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Trimetallic Ag@AuPt Neapolitan nanoparticles

Yang Song and Shaowei Chen*

Trimetallic Ag@AuPt Neapolitan nanoparticles were prepared by two sequential galvanic exchange
reactions of 1-hexanethiolate-capped silver nanoparticles (AgC6, 5.70 + 0.82 nm in diameter) with
gold()-thiomalic acid (Au'TMA) and platinum(i)-hexanethiolate (Pt"C6) complexes. The first reaction was
carried out at the air-water interface by the Langmuir method where the AgC6 nanoparticles formed a
compact monolayer and water-soluble AuTMA was injected into the water subphase; the nanoparticles
were then deposited onto a substrate surface in the up-stroke fashion and immersed into an acetone
solution of Pt'C6. As both reactions were confined to an interface, the Au and Pt elements were
situated on two opposite poles of the original Ag nanoparticles. The tripatchy structure was clearly
manifested in elemental mapping of the nanoparticles, and consistent with the damping and red-shift
of the nanoparticle surface plasmon resonance. Further characterizations by X-ray photoelectron
spectroscopy showed that the reactions were mostly confined to the top layers of the Ag metal cores,
and contact angle and infrared spectroscopic measurements confirmed the incorporation and
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Introduction

As unique structural scaffolds, nanoparticles may be decorated
with multiple functional moieties. Yet, in most prior research
these functional moieties are distributed rather homogeneously
on the nanoparticle surface. To further engineer the nano-
particle structures and manipulate the properties and func-
tions, there has been a great deal of interest in the design and
preparation of patchy nanoparticles with an asymmetrical
distribution of the organic and/or metal components within the
nanoparticles. Such directional engineering of the nano-
particles may then be exploited for an unprecedented control of
the self-assembled nanoparticle structures." Towards this end,
amphiphilic Janus nanoparticles have represented the first
example of bi-patchy nanoparticles that exhibit two hemi-
spheres of distinctly different chemical compositions and/or
properties. Yet, is it possible to have more complicated chem-
ical patterning of the nanoparticles with a multi-patchy surface
structure? This is the primary motivation of the present study.

It should be noted that experimental preparation of such
multipatchy particles has been mostly focused on (sub)micron-
sized polymeric particles that are produced by, for instance,
particle and nanosphere lithography, and glancing-angle
deposition.® In these, the self-assembly of block copolymers has
been suggested as an effective route for the fabrication of
functional patchy particles, where the composition and distri-
bution of the solvophilic and solvophobic components are
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segregated distribution of the organic capping ligands on the nanoparticle surface.

proposed to play a critical role in the manipulation of the
interparticle interactions and hence organized assemblies.®

In contrast, the study of nanometer-sized metal particles with
patchy metal compositions and/or organic capping layers is largely
limited to theoretical simulations and modeling. For instance,
Pons-Siepermann and Glotzer” carried out computer simulations
based on dissipative particle dynamics (DPD) to predict the
patterns of a mixed monolayer consisting of three thiol derivatives
self-assembled on gold nanoparticle surfaces. With a deliberate
variation of four critical parameters: (a) nanoparticle core diam-
eter, (b) degree of ligand immiscibility, (c) ligand chain length,
and (d) monolayer composition, they predicted the formation
of various patchy structures, including striped Janus particles,
tri-patchy Neapolitan and Cerberus nanoparticles, etc.

It should be emphasized that whereas there has been much
progress in theoretical simulations and modelling, experimental
preparation of such multi-patchy nanoparticles has remained a
great challenge. In the present study, we took advantage of our
prior progress in the preparation of Janus nanoparticles with
asymmetric organic capping patches,*** and demonstrated that
trimetallic Ag@AuPt Neapolitan nanoparticles might be readily
prepared by interfacial engineering based on the Langmuir
methods and galvanic replacement reactions. The procedure is
depicted in Scheme 1. Specifically, 1-hexanethiolate-passivated
silver (AgC6) nanoparticles were used as the starting materials. A
compact monolayer was formed on the water surface of a Lang-
muir-Blodgett tough, into which a calculated amount of gold(1)-
thiomalic acid (Au'TMA) complex was injected. Galvanic
exchange reactions between the AgC6 nanoparticles and Au'TMA
atthe air-water interface led to the displacement of part of the Ag
atoms on the bottom side of the nanoparticle cores with Au and
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Scheme 1 Preparation of trimetallic Neapolitan and bulk-exchange nano-
particles by interfacial galvanic exchange reactions.

concurrently the replacement of the original hydrophobic hex-
anethiolate ligands with the more hydrophilic TMA ones. The
monolayer was then up-stroke deposited onto a glass slide
surface by the Langmuir-Blodgett method (such that the hex-
anethiolate side was exposed), and immersed into a solution of
platinum(u)-hexanethiolate (Pt"C6) complex for the second
galvanic replacement reactions. As both reactions were restricted
to two opposite sides of the nanoparticles, the resulting particles
exhibited a segregated distribution of three metal components
(Ag, Au and Pt) as well as organic capping ligands. To the best of
our knowledge, we believe that this is the first experimental
demonstration of nanometer-sized trimetallic Neapolitan parti-
cles. As a control experiment, trimetallic Ag@AuPt nanoparticles
were also prepared by galvanic exchange reactions of AgCé
nanoparticles with Au'TMA and Pt"C6 in THF. The resulting
nanoparticles were denoted as bulk-exchange nanoparticles.

Experimental section
Chemicals

Hydrogen tetrachloroauric acid (HAuCl,-xH,0) was synthesized
by dissolving ultrahigh-purity gold (99.999%, Johnson Matthey)
in freshly prepared aqua regia followed by crystallization." Silver
nitrate (AgNO;, Fisher Scientific), platinum chloride (PtCl,,
ACROS), sodium borohydride (NaBH,, =98%, ACROS), tetra-n-
octylammonium bromide (TOABr, 98%, ACROS), 1-hexanethiol
(C6SH, 96%, ACROS), and thiomalic acid (TMA, Aldrich, 95%)
were all used as received without any further purification. Solvents
were purchased at the highest purity available from typical
commercial sources and also used as received. Water was
supplied by a Barnstead Nanopure water system (18.3 MQ cm).
The Au'TMA complex was prepared by mixing a stoichio-
metric amount of HAuCl, and TMA in acetone, which was a
light yellow precipitate as a result of the reduction of Au™ to Au'
by the thiol moiety.”> The precipitate was collected by centri-
fugation and washed extensively with acetone and finally dis-
solved in water at a concentration of 1 mM. The Pt""C6 complex
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was prepared by mixing a PtCl, aqueous solution with hexa-
nethiol in chloroform. The formation of Pt""Cé was signified by
the colour appearance in the chloroform phase whereas the
water phase became colourless. The chloroform phase was
collected, dried and further washed with methanol to remove
excessive thiols, affording Pt"C6 that was soluble in acetone.

Synthesis of silver nanoparticles

1-Hexanethiolate-passivated silver (AgC6) nanoparticles were
prepared by following the Brust method.” Experimentally,
30 mL of an aqueous AgNOj; solution (0.03 M) was mixed with
20 mL of a toluene solution of TOABr (0.20 M) and stirred
vigorously for 1 h. The grey organic phase was collected, into
which 150 pL of 1-hexanethiol was added with a Hamilton
microliter syringe. After the solution was stirred for 15 min,
24 mL of a freshly prepared ice-cold aqueous solution of 0.43 M
NaBH, was added dropwise, and the solution colour turned
dark brown immediately, signifying the formation of silver
nanoparticles. The reaction mixture was stirred for 4 h before
the organic phase was collected and washed five times with
methanol to remove the phase-transfer catalysts, excessive
1-hexanethiol, and reaction by-products. The resulting silver
nanoparticles were denoted as AgC6.

Preparation of trimetallic Neapolitan nanoparticles

The trimetallic Neapolitan nanoparticles were prepared by two-
step interfacial galvanic replacement reactions of AgC6 nano-
particles with Au'TMA and Pt"C6 complexes. The first step was
similar to that used to prepare bimetallic AgAu Janus nano-
particles that was detailed previously.' In brief, a monolayer of
AgC6 nanoparticles was deposited onto the water surface of a
Langmuir-Blodgett trough (NIMA Technology, model 611D).
The particle monolayer was then compressed to a desired
surface pressure where the interparticle edge-to-edge separation
was maintained at a value smaller than twice the extended
ligand chain length such that the interfacial mobility of the
particles was impeded. At this point, a calculated amount of the
Au'TMA aqueous solution was injected into the water subphase
by a Hamilton microliter syringe, where the first interfacial
galvanic exchange reactions occurred leading to the formation
of AgC6-AuTMA bimetallic Janus nanoparticles.” The nano-
particle monolayers were then transferred onto a clean glass
slide surface (8 cm x 3 cm) by the up-stroke deposition method
so that the hydrophobic side with the hexanethiolate ligands
was exposed. Then the glass slides were immersed into an
acetone solution of the Pt"'C6 complex for the second interfacial
galvanic replacement reaction (this procedure was used previ-
ously in the preparation of another type of Janus nano-
particles®), which took place at the hexanethiolate face of the
particles that was in direct contact with the acetone solution,
resulting in the generation of trimetallic Neapolitan nano-
particles (Scheme 1). Then, the glass slides with Neapolitan
nanoparticle monolayers were gently rinsed with copious
amounts of acetone and dried in a gentle stream of ultrahigh-
purity nitrogen before being collected into a glass vial by THF.
At least four batches of particle samples were prepared and
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collected under identical conditions so that there were enough
materials for further analyses. The resulting Neapolitan parti-
cles were found to be soluble in chloroform and THF.

As a control measurement, galvanic replacement reactions of
the AgC6 nanoparticles with Au'TMA and Pt"C6 complexes were
also carried out by mixing a calculated amount of AgC6 nano-
particles with Au'TMA and Pt"C6 complexes in THF under
magnetic stirring for 8 h. The solution was then dried under
reduced pressure with a rotary evaporator, and excessive ligands
were removed by extensive rinsing with methanol. The resulting
particles were denoted as bulk-exchange particles and, similar to
the Neapolitan nanoparticles, were soluble in chloroform and THF.

Characterizations

Contact angles were measured with a Tantec CAM-PLUS contact
angle meter. For each sample, at least ten independent
measurements were carried out for statistical analyses. The UV-
vis spectra were collected with a UNICAM ATI UV4 spectrometer
ata particle concentration of ca. 0.5 mg mL ™" in THF usinga 1 cm
quartz cuvette. X-ray photoelectron (XPS) spectra were recorded
with a PHI 5400/XPS instrument equipped with an Al Ka source
operated at 350 W and 10~ ° Torr. Silicon wafers were sputtered by
argon ions to remove carbon from the background and used as
substrates. The morphology and sizes of the nanoparticles were
characterized by transmission electron microscopic studies
(TEM, Philips CM200 at 200 kV). At least 200 nanoparticles were
measured to obtain a size histogram. Energy-dispersive X-ray
spectroscopy (EDS) studies were carried out by using a Philips
CM200/FEG transmission electron microscope.

Results and discussion

The structures of the resulting nanoparticles were first exam-
ined by transmission electron microscopic (TEM) measure-
ments. Fig. 1 depicts the representative TEM micrographs of the
(A) original AgCe, (B) trimetallic Ag@AuPt bulk-exchange and
(C) Neapolitan nanoparticles. It can be seen that the nano-
particles were all very well dispersed, indicating effective
protection of the nanoparticles by the thiolate ligands before
and after core metal galvanic exchange reactions. Also, the
nanoparticle core size remained statistically unchanged. In fact,
the average core diameter was found to be 5.70 & 0.82 nm, 6.00
+ 0.75 nm, and 5.90 £+ 0.76 nm for the as-prepared AgC6, tri-
metallic bulk-exchange, and Neapolitan particles, respectively
(right insets). Furthermore, the nanoparticles all exhibited well-
defined crystalline lattice fringes, with a spacing of 0.23 nm, as
highlighted in the left insets. This is consistent with the Ag(111)
crystal planes,** and implies that only a small fraction of the Ag
atoms on the original nanoparticle surface was replaced by Au
and Pt, in agreement with XPS measurements (vide infra).

The tri-patchy characteristics of the Neapolitan nanoparticles
were then manifested in EDS elemental mapping. Fig. 2 shows
two representative elemental maps of (A) trimetallic bulk-
exchange and (B) Neapolitan nanoparticles with the red symbols
for silver, green for gold and blue for platinum. It can be seen that
for the bulk-exchange nanoparticles in panel (A) the three metal
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Fig. 1 Representative TEM images of (A) AgC6 nanoparticles, (B) trimetallic
Ag@AuPt bulk-exchange and (C) Neapolitan nanoparticles. The scale bars are all
10 nm. Left insets show the corresponding high-resolution TEM micrographs with
the scale bars of 2 nm. Right insets are the respective core size histograms.

elements were distributed rather homogeneously throughout
the entire nanoparticles. By contrast, for the Neapolitan nano-
particles in panel (B), whereas the silver signals can be identified
all over the nanoparticles, the gold and platinum elements are
clearly segregated on two opposite poles of the nanoparticles, as
highlighted in the schematic of panel (C).

The replacement of part of the Ag atoms on the nanoparticle
surface by Au and Pt led to an apparent variation of the nano-
particle optical properties. Fig. 3 depicts the UV-vis absorption
spectra of the AgCé6, and trimetallic Ag@AuPt bulk-exchange
and Neapolitan nanoparticles in THF. For the original AgC6
nanoparticles (solid curve), the surface plasmon resonance
peak can be clearly identified at 419 nm."* Yet for the trimetallic
bulk-exchange (dotted curve) and Neapolitan (dashed curve)
nanoparticles, the peak became broadened somewhat and
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Fig. 2 Representative false-colour EDS elemental maps of (A) bulk-exchange
and (B) Neapolitan nanoparticles with red symbols for Ag, green for Au and blue
for Pt. The samples are the same as those as in Fig. 1(B) and (C). Panel (C) is a
schematic of the resulting Neapolitan nanoparticles.
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Fig. 3 UV-vis spectra of AgC6 nanoparticles (solid curve), trimetallic bulk-
exchange (dotted curve) and Neapolitan (dashed curve) nanoparticles in THF at a
concentration of about 0.5 mg mL™".

red-shifted to 437 nm, along with the emergence of a broad
shoulder centered at around 589 nm. The first peak most likely
arose from the damping of the Ag surface plasmon by the Au(Pt)
overlayer, whereas the second peak might be ascribed to the
deposition of Au (Pt) onto the Ag nanoparticle surface in the
form of tiny clusters where alloying occurred at the bimetallic
interface. Similar observations were reported with much larger
Ag@AgAu metal core-alloy shell nanoparticles (ca. 18 nm in
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diameter) that were prepared also by galvanic exchange reac-
tions, which were accounted for by the plasmon hybridization
theory.’ In addition, unlike Ag and Au nanoparticles, Pt
nanoparticles exhibit no well-defined surface plasmon reso-
nance.” Therefore, in the trimetallic Ag@AuPt nanoparticles
the optical features were largely determined by the Ag and Au
components. In fact, one may notice that such optical charac-
teristics were also observed previously with bimetallic AgAu
Janus and bulk-exchange nanoparticles prepared with the same
AgCé6 nanoparticles (Scheme 1), as well as Au@Ag and
Ag@Au core-shell nanoparticles.*®*>°

The incorporation of Au and Pt onto the Ag nanoparticles by
galvanic exchange reactions was also manifested in XPS
measurements. Fig. 4 shows the XPS survey spectra of (A) Ag 3d, (B)
Au 4f, and (C) Pt 4f electrons for the Neapolitan (bottom spectra)
and bulk-exchange (top spectra) nanoparticles. By deconvolution
fits, the Ag 3d electrons can be readily identified at 368.1 and
374.2 eV for the bulk-exchange nanoparticles, and for the
Neapolitan counterparts, they are almost unchanged at 368.2 and
374.2 eV. Meanwhile, a rather apparent variation was observed for
the Au 4f electrons, which appeared at 83.7 and 87.5 eV for the bulk-
exchange nanoparticles and red-shifted to 83.3 and 87.2 eV for the
Neapolitan nanoparticles. In contrast, the binding energies of the
Pt 4f electrons increased from 71.4 and 74.7 eV for the bulk-
exchange nanoparticles to 71.8 and 75.2 eV for the Neapolitan
nanoparticles. Overall, these values are comparable to those
reported previously for AgAu, AgPt, or AuPt bimetallic core-shell or
alloy nanoparticles.'**** Yet, the apparent discrepancy of the Au 4f
and Pt 4f binding energies between the bulk-exchange and
Neapolitan nanoparticles seem to suggest that in comparison with
the structurally symmetric bulk-exchange nanoparticles, the
segregation of Au and Pt on two opposite poles of the Neapolitan
nanoparticles led to an uneven distribution of electrons where
partial charge transfer likely occurred from Pt to Au (the segregated
distribution of the associated polar TMA ligands from the apolar
hexanethiolates in the Neapolitan nanoparticles and hence the
formation of an apparent dipole might also help stabilize the extra
electron density on the gold sites'). This may be accounted for by
the difference of electronegativity of the three metal elements, Au
(2.4) > Pt (2.2) > Ag (1.9).%

Furthermore, based on the integrated peak areas, the atomic
ratio of the metal elements can be estimated tobe 1 : 1.6 : 5.6 for
the bulk-exchange nanoparticles and 1:2.0:8.6 for the
Neapolitan nanoparticles. That is, the fractions of the Ag core
atoms that were replaced by Au and Pt combined was 31.7% and
25.9% for the bulk-exchange and Neapolitan nanoparticles,
respectively. Note that based on the average core diameter of the
nanoparticles as measured by TEM measurements (Fig. 1), the
surface atoms constituted about 25% of the total atoms of
the metal cores of these nanoparticles.” This means that in the
preparation of the bulk-exchange and Neapolitan nanoparticles,
the galvanic exchange reactions were mostly limited to the top
layers of the Ag cores. Also as the Au/Pt ratio is very close, these
two nanoparticles may be approximated as structural isomers.

With regard to the organic capping layer, the first galvanic
exchange reactions would incorporate TMA ligands onto the
nanoparticle surface, whereas in the second step, the organic
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Fig. 4 XPS survey spectra of (A) Ag 3d, (B) Au 4f and (C) Pt 4f electrons in tri-
metallic Ag@AuPt bulk-exchange (bottom curves) and Neapolitan (top curves)
nanoparticles. Symbols are experimental data and lines are deconvolution fits.
Data are summarized in Table 1.

ligands remained unchanged (with Pt"C6). Thus, the resulting
Neapolitan nanoparticles are anticipated to exhibit a surface
structure analogous to that of Janus nanoparticles.®*** To
confirm the amphiphilic characters of the surface protecting

View Article Online

layers, a monolayer of nanoparticles was formed at the air-
water interface and transferred onto a microscope glass slide by
up- and down-stroke deposition, and the thin-film contact
angles were measured. For the original AgC6 nanoparticles a
consistent contact angle of 94.8 + 5.1° was observed for both
up- and down-stroke depositions, which is consistent with
those observed with self-assembled monolayers of alkanethiols
on silver substrate surfaces.”**” In comparison, the Neapolitan
nanoparticles showed a contact angle of 92.8 + 5.6° when the
nanoparticle film was deposited in the up-stroke fashion (that
is, with the hydrophobic face of the hexanethiolate ligands
exposed), which is similar to that of AgC6 nanoparticles;
however, the contact angle exhibited a marked diminishment to
30.8 £+ 4.1° when the nanoparticle monolayers were deposited
by the down-stroke method (with the hydrophilic side of the
TMA ligands exposed). Note that the latter is consistent with
that observed with a TMA self-assembled monolayer on Au thin
film surfaces (27.4 + 7.2°). These observations suggest the
effective replacement of the original hydrophobic hexa-
nethiolate ligands by the more hydrophilic TMA during galvanic
exchange reactions, and the TMA and C6 ligands were segre-
gated on the nanoparticle surface. Similar behaviours have been
observed previously in galvanic exchange reactions of AgC6
nanoparticles with gold(1)-mercaptopropanediol (Au'MPD)
complex,’” and ligand exchange reactions of AuC6 nano-
particles with 2-(2-mercaptoethoxy)-ethanol (MEA)* and
3,5-octadiyne-1-ol-8-thiol (DAT)*® as the hydrophilic ligands.
The incorporation of the TMA ligands into the nanoparticle
surface capping layer is further manifested in FTIR measure-
ments. Fig. 5 depicts the FTIR spectra of the original AgC6
nanoparticles, trimetallic Ag@AuPt bulk-exchange and
Neapolitan nanoparticles, as well as the Au'TMA and Pt"Cé6
complexes. In comparison with the spectral data of the AgC6
nanoparticles (black curve), bulk-exchange (red curve) and
Neapolitan nanoparticles (green curve) share the same vibra-
tional features that are consistent with the vibrational charac-
teristics of the 1-hexanethiolate ligands (which can also be
observed with the Pt"C6 complex, yellow curve), including the
methyl and methylene C-H stretches between 2800 and 3000
ecm~ ', methylene C-H rocking at 1463 cm~ ' and methyl C-H
bending at 1377 cm™.?* Meanwhile, several new features
emerged for the bulk-exchange (red curve) and Neapolitan
nanoparticles (green curve), including the O-H stretch at 3450
em ! and carboxylic C=0 stretch at 1710 cm™* (the peak at
1592 cm ' suggests the presence of carboxylate anions in the
TMA ligands) which are consistent with the vibrational char-
acteristics of the Au'TMA complex (blue curve). Note that the
vibrational stretch of S-H (~2550 cm ') was not observed in any

Table 1 Binding energies of the Ag 3d, Au 4f and Pt 4f electrons in trimetallic Ag@AuPt bulk-exchange and Neapolitan nanoparticles and the Au/Ag/Pt atomic ratios

by XPS measurements

Ag Au Pt

3ds, (eV) 3ds, (eV) af;, (eV) 4f5, (eV) af;, (eV) 4f5), (eV) Au/Pt/Ag atomic ratio
Bulk-exchange 368.1 374.2 83.7 87.5 71.4 74.7 1:1.6:5.6
Neapolitan 368.2 374.2 83.3 87.2 71.8 75.2 1:2.0:8.6
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Fig.5 FTIR spectra of the AgC6 nanoparticles (black curve), trimetallic Ag@AuPt
bulk-exchange (red curve) and Neapolitan (green curve) nanoparticles, along with
the AU'TMA (yellow curve) and Pt'C6 (blue curve) complexes.

of the samples, indicating that the samples were free of exces-
sive thiol ligands.

Conclusion

In this study a Langmuir-based interfacial engineering
approach was developed for the first-ever preparation of tri-
metallic Neapolitan nanoparticles. Using 1-hexanethiolate-pro-
tected Ag nanoparticles as the starting materials, Ag@AuPt
Neapolitan nanoparticles were prepared by two sequential
galvanic exchange reactions with Au(i)}-thiomalic acid and
platinum(u)-hexanethiolate complexes. As these two reactions
were confined on two opposite sides of the Ag nanoparticles,
there was a clear segregation of the Au and Pt elements (and the
corresponding organic capping ligands) on the nanoparticle
surface, as manifested in EDS elemental mapping studies as
well as spectroscopic measurements. Such an unprecedented
level of engineering of the nanoparticle structures may pave the
way towards increasingly deliberate manipulation of the nano-
particle properties and functions. This is being pursued in on-
going work and results will be reported in due course.
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