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Here, we report on an aqueous room temperature synthesis method for the production of gold
nanoparticles that have a number4( of branches ultimately resembling the shape of sea urchins. The
particles are synthesized in the presence of water soluble thiol terminated molecules, used as ligand

molecules. These nano-urchins are produced in

high yield and exhibit unique optical properties. The

thiolated ligands stabilize the particles, making it possible to dry them and store them for days. When
redissolved, the particles show some aggregation but not a loss in shape; their extinction spectrum shows
a shift in the plasmon resonance from 585 to 622 nm together with a peak broadening. Large local
electromagnetic (EM) field enhancements are expected near the sharp featured branches of the nano-
urchins. Finite difference time-domain (FDTD) calculations performed on a nanoparticle with four branches

show enhancements of the light intensity relative

to the incident field of approximately 3000-fold. We

reason that these particles will find applications as materials for surface enhanced Raman scattering

(SERS).

Introduction

Research on nanopatrticles is driven by their many potential
applications ranging from photonic$ to biology~8 and
catalysis’> At present, there is considerable interest in
producing odd-shaped particles to exploit their unique optical
and electronic propertié8: 3 Metal nanoparticles have been
produced in many different shapes and siZé$,'” from
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prisms®1°to tetrapod$® 24 Here, we report on a simple room
temperature method for the synthesis and purification of
multi-branched gold nanoparticles whose shape resembles
that of sea urchins. Hence, hereafter we refer to these
nanoparticles as nano-urchins.

Multi-branched metallic nanoparticles have been synthe-
sized before. Chen et Hireported on the silver plate seeded
synthesis of gold monopods, bipods, tripods, and tetrapods
using the surfactant cetyltrimethylammonium bromide (CTAB)
as a capping agent. Their synthesis resulted in a mixture of
all four types of nanoparticles with tripods and tetrapods
representing only a small fraction-(2%). Hao et a#® also
reported on the synthesis of gold tripods using pis-(
sulfonatophynyl)phenylphosphine dihyrate dipotassium as a
stabilizer. Multi-pods of metallic particles were first presented
by Sau et aly seeds of gold nanoparticles were grown by
reducing gold salts in the presence of CTAB. Nanoparticles
with a variety of shapes and morphologies were obtained in
high yields, including multi-branched-(branches) particles
~400-500 nm in size. More recently, Kuo et @lsynthe-
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Results and Discussion

As illustrated in Figure 1, the first step of the reaction
presented here consists of reducing gold ions usigQ.,H
The solution changes color during the addition of HA:CI
+ NasCeHsO7 (aq) to the reaction vessel. The rate of addition seems to

(aa.) strongly influence the solution color and thus probably the
shape of the particles obtained. We have isolated the
intermediate product of our reaction and found that it mostly
consists of spheroidal particles 90%) with the presence
of a few tripods. Upon addition of thiolated molecules, the
MH/MPAMUA color of the purple solution becomes more bluish. This
—p happens with MPA, MUA, MH, and with binary mixtures
of any of these thiols. The nanoparticles remain stable in
solution and can be stored in a refrigerator for about a week,
or alternatively, the solvent can be removed and the
nanoparticles can be stored in the solid state for at least
several weeks and redissolved whenever needed. Particles
sized small £40 nm in size) multi-branched>@) gold made using just MH as a ligand were an exception because
nanoparticles, using a multi-step seeded growth approachthey showeq signs of color loss in a matter of mlr?u_tes.after
with sodium dodecy! sulfate (SDS) as the surfactant. All of the synthesis was completed and complete precipitation of
these methods result in particles only weakly stabilized by the nanopatrticles within hours, after which the nanoparticles

ligands electrostatically attracted to the metal cores; thus, Were insoluble. _

all of these particles would coalesce irreversibly upon drying.  >amples from the solutions were drop cast onto carbon
The synthesis method reported in our paper results in smallcc_’ated TEM qgrids. Re.presentatlvle Images are shown in
(~40 nm) multi-branchedX4) gold nanopatrticles that differ Figure 2. A large frac'ugn Of, particles with a number of
from those reported in the literature mainly because of their marked protuberances is evident. More than 90% of the

thiolated capping molecules, which provide stability also in part|cles_ have fouor or more_branches, and the majority of
the dried state. The size of the nanoparticled0 nm in the particles {-70%) have five or more branches. Most

diameter, ensures a strong plasmon respéhsile the pgrticles have_a studdeq guasi-spherical morphology resem-
thiolated ligand shell improves the particles’ solubility and bling sea urchins. The size and morphology of the nanopar-

- . ; . ticles depend strongly on the rate of the addition of
stability as well as enhancing their versatiftys building ) .
: HAuCl4(aq). We have been able to reproducibly synthesize
blocks for composite nanostructures.

nano-urchins that have a mean diameterdD nm with a

. standard deviation of10 nm (see Figure 2; note that the
Materials and Methods diameter of the particles is defined as its biggest dimension).
UV —vis extinction spectra of the synthesized nanopatrticle

HzOs

Figure 1. Schematic drawing of the main steps involved in the synthesis
of the nano-urchins.

All chemicals were purchased from Sigma Aldrich and used as luti d A ical is sh -
received. Ultrapure Millipore water (18 §) was used as a solvent. solutions were measured. A typical spectrum is shown in

Nanoparticle images were taken using either a JEOL 2000 FX or Figure 3. The absorbance exhibits a strong and relatively
a JEOL 200 CX transmission electron microscope (TEM) at 200 Narrow pl_asmon resonance peak arothi@5 nm. Th_e strong
kV accelerating voltage. U¥vis absorption spectroscopy was done Plasmon is to be expected from the sharp topological features

using an Agilent 8453 diode array absorption spectrometer. of the nano-urchins. The relative narrow full width at half-
Nanoparticle Synthesis.n a typical synthesis, 6,6L of a 35 maximum (fwhm= 138 nm with a standard deviation of 7

vol % water solution of HO, was added to 10 mL of a 6.8 103 nm bas_ed on a comparison across the various samples

M solution of sodium citrate. A total of 25L of a 0.05 M HAUC synthesized in this paper) of the peak may seem counter to

water solution was added dropwise over a period of 120 s. Stirring intuition, given the broad distribution of shapes and sizes of
was stopped 10 s after the addition was completed. During the the nanoparticles in our samples (Figure 2). However, we
addition, the color of the solution changed from transparent to reason that the lack in broadening in our extinction spectra
purple. Within less than a minute (i.ex150 s after the complete s in agreement with the simulations done by Hao &f ah
addition of HAUC}), 1.05 mL of a 7.5 mM aqueous solution of a  metal tripods. They showed that the dipole excitation from
thiolated molecule was added dropwise while stirring. The ligand he tips of the branches of the tripod provides the dominant
molecules used were 11-mercapto-1-hexanol (MH), 3-mercapto- oontribution to the plasmon resonance in the extinction
propanoic acid (MPA), and 11- mercaptoundecanoic acid (MUA). spectrum, and therefore, any heterogeneity in the shape of
When mixtures of the ligands were used,_ the total concentration the branches, and in their number, should have only a
was kept at 7.5 mM. In the case of MUA, it was necessary to add . .
NaOH (~1:5 molar ratio) to make the thiol molecule soluble in negllglblg effect O,n the spectrum. As mentioned before, the
water. Figure 1 illustrates the main steps involved in the synthesis. nanppartlcle solution mgy be dr!ed, for exgmple, to s'tore the
particles for longer periods of time. We find that, with the
) ElSaved. M. AAce. Chem. Re@00L 34 257264 exception of pure MH coated nano-urchins, the rest of the
2283 Wan?])rlli,M.;.Popg\(;i-tz-Bi?gj.R.;eCoheln, H‘.;Vaskevic.:h, A.; Rubinstein, _pamde_s can be dissolved k_)aCk In Wat_er and rema_m stable
I. 3. Am. Chem. So@005 127, 9207-9215. in solution. However, the optical properties of the redissolved
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Figure 2. Representative TEM images of nanoparticles obtained using the synthesis approach presented here. (a and b) Images of a sample synthesized with
a mixture of MH and MPA in a 1:1 molar ratio. (c) Image of a sample synthesized with a mixture of MH and MUA (1:1). (d) Histogram showing the
distribution of nanoparticle sizes observed in sample shown in panel c.

0.6 T T T broadening of the extinction peak strongly suggest a form
of aggregation. It should be noted that the new extinction
spectrum does not evolve if the particles are dried and
redissolved again; it remains fairly constant. Also, upon
sonication, the peak narrows and blue-shifts toward an
intermediate state between the initial and the aggregate state,
presumably due to a reduction in the size of the aggregates.
TEM samples drop cast from these solutions (after sonica-
0.24 - 7 tion) indicated that the particles maintained their urchin-like
morphology, with no observable changes in their size
distribution or shape (Figure 4).

Finite difference time domain (FDTD) simulations are a
versatile numerical method for solving electromagnetic
0 4'10 5'20 6'30 7:,,0 slso 960 problems of arbitrary shapes and geometries that are
Wavelength (nm) otherwise difficult to solve for analyticallii%ﬁf) FDTD
Figure 3. Plot of the extinction spectrum of nano-urchins in water. This SImUIat!OnS Wer_e_ u;ed to mvestlgatg the ngar—fleld enhance-
spectrum is of nano-urchins synthesized with a mixture of MUA and MH Ments in the vicinity of a nanoparticle with horns whose
in‘a 1:1 molar ratio. dimensions are similar to the ones observed in the nano-
urchins synthesized in this work. The simulation was run
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particles suggest that they dissolve in an aggregate form.

Figure 4 shows a comparison between spectra of the nano-(zg) Voo K SIEEE T o Propag966 14, 302
H H . ee, K. S. rans. Antennas Propa y .

urchins taken right after they were synthesized and after (30) Taflove, A.; Brodwin, M. EIEEE Tranps. Microwae Theory Tech.

being dried and dissolved again. The red-shift and the 1975 23, 623-630.
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1.21 T T T (RemCom XFDTD version 6.1). The default Liao Absorbing
@) boundary condition was used to bind the computational
space, so that scattered or emitted radiation from tetrapods
was absorbed by the boundary with minimum reflecion.

Figure 5b shows the maximum intensity (i.e., square of
the field strength) enhancement of the electric field observed
near the tip horns of the tetrapod as a function of the
wavelength of the incident field. These quantities were taken
at steady state, when all the scattered fields also varied
sinosoidally in time. As can be seen, the resonance frequency
occurs at around 700 nm. The enhancement in the local field
intensity near the tips is-15 000 times the intensity of the
incident field.

Figure 5c¢ shows a contour plot of the calculated magnitude
of electric field distribution, at the resonance frequency,
around the tetrapod in a plane that goes through two of its
tips. As expected, the field is largest near the tips. However,
it may be noticed that most of the resonant excitation is
localized around one of the two tips. This is because the
tetrapod geometry is highly anisotropic, so the choice of
which horn to excite depends strongly on the choice of the
incident electromagnetic field and its polarization. The hot
spots of large field enhancements near the tips are ideal
locations for the placement of molecules for the purpose of
SERS experiment8: 36 This task is made easier in the case
of nano-urchins such as the ones in Figure 2 since these
particles have many horns, and therefore, the hot spots are
expected to be abundant.

The simulated spectrum of the tetrapod has some similari-
Figure 4. (a) Plot of the extinction spectra of MUA capped nano-urchins ties and d,lﬁerences when compared to the nano-urchins. Both
in water. The spectrum on the first day (red continuous line) was taken N@ve a single plasmon resonance peak, but the tetrapod’s
right after synthesis. After the measurement, the sample was dried and keptpeak is red-shifted by~120 nm with respect to the peak

In the fridge for 6 days, It was then redissolved in water to allow for optical nhsepyed in the extinction spectrum of the nano-urchins. This
characterization and then dried again. This operation was repeated at the

ninth (blue dotted line) and tenth day (green dashed line). The latter solution C&N be qualitatively explained within the framework of
was sonicated for 30 min, leading to the purple dash dotted spectrum. All plasmon hybridization theofybased on the morphology of

spectra had their peak maximum normalized to unity. (b) TEM image taken the nano-urchins. which is a hybrid between a sphere and a
from the solution obtained after 10 days of storing after sonication. ’ .
purely branched particle such as the tetrapod. Whereas gold

on a tetrapod with its horns (i.e., branches) sticking out in a "@nospheres and tetrapods have their plasmon resonance at
manner similar to carbon &onding orbitals. The horns ~ ~540 and~700 nm, respectively, nano-urchins have their
were modeled as pyramids with an equilateral triangular base"®SOnance somewhere betwees85 nm. .

(side length= 12.4 nm) 15 nm long and with an apex Finally, the~15 000 times local field intensity enhance-
truncated parallel to the base (side length.7 nm) (Figure ~ ment predicted in the FDTD calculation is an enormous
5a). The overall tetrapod dimension was 37 nm using the improvement over the enhancements observed near isolated

convention defined previously. The base of one of the horns SPherical nanoparticles, which only show enhancements on
was set to be parallel to they plane, centered at the origin the order of only several hundred tim&sThis is important
(x=0,y=0,z=0). for SERS experiments given that the Raman scattering cross-

section is proportional to the fourth power of the local fi#ld.
However, some concerns might arise regarding the choice
of bulk gold properties in the FDTD simulation since it is

Absorbance (OD)

410 520 630 740 850 960

Wavelength (nm)

(b)

The simulations were done at 13 wavelengths, for which
an experimental dielectric constant for bulk gold was fogind,
covering the 3061200 nm range. The incident electromag-
netic field was chosen to be.a cc_)ntlnu_ous monochromatic (32) Liao, Z. P.. Wong, H. L.; Yang, B.. Yuan. 'sci. Sin. Ser. A: (Engl.
plane wave polarized in thedirection with a wave vector Ed.) 1984 27, 1063-1076.
in the negativex direction. The simulations were run untila  (33) Eoéto,tA-SlréLFi%ht Sga,\t;erinhg irllz f?otgd;éV: E'ﬁwéniﬁ chtteéin%dspin

. ects, ,an orpnic & raona, M., Gaotheroat, G., S.,
steady state was reached. The computational space was  syringer-Verlag: Berlin, 1984.
divided into cubic cells wh 3 A sides. This was more than  (34) Moskovits, M.Rev. Mod. Phys1985 57, 783-826.

i ; ; (35) Zeman, E. J.; Schatz, G. @. Phys. Chem1987, 91, 634—643.
sufficient to accurately approximate the given geometry. All (36) Kall, M Xu. H, X.. Johansson, Rl Raman Spectros@005 36,

simulations were run on a commercial FDTD package 510-514.
(37) Prodan, E.; Radloff, C.; Halas, N. J.; Nordlander SBience2003
302 419-422.
(31) Johnson, P. B.; Christy, R. WPhys. Re. B: Solid Statel972 6, (38) Shalaev, V. M. InOptical Properties of Nanostructured Random

4370-4379. Medig Shalaev, V. M., Ed.; Springer-Verlag: Berlin, 2002; p 99.
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Figure 5. (a) Drawing of the tetrapod geometry used in the FDTD simulations and its dimensions. (b) Plot of the wavelength vs the maximum intensity
enhancement as calculated by FDTD for the tetrapod pictured in panel a. Light is traveling with a wave vector in the xdgatitien and iz polarized.

(c) Contour plot of the calculated distribution of electric field strengths around the tetrapod in a plane that cuts through the tips of the upmktefiorn a
most horn. The scale is in decibels (dB). The maximum €B) corresponds to an electric field magnitude of 125 V/m.

well-known that the dimensions of the nanoparticle can in high yield using MH, MUA, MPA, and binary mixtures
constrain the mean free path of the electréiEhe real part of these thiols as capping agents. The particles are stable
of the dielectric constant of the gold nanoparticles does not and water soluble, and they can be stored for days in the
deviate significantly from its bulk value, but the imaginary dried state and redissolved many times. After drying, the
part significantly increases for spherical nanoparticles less particles dissolve in a stable and reproducible aggregate form.
than 12 nm in diametéf. An increase in the imaginary part FDTD calculations performed on a nanoparticle with four
of the dielectric constant results in the dampening of the branches suggest that nano-urchins have large local electro-
resonance enhancement. And so, to be conservative, wanagnetic field enhancements near the tips of their horns.
repeated the FDTD calculation at 704 nm using the imaginary The plasmon resonance peak of these particles is narrow and
part of the dielectric constant that was experimentally has a fwhm that is almost invariant with particle size and
determined by others foa 9 nmdiameter nanoparticl.  shape distribution, suggesting that the dipole of the plasmon
The calculation resulted in a local field enhancement of js mostly concentrated at the tips of the multi-pods. These

~2950 times, which is still much larger than the enhancement particles may find applications in SERS and in catalysis.
observed in isolated spherical nanopartiéfes.
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