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Bimetallic nanoshells on functionalized polystyrene beads have Scheme 1. = Schematic Representation of the Synthesis of
been fabricated through a layer-by-layer deposition technique [RAUAPDICI-

exploiting electrostatic interaction. The synthesis has been achieved

through the immobilization and successive reduction of the

corresponding precursor ions. It has been shown that the thickness

of the shell can be controlled by a number of cyclic depositions of

respective metals onto the surface of the polystyrene beads.

Inorganic-nanoshell-coated organic polystyrene beads with
well-defined architectures are of increasing interest because
of their applications in the fields of surface-enhanced Raman fabrication of polystyreng—metakn.i composites is of
scattering (SERS),catalysis? biochemistry? etc. These  special interest, and a few ingenious methods have been
hybrid materials are found to be useful in the area of reported to design thefd:!> However, most of the cases
advanced microelectronic devices, nonlinear optics, electro-result in either a thick metal coating with irregular thickness
chemical sensors, bioanalysis, chemical sensors, and capsule® & large number of uncoated particles due to Coulombic
for the controlled release of therapeutic agénfehese  repulsion and surface passivation.
supported nanomaterials are of special interest because they Herein we report a layer-by-layer deposition technique to
allow fine dispersion and stabilization of small metallic fabricate ultrathin bimetallic nanoshells on functionalized
particle$® and provide access to a larger number of polystyrene beads exploiting electrostatic interaction and
catalytically active sit€sthan the corresponding bulk com-  suggest their consideration. An ion-exchange mechanism was
ponents. The coreshell-type composite materials are in the primarily involved to immobilize the metal precursors, which
frontier of advanced research, in which the shell component upon subsequent reduction form a bimetallic coating on the
determines the surface properties of the particles and the cordunctionalized polystyrene beads. The particles were char-
material indirectly induces other (optical, catalytic, magnetic, acterized by scanning electron microscopy (SEM), energy-
etc.}? properties of the system. Moreover, tailoring of dispersive X-ray (EDX) analysis, X-ray photoelectron spec-
bimetallic catalysts is an important factor because of their troscopy (XPS), and X-ray diffraction (XRD) studies. To
good selectivity toward the desired reaction as a consequencéhe best of our knowledge, this is the first report to synthesize
of the electronic and ensemble effects of two metaEhe bimetallic-nanoshell-coated polystyrene beads in a layer-by-
layer fashion.
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complete exchange of Cions with AuCl,~ ions. Within 2
h, the solution above the beads became colorless. Afterward,
the resin-bound AuGl moiety, i.e., [R-AuCl,], was washed
with distilled water, dried, and finally reduced by a freshly
prepared NaBklsolution. The product was a gold-nanoshell-
coated resin bead, [R(A)J"CI~. A total of 5 mL of a 102
M aqueous solution of HPdClL was added to the preformed
[R(AUO]TCI~, and the mixture was stirred again on the
magnetic stirrer. The solution above the bead became
colorless within 2-3 h, indicating the ready exchange of
PdClL?~ with the CI of [R(Au®]*CI~. The addition of
freshly prepared NaBkresults in a black gotdpalladium-
coated bead, [R(AWP)]*CI-.

Anionic precursor AuClH was exchanged with the ClI
ion of the resin (RCI™) through an ion-exchange mechanism
and initiated the synthesis. The anion-exchange resin has a
positive functional group,—N(CHs)s*, which can bind
AuCl,~ electrostatically to form [RAuCly)]. Now upon
subsequent reduction, the resin-bound gold chloride moiety
was converted to gold-coated resin beads, [R{KCI~. To
maintain the electroneutrality of the matrix, the @mained
bonded to the positive entity [R(&)] ", which was authen-
ticated from EDX analysis. Now the addition of a PgfCl
solution to [R(AW)]"CI~ followed by reduction leads to the B @ & @ 1o @ @ 6 80 100
formation of a palladium nanoshell on the gold-coated resin % »
beads, represented as [ROPP)]*CI-. The following  Figure3. XRD pattems of (a) [R(AY(PH)] "CI” and (b) [RAG(CUE)H.
reactions are involved during the synthesis of the particles.

nanocomposites with their inverted structures. The order of

Figure 1. HRSEM micrographs of a single (A) [R(&]"Cl~ and (B)
[R(AUO (PP CI~.

Figure 2. EDX spectra of (a) [R(AY(PP)]"CI~ and (b) [R(AG)(CWO)]"HT.
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R'CI” + HAUCI,— [R—AuCl,] + HClI deposition of the bimetallic shells on the polystyrene beads
can be altered by the successive immobilization of their
[R—AuCl,] ﬂ»[R(Auo)]Jrcr corresponding precursors. The matrixes such as [R{(Pd
(POIFCI~ and [R(AF)(AU®)]TCI~ were also synthesized
[RAUY*CI™ + H,PdCl, — [R(AU)],ZPACL2 + HCI from their corresponding metal chloride precursors.

The layer-by-layer deposition technique has been widely
ot o [H] . used to fabricate coreshell particles because of its conven-
[R(AUY],* PdCL? — [RAUA(PP) " Cl ience to tailor the thickness and composition of the shells.
. . The thickness can be controlled by varying the number of
'The exchange of PdG;was r;tythentlcated by adding cycles of operation: immobilization and subsequent reduc-
dilute HC_' to the [R(AD)]. .PdCL‘ beads. The COIOHGS.S tion. In this way, we can deposit more than two metals on
HCI solution above the resin bead turned yellow, showing any kind of charged polystyrene bead
the characteristic absorption band offdCl at 398 nm. The high-resolution SEM (HRSEM) images of cross-
The layer-by-layer deposition of metals on a functionalized sectional views of [R(AB]*Cl- and [R(AW)(PP)]*Cl-

catitnr]n—gxchangel rce:sin was dor;e by ;::mplo;iing dthg Sameparticles are shown in parts A and B of Figure 1, respectively.
synthetic protocol. Cationic complexes [Ag(§b) ™ and [Cu- The figures clearly depict the thickness of monometallic gold

(NHz)J2" were used as silver and copper precursors, (50 & 5 nm) and bimetallic golgpalladium (90+ 5 nm)

i i i - + - . . - . -
rngect|ver, :lor tge fabrlf:atlc>lnfof [R(AHCU?_]h H pl"]’}r shells. The images show a stepwise increase in the size of
e s (seg the ypportlng n ormation). e su Onate 4o resin bead with layer-by-layer deposition of metals. The
functionality (—SG;™) of the cation-exchange resin leads to EDX patterns of the composite materials [RO@P)]*Cl-
electrostatic attachment of the cationic precursors. and [R(A)(CLP)]-H* are shown in Figure 2. The EDX

In the case of coreshell bimetallic nanoparticle synthesis, patterns of monometallic-coated resin beads are given in the
the more noble metal usually forms the core and the lessSupporting Information
one forms the shell. In contrast, the construction of an The XRD patterns O'f [R(AQ(CLO)]H* and [R(AW)-
inverted structure is not easy because the less noble metal i?Pd))]+CI* show information about the nature of the metals

solubilized by a redox reaction upon the addition of more -
coated on polystyrene beads. The XRD of [R{#B?)] *Cl
noble metal ion$? The above synthetic strategy leads to easy (Figure 3 68 s¥10\¥vs the peaks at 38.2, 44 4[1 64 g)5)] and 77.9

generation of [R(AG(CU)I"H™ and [R(AW)(PL)]*CI” assigned to the (111), (200), (220), and (311) reflection

(13) Toshima, N.; Shiraishi, Y. Shiotsuki, A.; Ikenaga, D.; WangEr. planes, respectively, which substantiates the face-centered-
Phys. J. D2001, 16, 209. cubic nature of Au nanocrystals. The absence of sharp
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Figure 4. XPS image of [R(AG(PP)]+CI- particles. Figure 5. UV —uvisible spectra of an aqueous [Cu(§)i?" solution after
treatment with (a) no particles, (b) [R(AGCLO)]"H™, (c) [R(Ag)] HT,
and (d) RH*.

scattering peaks for Pd may be due to the weak diffraction

of Pd* The XRD of [R(AF)(CW)] H' particles shows It was noted that, as the thickness of the shell increases, the
diffraction peaks at 38.05, 44.1, 64.4, and 77.45signed  extent of adsorption of [Cu(N§l]*" decreases. So, the

to (111), (200), (220), and (311) planes of Ag, respectively, absorbance value of the supernatant was highest for the
and the peaks at 43.2, 50.37, and 89.9 correspond to thesolution containing the [R(AY(CP)]"H* matrix and lowest
(111), (200), and (311) planes of Cu, respectively, as shownfor the [R"H*] case. This ionic interaction depends on the

in Figure 3b. ionic charge and the distance of closest approach between
The oxidation states of the metals coated on resin beadsthe charged polystyrene beads and the [CugbJFf ionic
were investigated by XPS. The XPS of [R®(PP)] " Cl~ species?

(Figure 4) shows a spectral profile completely different from  In conclusion, a layer-by-layer deposition technique has
that of R'CI~ (see the Supporting Information). The intense been developed to fabricate bimetallic-nanoshell-coated
peaks at 83 and 86.5 eV correspond to the binding energiesfunctionalized polystyrene beads. The electrostatic field force
of Au 4f;, and 4§, electrons, respectively, and those at 338.5 has been exploited for the immobilization of the precursor
and 343 eV depict those of Pd gdand 3d, electrons, ions to the resin moiety. The procedure is simple and
respectively® The shifting of the peaks as compared to the reproducible and could be a general strategy for the synthesis
literature value may be due to the deposition of the metals of multimetallic nanoshells on any kind of charged polysty-
on the surface of charged polystyrene beads. These datdene beads. The deposition of metals on the spherical
delineate the zero oxidation states of the metals. polystyrene support can be done by the proper choice of the

The electrostatic field of attraction on the surface of the functional group of the resin beads and charge of the
composites with variable metallic thickness was examined Precursor. The synthesis of such particles along with their
by the ready adsorption of a colored water-soluble complex inverted structure can be achieved easily irrespective of the
ion, [Cu(Nl—b)4]2+' on the Composite surfaces. After a certain nObI'Ity of the metals. The Synthesized Composite materials
time interval, a decrease in the absorbance value of the soluare expected to be beneficial for SERS studies. These
tion was observed, depending on the thickness of the metallicParticles have already shown promise as heterogeneous
layers. In this context, metal-coated resins [RYAgH* and catalysts in several redox reactiofsinally, such bimetallic
[R(AgY)(CW)]"H* and an equal amount of the uncoated coatings on functionalized polystyrene beads are expected
[R"H*] materials were separately mixed with the same t0 open some new avenues in the application of optical
amount of a [Cu(NH),]SO, solution. The absorbance values Studies, catalysis, and biochemical separation for their tunable
of the supernatant for all of the three mixtures were measuredfeatures in relation to their shell thickness, material Composi-
after a certain time (1 h) using the UWisible spectropho-  tion, and electrostatic field force from within.

tometer (Figure 5). Acknowledgment. The authors are thankful to UGC,
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