance. The in-
plane dipole plasmon resonance is very sen-
sitive to the sharpness of the tips on the tri-
angles." In contrast, gold nanospheres,
because of their symmetry, show only one
surface plasmon band which is weakly de-
pendent on the particle size. These unique
optical properties of anisotropic gold nano-
crystals enable the tuning of SPR to any
wavelength specific to a particular applica-
tion from the visible to the near-IR spectral re-
gions. Using these nanomaterials in biomedi-
cal imaging,'? cancer therapy and diag-
nosis,">~'° catalysis,'” sensors,'® and photo-
nic devices'®?° is becoming a practical reality.
Microwave irradiation (MWI) is one of
the most promising techniques for the
preparation of nanomaterials with con-
trolled size and shape since no high temper-
ature or high pressure is needed.?’ ~2° The
main advantage of MWI over other conven-
tional heating methods is rapid and uni-
form heating of the reaction mixture. Due
to the difference in the solvent and reactant
dielectric constants, selective dielectric
heating can provide significant enhance-
ment in the transfer of energy directly to
the reactants, which causes an instanta-
neous internal temperature rise. By using
metal precursors that have large microwave
absorption cross sections relative to the sol-
vent, very high effective reaction tempera-
tures can be achieved. This allows the rapid
decomposition of the precursors, thus cre-
ating highly supersaturated solutions where
nucleation and growth can take place to
produce the desired nanocrystalline prod-
ucts. Since in MWI it is possible to quench
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Figure 1. UV—vis spectra of Au nanoparticles prepared in pure oleylamine using (a) low microwave power (600 W) and (b)
high microwave power (1000 W) irradiations at different reaction times.

the reaction very early on (~10 s), this provides the op-
portunity of controlling the nanostructures from small
spherical nuclei to short rods to extended assemblies of
nanowires, by varying the MWI reaction time and the
relative concentrations of different organic surfactants
with variable binding strengths to the initial precursors
and to the nanocrystals. Although the MWI methods
have been demonstrated for the synthesis of metallic
nanoparticles such as gold, sliver, palladium, and
platinum,?” 3" there are only a few reports for control-
ling the shape of the nanocrystals via MWI.>” 3" Our
group has been able to produce semiconductor and
metal oxide nanorods and wires using alkyl amines and
mixtures of oleic acid (OAc) and oleylamine (OAm) as
capping agents.>>~ 28 Very recently, Kundu et al.>? re-
ported a MWI method to synthesize multishaped gold
nanoparticles in aqueous solution using 2,7-dihydroxy
naphthalene as a reducing agent and cetyltrimethyl
ammonium bromide (CTAB) as a capping material.
While the role of CTAB and the formation mechanism
of shape-controlled gold nanoparticles (i.e., spheres,
nanorods, and nanoprism) in aqueous solution are well-
understood, controlling the shape of gold nanocrystals

in an organic phase and understanding the growth
mechanism are still not well-developed.

In this work, we developed a one-pot process using
MWI to synthesize shape-controlled gold nanoparticles
(i.e., spherical, hexagons, truncated prisms, and prisms)
in the presence of a mixture of OAm and OAc. The final
particle shape and the growth rate depend on the ra-
tio of the two surfactants as well as the concentration
of gold ions and the MWI times. The present report is fo-
cused on studying the kinetic factors which affect the
growth rate and on understanding the role of each cap-
ping material in the reaction mechanism. Furthermore,
we provide direct evidence for the formation of diolea-
mide by the reaction of OAm and OAc catalyzed by the
newly formed Au clusters under the MWI conditions.

RESULTS
When the Au®* ions are reduced by pure OAm (no

OAc added to the reaction mixture), only one plasmon
band at 530 nm is observed due to the formation of
spherical gold nanoparticles, as shown in Figure 1. This
means that OAm could act as both a reducing agent
and a capping material. The onset of the color change
from yellow to pink corresponding to the formation of
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Figure 2. (a) UV—vis spectra for Au nanoparticles prepared using different ratios of oleic acid/oleylamine varied from 0 to 50%
after 1 min MWI time. TEM images of gold nanoparticles prepared using pure amine (b) and in a 1:1 ratio of oleic acid/oleylamine

(c). The scale bar is 20 nm.
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ing TEM. The TEM images displayed in Figure 2b and
2c show, in both cases, that the resulting nanoparticles
are spherical but exhibit clearly different sizes. The aver-
age sizes of the particles prepared in pure OAm and in
a 1:1 ratio OAc to OAm are ~8.0 = 1.0 and 15.0 = 2.0
nm, respectively. This indicates that the presence of
OAc not only enhances the reaction rate of reducing
the Au?* ions to Au atoms and the formation of gold
spherical particles but also increases the growth rate
and the final particle size. No gold nanoparticles are
formed in pure OAc even after MWI for more than 60
300 1000 min. This confirms the assumption that the presence of
the amine is responsible for the reduction of gold ions
Wavelength /nm and the formation of the gold nanocrystals.
Fi_gure.3. UV—vis spectra of the Au nqnoparticle_s prepared Increasing the OAc ratio by more than 50% leads to
;’;"ghtg'(f:)e;eo'jt(é‘;‘%g"r(':)‘t;%f ((:if)(;:(e),liea)c;o(l)/, "alre‘ﬂl?f';‘;%%;mrd' remarkable color change? from red to purple to blue
to gray green, accompanied by the appearance of new
the spherical Au nanoparticles varies from 30 s to a absorption features with gradual red shifts from the vis-
few minutes depending on the heating rate which isde-  ible to the near-IR region. Figure 3 displays the absorp-
termined by the power of the MW oven used. As shown  tion spectra of the gold nanocrystals prepared in (a)
in Figure 1b, using a 1000 W MW oven, the reaction 50, (b) 60, (c) 70, (d) 80, (e) 90, and (f) 100% OAc. The
time can vary from 30 to 120 s. new absorption bands are associated with the forma-

A remarkable increase in the growth rate has been tion of anisotropic shaped gold nanoparticles and are
red-shifted by increasing the ratio of OAc to OAm. A
similar behavior has been observed for the longitudi-
nal surface plasmon resonance of gold nanorods, which
increases with larger aspect ratios.® In contrast, the
transverse surface plasmon resonance of the nanorods
does not depend on the aspect ratio and is at the same
wavelength as the plasmon resonance of spheres.

TEM images show that increasing the ratio of OAc
makes the particle’s surface faceted and increases the
particle size, as shown in Figure 4. Hexagons and trun-
cated prisms are more predominate when the OAc ra-
tio increases by more than 60%.

It was crucial to understand the reaction mecha-
nism and the role of OAc because it enhances the reac-
tion rate and affects the final shape of the nanocryst-
als. We studied the kinetic factors that could affect the
growth rate, such as MWI time and the concentration of
gold ions. The absorption spectra of the 60% molar ra-
tio of OAc in the reaction mixture recorded at different
MWI time intervals are shown in Figure 5 (top), and their
TEM images obtained after different MWI times are
shown in Figure 5 (bottom, a, b, and c). Consistent with
the absorption spectra, the TEM images show the for-
mation of Au spherical nanoparticles at early reaction
times (Figure 5a), and that these small spheres start to
form faceted surfaces and grow in size, as shown in Fig-
ure 5b,c.

If the molar ratio of OAc to OAm is less than 1:1, nei-
ther the concentration of gold ions nor the MWI time af-
fect the final shape or the growth rate of the formed
particles (see Supporting Information Figures S1 and
S2). On the other hand, the concentration of the gold
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observed by introducing OAc into the reaction mix-
ture. Figure 2 displays the absorption spectra of gold
nanoparticles prepared in pure OAm and in different
molar ratios of OAc to OAm (from 20% up to 50%) af-
ter 60 s reaction time using the 1000 W MW oven. The
absorption spectra still show one absorption band at
~530 nm due to the SPR of the spherical gold nanopar-
ticles. This is confirmed by imaging the particles pre-
pared in pure OAm and in a 1:1 ratio of OAc to OAm us-

m

Figure 4. TEM images of the gold nanoparticles prepared in (i) 60, (ii) 70, (i)  1ONs controls the particle size and shape in the presence
80, and (iv) 90% oleic acid. of excess OAc (3:1 molar ratio of OAc/OAm). Figure 6
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(top) displays the absorption spectra
of the gold nanoparticles prepared in
a 3:1 mixture of OAc and OAm using
different concentrations of the gold
ions. The TEM images displayed in
Figure 6 (bottom, a and b) clearly indi-
cate that increasing the concentra-
tion of the gold ions in the presence
of excess OAc leads to the formation
of larger nanocrystals with faceted
surfaces and nearly hexagonal
shapes.

Absorbance /a.u.

DISCUSSION

To understand the mechanism of
nanoparticle’s formation and growth,
it was important to study the nature
of the interaction between OAc and
OAm, and an OAc/OAm mixture in
the presence of the gold ions. The
FTIR spectra of pure OAc, pure OAm,
and the reaction mixture consisting of
OAc, OAm, and HAuCl, after MWI are
shown in Figure 7. For comparison,
the FTIR spectrum of oleamide pur-
chased from Sigma-Aldrich is also in-
cluded in Figure 7. Table S1 (Support-
ing Information) summarizes the observed IR bands of
OAc, OAm, oleamide, and of the reaction mixture con-
sisting of OAc, OAm, and HAuCl, after MWI.

The IR spectrum of the reaction mixture after MWI
indicates that OAc reacts with OAm in the presence of
the gold nanoparticles to form dioleamide, which is
characterized by the presence of N—H bending at 1555
cm~'and the (=0 group shifted to 1695 cm™. Also,
the disappearance of the NH; stretching at 3380 and
3313 cm™ " provides evidence for the formation of the
amide. The (=0 group of the OAc shows up as two
bands in the dioleamide at 1695 and 1641 cm™! be-
cause the amide group is usually present as a keto-
amine tautomer.>?

To further support the formation of dioleamide
from the reaction of OAc and OAm in the presence of
the gold ions, we prepared dioleamide separately by re-
fluxing a 1:1 molar mixture of OAc, and OAm in anhy-
drous THF for 12 h at 120 °C.>* The formed amide was
separated from the reaction mixture and characterized
by CHN elemental analysis, IR, and NMR. The experi-
mental values of the CHN analysis (C% 81.72, H% 13.05,
N% 2.58) are found to be in good agreement with the
calculated values of the dioleamide (C% 81.35, H% 12.7,
N% 2.63). Furthermore, we measured the "H NMR spec-
tra of the prepared dioleamide, OAc, OAm, and the re-
action mixture of OAc and OAm in the presence of gold
ions (Supporting Information, Figure S3). The NMR
spectrum of the prepared dioleamide shows a peak at
9 5.93 ppm due to the amide proton of the

50 nm

Figure 5. (Top) UV

www.acsnano.org

&

—=— 2.0 min
—e— 2.5 min
—+— 3.0 min
—o— 4.0 min
—— 4.5 min
—o—5.0 min
—o— 7.0 min

400 500 600 700 1000 1100

800 900
Wavelength (nm)

—vis absorption spectra of gold nanoparticles prepared in 60% oleic acid +
40% oleylamine at different microwave reaction times, and the corresponding TEM images
(bottom) of the particles formed after (a) 2.5, (b) 4, and (c) 7 min MWI times.

dialkylamide,®*>3¢ which is shifted to 8 5.60 ppm in the
reaction mixture due to the interaction with the gold

nanoparticles (Supporting Information, Figure S3). The
"H NMR spectra of the dioleamide and the reaction mix-
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Figure 6. UV—vis absorptlon spectra of the gold nanoparti-
cles formed in the presence of a 3:1 ratio of oleic acid/oley-
lamine using different concentrations of the gold ions as in-
dicated, and TEM images of the gold nanoparticles formed
using (a) 9 and (b) 36 mM of HAuCl,.
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Figure 7. FTIR spectra of oleic acid (OAc), oleylamine (OAm), oleamide,
and the reaction mixture consisting of OAc, OAm, and HAuCl, after MWI.

ture of the OAc, OAm, and the gold ions after MWI are
very similar (Supporting Information, Figure S3). It is
also important to note that the 1:1 molar mixture of
OAc and OAm after MWI in the absence of the Au ions
does not show the amide proton peak (Supporting In-
formation, Figure S3). This indicates that the amide’s
formation is catalyzed by the small gold nanoparticles
formed following the reduction of the gold ions. Thus,
our suggested mechanism for the formation of the gold
nanoparticles in a mixture of OAc and OAm is that

OAm is the reducing agent for the Au ions; the nucle-
ated Au nanoparticles catalyze the reaction between
OAc and OAm to form dioleamide, which acts as a cap-
ping agent for the gold nanoparticle at the same time.
The catalytic formation of the dioleamide is expected to
be faster than adsorption of the dioleamide on the Au
nanoparticles. Accordingly, the catalytic reaction is oc-
curring on the small bare Au clusters formed by rapid
nucleation following the supersaturation of the Au at-
oms in the solution induced by the MWI-assisted chemi-
cal reduction of the Au ions.

To prove our suggested mechanism, we used the di-
oleamide as both a reducing and a capping agent for
the formation of gold nanoparticles under MWI. The ab-
sorption spectrum shows only one band at 523 nm
due to the surface plasmon of the spherical nanoparti-
cles, and the TEM image confirms this assignment as
shown in Figure 8a. This is strong evidence that diolea-
mide can act as both a reducing and a capping agent,
as well. To emphasize the role of the oleic acid as a key
parameter in the growth of the anisotropic shapes of
the gold nanoparticles, mixtures of dioleamide and
oleic acid were used to prepare gold nanoparticles us-
ing the exact same conditions as before (i.e., concentra-
tion of the gold ions, microwave power, and time).
More control over the particle shape is obtained, as
shown in Figure 8. The absorption spectra show a plas-
monic band tunable from the visible to near-IR region,
and the TEM images show that hexagonal-shaped par-
ticles appear to be predominant when using a 1:1 mo-
lar ratio of oleic acid and dioleamide (Figure 8b), while

a b
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Figure 8. Absorptlon spectra and TEM images of the Au nanoparticles formed using (a) dioleamide only, (b) a 1:1 molar ra-
tio of dioleamide and oleic acid, and (c) a 1:2 molar ratio of dioleamide and oleic acid.
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prisms are more predominant when using a 2:1 molar
ratio of oleic acid to dioleamide, as shown in Figure 8c.
According to the present results, we suggest the fol-
lowing mechanism for the formation of the nanoparti-
cles using a mixture of OAm and OAc as a capping and
reducing agent under microwave irradiation. OAc re-
acts with the OAm (1:1 molar ratio in the presence of
the gold ions under MWI) forming dioleamide. Increas-
ing the amount of OAc by more than 50% leads to an
excess of free OAc in the reaction mixture. It is well-
known that the spherical Au nanoparticles are charac-
terized by two facets, (111) and (001).3” The ratio be-
tween the growth of these two facets controls the final
shape of the nanocrystals. These facets have different
surface energies (6111 < 0100 < ¢110).3® The surface
energy differences are responsible for the different
bonding energies and chemical reactivity of the crystal
faces. Since the (001) is more reactive and more polar
than (111), it tends to adsorb the excess OAc on its sur-
face more than the (111) facet. Oleic acid prevents
more gold atoms to be ripened to this surface, thus hin-
dering further growth of the (001) facet. This leads to in-

METHODS

Typically, an appropriate amount of HAuCl, in HCl solution
is mixed with a 1:1 molar ratio of OAm and OAc. The reaction
mixture is stirred very well until it becomes homogeneous. Af-
ter MWI of the clear solution for 30 s, the yellow color disappears.
Continued microwaving for another 30 s leads to the formation
of gold spherical particles which have a strong pink color. To un-
derstand the role of OAc and OAm, we prepared a series of solu-
tions with different molar ratios of the OAm to OAc ranging
from 0 to 100% OAc (pure amine, 80% amine, 60% amine, etc.,
up to pure OAc). A fixed concentration of Au** ions was added
to each solution followed by MWI until the yellow color disap-
peared and new colors due to the formation of different gold
nanocrystals appeared. The optical absorption spectra for the re-
sulting nanocrystals dispersed in toluene were measured using
a HP-8453 spectrophotometer. Transmission electron micros-
copy (TEM) was carried out using a JEOL JEM-1230 electron mi-
croscope operated at 120 kV equipped with a Gatan UltraScan
4000SP 4K X 4K CCD camera. Samples for TEM were prepared by
placing a droplet of a colloid suspension in toluene on a Form-
var carbon-coated, 300-mesh copper grid (Ted Pella) and al-
lowed to evaporate in air at room temperature. IR spectra were
measured using a Nicole NEXUS 670 FTIR spectrophotometer.
The spectra of OAc, OAm, oleamide, and the resulting reaction
mixture with the obtained gold nanoparticles were measured by
mixing one drop of the sample with KBr powder, which was
then compressed to form a thin disk. The reaction between the
oleylamine and oleic acid in the presence HAuCl, under MWI
forming dioleamide was confirmed by 'H NMR spectra and el-
emental analysis. The 'H NMR spectra were measured using
VARIAN NMR 300 MHz by dissolving the sample in CDCl;. The
CHN elemental analysis was performed to ensure the formation
of the dioleamide by using a PerkinElmer 2400 Series Il CHNS/O
elemental analyzer.
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Supporting Information Available: Effects of the concentra-
tion of the gold ions (Figure S1) and microwave time (Figure
S2) on the growth of gold nanoparticles in a mixture of a 1:1 mo-
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creasing the growth rate of the [111] facet, which leads
to the formation of hexagons and more anisotropic
shapes.

CONCLUSIONS

In conclusion, this work develops a facile and fast
one-pot microwave irradiation process for preparing
shape-controlled anisotropic gold nanocrystals where
the surface plasmon resonances can be tuned over the
visible and near-IR spectral regions. The growth kinetics
of the anisotropic gold nanocrystals can be controlled
mainly by controlling the ratio of the oleic acid to oley-
lamine in the reaction mixture. Under the conditions
where excess oleic acid is present, other parameters
such as the concentration of the gold ions and the mi-
crowave irradiation time can be used to control the size,
shape, and morphology of the resulting nanocrystals,
which result in tuning the corresponding surface plas-
mon resonances. New insights on the reaction mecha-
nism suggest that dioleamide is an effective reducing
and capping agent and that excess oleic acid enhances
the formation of hexagons and more anisotropic
shapes of the gold nanocrystals.

lar ratio of OAc/OAm. "H NMR spectra of (a) OAc, (b) OAm, (c) a
1:1 molar mixture of OAc and OAm after MWI with no gold ions
present, (d) dioleamide prepared by the reaction of OAc and
OAm at 120 °C for 12 h, and (e) a 1:1 molar mixture of OAc, OAm,
and HAuCl, after MWI and the formation of gold nanoparticles
(Figure S3). Table ST summarizes the characteristic IR bands of
oleic acid, oleylamine, and oleamide and the observed bands fol-
lowing the MWI of the reaction mixture. This material is avail-
able free of charge via the Internet at http://pubs.acs.org.
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