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The transmetalation reaction between a sacrificial nanoparticle and more noble metal ions in solution has
emerged as a novel method for creating unique hollow and bimetallic nanostructures. In this report, we
investigate the possibility of carrying out the transmetalation reaction between hydrophobic silver nanoparticles
assembled and constrained at the-aater interface and subphase gold ions. We observe that facile reduction

of the subphase gold ions by the sacrificial silver nanoparticles occurs resulting in the formation of elongated
gold nanostructures that appear to cross-link the sacrificial silver particles. This transmetalation reaction may
be modulated by the insertion of an electrostatic barrier in the form of an ionizable lipid monolayer between
the silver nanoparticles and the aqueous gold ions that impacts the gold nanopatrticle assembly. Transmetalation
reactions between nanopatrticles constrained into a close-packed structure and appropriate metal ions could
lead to a new strategy for metallic cross-linking of nanoparticles and generation of coatings with promising
optoelectonic behavior.

Introduction linked by bifunctional bridging linkers such as TBBT (4,4

) . ] . thiobenzenethiol) through hydrogen bonding at the-wiater
. The synthesis, depo.smon., and subsgquent patterning of th]ninterface. Recently, we have shown in this laboratory how the
films of metal nanopatrticles is of great interest because of their symmetry-breaking nature of the awater interface can be
potential for application as building blocks in nanodevieds.  eypioited to build anisotropic nanostructures by carrying out
is well-known that metal nanoparticles possess unique optical, {he reduction of precursor metal ions preferentially at the
chemical, magnetic, and electrical properties, which are different jyierfacel? This has been achieved by either constraining the
from the properties in their bulk statés\part from variation precursor metal ions (formation of flat gold nanostructures by
in parameters such as size, shape, and dielectric constant of théaq ction of a monolayer of hydrophobic gold ions with
d|spersmg medium, these properties can_be controlled t_hrOUghanthranilic acid in the subphd€d or the reducing agent
their ordered or patterned assembly on suitable substatds. (tormation of flat gold nanosheets by the reduction of gold ions
is because the parameters that influence the collective behavior, ihe subphase by hexadecylanilitialkylated tyrosine Lang-
of assembled nanostructures can now be manipulated bypir monolayet?9 to the airwater interface thus confining
phgm_lsts with a high degree of coqtrol, thus prOV_ldmg aNeW the reduction of metal ions strictly to the interface.
initiative to research on cluster-engineered materials. To date, |, a series of elegant reports, research groups led b¥? Xia
several techniques have been rgported for fabnca’gng patternedand Bat* have investigated the possibility of using the trans-
arrays ff nanoparticles on solid surfaces that include spin \eiqiation reaction to modulate the structure of aqueous
cqai[ng,7 pr;oto_ll_lﬁlhogl_raph?, §oét| gthci?rafgﬁt m%cr.ocont.act nanoparticles. The galvanic exchange reaction between sacri-
printing,” €ic. 1he LangmuiFblodge (. ) technique is a . ficial nanopatrticles (which act as a template) and other suitable
versatile method, which has been exte_nswe_ly used f_or generatingea| ions often results in the formation of hollow nanostruc-
ordered monolayer arrays of metaffiemiconducting,and 04314 yith interesting application potential. Xia and co-

polymer nanoparticlé$ and their thin film formation. One o ors have studied in detail the mechanistic aspects of the

variant (_)f the LB technl_que mvolv_es spreading a col!0|dal transmetalation reaction between sacrificial Ag nanospheres/
suspension of hydrophobic nanoparticles on water, allowing the nanocubes and Au iofd. They observe that the plasmon

solv_ent to evaporate, and subsequently transferr[ng the n"J‘no'absorption band of the metal nanostructures following the
particle array that forms on the water surface to solid SUbStrateS'replacement reaction can be tuned in the range of-3Q00
Howe_ver, the rolf_e of th_e airwater |nte_rface_ In th.? above- nm by simple variation of the experimental conditidA&lsing
ment|one_d cases s rel_atlvely passive, since Itis u_t|||zed me_rely Co nanoparticles as sacrificial templates, Bai and co-workers
to organize nanopgrncles..An exciting option is to design have shown that the transmetalation reaction with Au and Pt
experlments \{vhere!n the. aimater mterjace IS dynam|c'and . ions results in the formation of hollow Pt nanosphéteand
permits reactions involving nanoparticles. Progress in this rodlike Au—Pt alloy nanoparticléd® with excellent catalytic
direction was made by Chen and co-workérgho showed that properties

two-dimensional gold nanoparticle networks could be cross- An interesting possibility that has not been addressed so far
is to study transmetalation reactions involving nanoparticles
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surfacelinterfaces through transmetalation reactions leading tonanoparticle solution in benzene at a concentration of 1
electrically conducting structures over large length scales. Thatmg/mL was then spread slowly onto the ODA/StA monolayers
this is indeed a realizable goal is indicated by the rodlike in a dropwise fashion followed by 15 min of solvent evaporation.
structures observed by Bai et al in the transmetalation reactionAt different times in the reaction of the ODA-capped silver
of Co nanoparticles and Au/Pt ions; the rodlike structures were nanopatrticles with AuGt ions in the subphase, the nanoparticle
explained to arise due to interconnections formed during monolayers were transferred onto carbon-coated copper grids
transmetalation of linearly assembled Co nanoparticles in and quartz slides by the conventional LB method at a controlled
solution4P In this context, the airwater interface could be an  surface pressure of 15 mN/m and a substrate immersion/
excellent candidate to follow in real time transmetalation withdrawal speed of 10 mm/min. LB films of AgODA were
reactions between hydrophobic nanoparticles assembled in closealso formed by nanoparticle organization on deionized water
packed structures on water and aqueous metal ions present ims the subphase under the conditions mentioned above; this
the subphase. In this paper, we discuss our experiments on theserves as a point of reference and a control. The quartz substrates
reaction of agueous chloroaurate ions in the subphase withwere rendered hydrophobic prior to transfer of the nanopar-
hydrophobic silver nanoparticles constrained to the-aiater ticles by deposition of three monolayers of lead arachidate onto
interface. Consumption of the sacrificial silver nanoparticles the substrates. It is known that metal salts of fatty acids
leads to the formation of gold nanostructures at the-water (cadmium arachidate, lead arachidate, etc.) form stable mono-
interface of interesting morphology. Furthermore, we show that layers strongly bound to substrates with oxide layers and
the transmetalation reaction, and thereby the morphology of hydrophobization of the support resulted in significantly better
nanostructures formed at the -aiwater interface, can be transfer ratios of the nanoparticle monolayers. For the LB films
modulated by placing an electrostatic barrier (in the form of grown on different substrates, monolayer transfer was observed
Langmuir monolayers of octadecylamine (ODA, cationic) or during both upward and downward strokes of the substrate at
stearic acid (StA, anionic)) between the hydrophobic silver the close to unity transfer ratio. The transmetalation reaction
nanopatrticles and the aqueous chloroaurate ions in the subphaséetween silver nanoparticles and gold ions was also carried out

Presented below are the details of the investigation. by first transferring a thick AgODA LB film on quartz (20
ML) followed by immersion in a 10®* M aqueous HAuC|
Experimental Details solution.

UV —vis SpectroscopyThe transmetalation reaction between
ODA-capped Ag nanoparticles and aqueous gold ions at the
; . ; air—water interface and in solution was monitored by measuring
stearic acid (@?'H%QZ)’ and Qctadecylamme (Lg_|39N)_ were the UV—vis absorption spectra of LB films of the nanoparticles
obtained from Aldrich Chemicals and used as received. on quartz substrates at different times of the reaction. The spectra

(a) Synthesis of hydrophobic Silver NanoparticlesSilver were recorded on a JASCO dual-beam spectrophotometer
nanoparticles capped with ODA (AgODA) were prepared  (mode| V-570) operated at a resolution of 1 nm.
as (Sjescrlbed elsewhefln a typical experiment, 10 mL of Transmission Electron Microscopy (TEM). TEM measure-

107 M aquegus silver sulfate s_olut|on was taken al_ong WIth - ments of the Ag-ODA nanoparticles LB films deposited before
10 mL of 10° M aqueous solution of tyrosine and diluted 10 5§ after transmetalation reaction at the-aimter interface onto
100 mL. with deionized water. To this solu'glon, 1 mL of £0 carbon-coated copper grids were performed on a JEOL model
M so_lut|or_1 of KOH was adde_d, and the mixiure was gllowed 1200EX instrument operated at an accelerating voltage at 120
to boil until the colorless solution turned yellow, indicating the ., gelected area electron diffraction (SAED) patterns were

formation of gilver nanoparticles. The aqueous solution 9f Sil- recorded from ensembles of particles under conditions of an
ver nanoparticles (25 mL) was taken in a beaker, and its pH operating voltage of 120 kV, camera length of 80 cm, and
was adjusted to 5 using dilute hydrochloric acid (HCI). This ,cartion of a 12Qum field limiting aperture.

s?lllj(tlr(%nl\\//lvaslta:renn I?g;ipiiratf:?gr flf.lnrl’::| Sind ?ddedhtokiZHS mL Current —Voltage (I-V) Measurements.The silver nano-
0 solution o chioroform. Vigorous shaking particle film as well as the bimetallic film obtained by

of the mixture results in the quantitative transfer of silver transmetalation reaction were deposited onto quartz substrates
nanoparticles from the aqueous to chloroform phase. After thei

Chemicals.Silver sulfate (AgSQy), chloroauric acid (HAuGH
xH20), potassium hydroxide (KOH), tyrosine di€;1NOs),

completion of phase transfer. the oraanic phase was separated” vertical lifting and were allowed to dry. After thorough
fromlotheI aquegus phase rotf;lvappeg alndpwashevé with zthano rying, the nanoparticles films were used forV measure-
to remove uncoordinated ODA molecules (if any). The purified ents. Electrodes of 1 mm width were painted at the opposite

and dried powder of ODA-canped silver nanoparticles could ends of the nanoparticulate films using conducting silver paste
- POoW pp P . as thick pads to ensure proper electrical contact. The separa-
be dispersed in a range of weakly polar/nonpolar organic

tion between the electrodes was 10 mm. AIM measurements
solvents.

lati . ¢ hobi i were done using a Keithley 238 High Current Source Measure
(b) Transmetalation Reaction of Hydrophobic Silver Unit. The | —V characteristics were measured in the sweep
Nanoparticles with Aqueous Chloroaurate lons at Air— mode at a voltage increment & V in the range of—40 to
Water Interface. The transmetalation reaction between ODA- 45/

capped silver nanoparticles and aqueous chloroauric acid
(HAuCl4) was carried out at the aiwater interface using a
Nima model 611 LB trough equipped with a Wilhelmy plate
as the surface-pressure sensor at room temperature. In a typical Parts A and B of Figure 1 show representative TEM images
experiment, Langmuir monolayers of ODA/StA were formed of a one monolayer (ML) LB film of hydrophobic silver

by spreading a 7L solution of ODA/StA in chloroform (1 nanoparticles (Ag-ODA) transferred from deionized water as
mg/mL concentration) on the surface of 8OM aqueous the subphase at a surface pressure of 15 mN/m. It is observed
HAuCl, subphase. At least 15 min was allowed for solvent from these images that the hydrophobic silver nanoparticles
evaporation, and the monolayer was compressed to a surfaceassemble into large two-dimensional domains of hexagonal
pressure of 15 mN/m. An aliquot of 106L of Ag—ODA close-packed nanoparticles on the surface of water. An analysis

Results and Discussion
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Figure 2. (A) UV —vis absorption spectra recorded from curve 1, 20
ML Ag—ODA LB film from pure water as the subphase and curves 2
and 3, 20 ML LB films of Ag-ODA nanopatrticles aftel h of
transmetalation reaction on the surface of 3Bl aqueous HAuGlin

the presence of StA and ODA monolayers, respectively. Curve 4
corresponds to the UVvis absorption spectrum recorded from a 20
ML LB film of the Ag —ODA nanoparticles aftel h of reaction of the
nanoparticles with 16 M HAuCl, solution in the subphase at the-air
water interface. (B) UV-vis absorption spectra recorded from curve
1, 20 ML Ag—ODA LB film from pure water as the subphase (same
Figure 1. Representative TEM images of one monolayer of ODA- s curve 1 in Figure 2A) and curves-8, 20 ML Ag—ODA LB film
capped silver nanoparticles assembled on deionized water (A and B)deposited from pure water as the subphase after immersion V.0
and on 10° M HAUCI, solution afte 1 h of transmetalation reaction ~adqueous HAuGI solution for t = 10 min, 1, 4, 12, and 48 h,
with subphase AuGt ions (C and D). The TEM images in E and F  reéspectively. The inset in the figure shows photographs of a 20 ML
correspond to ODA-capped silver nanoparticles assembled onto theA9—ODA LB film deposited from pure water as the subphase before
ODA Langmuir monolayer on the surface of 8M HAuCl4 recorded (@) and after (b) transmetalation reaction by immersion in®1a
after 1 h of reaction. The insets in B, D, and F correspond to SAED HAUCIs for 1 h. The pictures correspond to curves 1 and 6 in the figure,
patterns recorded from the nanoparticles in the main part of the '€Spectively.

respective figures.

irregularly shaped particles that show no ordered packing.

of the particles in these and other similar images yielded an Clearly, the transmetalation reaction has taken place, and the
average nanoparticle size of 206 nm. The silver nanoparticles  irregular structures arise due to consumption of silver nanopar-
are spherical in nature and often show contrast characteristicticles by the reduced gold ions. Occasionally, rodlike and
of multiply twinned particles (MTPs, Figure 1B). The SAED triangular structures similar to those observed by us in an earlier
pattern recorded from the silver nanoparticles is shown as anstudy on 4-hexadecylaniline-mediated reduction of gold’ins
inset in Figure 1B. The diffraction rings indicate that the are seen in the film after transmetalation (structures identified
particles are polycrystalline and could be indexed on the basisby arrows in part C and D of Figure 1). Further evidence for
of the face centered cubic (fcc) structure of silver. A 20 ML the occurrence of the transmetalation reaction is provided by
LB film of the silver nanoparticles was transferred from the the UV—vis spectrum recorded from a 20 ML LB film of the
water subphase onto a quartz substrate, and the-\is/ Ag—ODA nanopatrticles deposidel h after reaction of the
absorption spectrum obtained from this film is shown in Figure nanoparticles with subphase AuClons (curve 4, Figure 2A).
2A (curve 1). A strong absorption band centered at ca. 470 nm The surface plasmon band characteristic of silver nanoparticles
is observed from the multilayer AgODA film. This absorption (curve 1) is completely damped and is now replaced by an
is characteristic of excitation of surface plasmon vibrations in absorption band centered at 588 nm (curve 4). The latter
the silver nanoparticles and is responsible for the yellow color absorption band is a clear indication of the formation of gold
exhibited by these films (inset of Figure 2B, slide “a”). Well- nanoparticles by the oxidative reduction of subphase AuCl
dispersed silver nanoparticles in water normally show an ions by the silver nanoparticles. The SAED pattern recorded
absorption at ca. 400 nm. The red shift in this absorption band from the monolayer after the transmetalation reaction is shown
in LB films of the nanoparticles indicates assembly of the as an insetin Figure 1D. The diffraction rings indicate that the
nanoparticle®¥ or anisotropic nanostructufésnd also the fact ~ particles are polycrystalline and could be indexed on the basis
that the dielectric properties of the film are significantly different of the fcc structure of gold. We hasten to add here that the
from those of water. Such shifts have been observed e&tfier.  crystallography of gold and silver is almost identical, and we
The inference that the particles are in an assembled, closerely on the UV-vis data presented above as an indicator that
packed configuration is consistent with the TEM results on the transmetalation reaction has occurred and that gold has been
monolayers of the AgODA nanoparticles assembled on water deposited on the silver structures.
(parts A and B of Figure 1). The surface plasmon absorption in spherical, noninteracting

Parts C and D of Figure 1 correspond to representative TEM gold nanoparticles occurs at ca. 520 nm in water. The shift to
images of the AgODA nanoparticle Langmuir monolayer longer wavelengths observed in the LB films of the silver
recordel 1 h after reaction with the aqueous HAyGUbphase. nanoparticles post transmetalation is similar to that observed
It is seen that the morphology of the particles has changed by Xia and co-workers in their study of transmetalation of silver
dramatically; the original close-packed spherical nanoparticulate nanocubes by gold iori8. The red shift in the gold surface
structure (parts A and B of Figure 1) is now replaced by plasmon band was explained as arising due to the formation of
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a thin shell of gold around the sacrificial silver nanocube core
and under certain experimental conditions, could extend into 0.6}
the near-infrared region of the electromagnetic spectdiiie
believe the red shift in the surface plasmon band of gold
observed in this experiment may also be explained on the basis
of the formation of shells of gold around the spherical silver
core, evidence for which will be provided in subsequent studies
below. The reaction of subphase chloroaurate ions with the silver
nanopatrticles at the atwater interface is rapid and is complete
within 15 min of spreading the monolayer (data not shown).
The silver ions formed as a consequence of the transmetalation
reaction are expected to dissolve in the subphase. However, the
concentration of the Agions was found to be below the
detection limits of atomic absorption spectroscopy.

The rate of reaction of subphase gold ions with the silver
nanoparticles may be modulated by positioning a suitable barrier
between the nanoparticles and the subphase. Since the reaction s ; : . s
involves gold ions, an electrostatic barrier comprised of an 40 20 0 20 40
ionizable lipid monolayer would be an excellent candidate. With Voltage (V)
this in mind, we ha\{e carried out t_he transmetalatlon reaction Figure 3. |-V characteristics of 60 ML LB film of silver nanoparticles
between hydrophobic Ag nanoparticles and AgrGons in the deposited by vertical lifting on quartz substrate before (triangles) and

subphase in the presence of a cationic (octadecylamine) and anfter (stars) the transmetalation reaction. The current values in the plot
anionic Langmuir monolayer (stearic acid). One would expect obtained before the transmetalation reaction (triangles) have been

that the presence of the cationic ODA monolayer would result multiplied by a factor of 5000 to bring the values on the same scale as
in an increase in the Aug! counterion concentration at the those recorded from the film after transmetalation (stars).
air—water interface and thus, enhance the rate of reaction of
the silver nanoparticles with the gold ions. On the other hand,
anionic StA would lead to a reduction of AufCl co-ion
concentration at the aitwater interface and slow the reaction.
Parts E and F of Figure 1 show representative TEM images
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between dodecylthiolate-monolayer-protected Ag clusters and
gold ions leading to the formation AgAu bimetallic nanopar-
ticles has been reported previously by Murray and co-worKers.
Taken together with the findings of this study, it is clear that

. . .~ the transmetalation reaction can proceed even in the presence
recorded from the hydrophoblp Ag nanoparticle Langmuir of a barrier to ion transport, the reasons for which need to be
monolayer afte 1 h of reaction in the presence of an ODA elucidated

barrier monolayer. The transmetalation reaction in this experi- The TEM images shown in parts E and F of Figure 1 indicate
ment '?ads to the formauon of a large percentage of GIOngatGdformation of elongated and coiled nanostructures most likely
and twisted wormiike nanostructures. Clearly, the ODA Lang- 6 to metaliic cross-linking of the sacrificial silver nanoparticles
muir monolayer does not impede the reaction between the g°|dafter the transmetalation reaction in the presence of ODA
ions and hydrophobic silver napopartic_les andtoa Ia_lrge extent, monolayer; the formation of these interlinked structures was
appears to promote the formation .Of high aspect ratio nanopar-g, ther confirmed by electrical transport measurements. Figure
ticles most likely due to metallic cross-linking from the 3 o0 the current vs voltage{V) plots of a 60 ML LB
transmetalation reaction. The S_AED pattern recorded from_the film of silver nanoparticles before (triangles) and after (stars)
monolayer after the transmetalation reaction is shown as an insetq transmetalation reaction. The LB films were deposited on
in Figure 1F; the diffraction rings could be indexed on the basis quartz substrates on which the silver electrodes had been
of the fcc structure of gold subject to the caveat mentioned deposited by vertical lifting. The-V plot is fairly linear in

earlier. both cases, however, the resistance of the film after the
The UV-vis absorption spectrum recorded from a 20 ML  transmetalation reaction reduces by an order &f B3 (please
Ag—ODA nanoparticle film transferred aftel h of reaction note that the current values recorded for the LB film before
with agueous AuGl ions in the presence of an ODA Langmuir  transmetalation have been multiplied by a factor of 5000 in this
monolayer barrier is shown as curve 3 in Figure 2A. Complete plot). The significant drop in the film resistance after trans-
disappearance of the silver surface plasmon band at 470 nmmetalation is a clear indication of the formation of elongated
and appearance of a strong plasmon absorption at 570 nmstructures leading to an electrical interlinking of the silver
indicate the completion of the transmetalation reaction and that nanoparticles observed in the TEM images (parts E and F of
the elongated structures seen in the TEM images (parts E andrigure 1). The +V measurements were carried out after
F of Figure 1) are due to metallic gold. Attempts were made to thorough drying of the films in a dehumidified atmosphere at
follow the kinetics of reaction in this experiment. These different sweep rates and different voltage increments. We did
experiments (TEM measurements of the silver nanoparticle not observe a detectable difference in th&/Iplots under these
monolayer at times smaller than 10 min, data not shown) did different experimental conditions and believe, therefore, con-
not show significant differences in the nanoparticle structure at tributions due to water, an so forth, to the electrical conduction
reaction times~10 min. We note that in these experiments, as may be ruled out. However, more detailed studies are required
well as in those to be described below, the transmetalation to fully understand this issue and will be addressed in future
reaction between the silver nanoparticle surface and aqueoussommunications.
gold ions takes place even though a hydrophobic sheath of ODA The reaction between subphase gold ions and-@BA
molecules surrounds the particles and in some of the examplesnanopatrticles in the presence of the anionic Langmuir mono-
an additional barrier to ion transport in the form of ODA and layer, stearic acid, resulted in the formation of structures that
StA monolayers is present. The galvanic exchange reactionwere significantly different than those obtained with and without
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Figure 5. (A and B) Representative TEM images at different
magnifications of one monolayer of AgODA recordel 1 h after
spreading the monolayer on the surface of pure distilled water (pH
adjusted to 3 by diluted HCI) in the presence of StA. (C and D)
Representative TEM images of A®ODA nanoparticles after reaction
with agueous chloroaurate ions by immersion of a 20 ML-/AQPA

LB film in gold ion solution for 48 h and thereafter dissolved in
chloroform.

Figure 4. Representative TEM pictures of A@QODA nanoparticles presence of ODA (Figure 2A, curve 3) and StA (Figure 2A,

f(l)sn: itlu?r::éic;)?ezfeﬂ?eeo?fsfth: arsea,';ctti)cz;rr]ri\gri"[—hla‘l:ntli\rllnglsJ %?'}ZZZ@%Q_T curve 2) are rather similar although the structure of the

15 min, 1, 2, and 3 h, respectively, and E a{nd F, representative TEM ahssemblle_s IS SO dlffe_renthdeserves qomment' The Slmllﬁntykl]n
images at different magnification recorded from-AQDA nanopar- the UV—vis spectra in t .ese experiments §uggests that the
ticles afte 3 h of reaction with subphase AuClions in the presence ~ assembly of the nanoparticles (honeycomb in the case of StA
of the StA barrier. and no regular assembly of ODA barriers) does not play a crucial

role in determining the optical properties of the film. In other
ODA as a barrier. Due to the slowing down of the reaction for words, interparticle interaction via plasmon coupling is negli-
the electrostatic reasons discussed above, the kinetics of reactiogible, and to a large extent, the film properties are determined
could also be followed. Parts-2D of Figure 4 show represen- by the plasmon frequency of the Ag-cerBu-shell bimetallic
tative TEM images recorded from the A@QDA nanoparticles nanoparticle structure.
after 15 min, 1, 2, ath 3 h ofreaction, respectively, with 18 There could be a number of reasons for the honeycomb
M aqueous HAuC]in the subphase in the presence of StA as structures formed. One is that the transmetalation reaction
a barrier. It is observed that at the beginning of the reaction, leads to assembly into such a structure while the second
the particles assemble into rudimentary open, ringlike structurespossibility is that there is a separation of the-AQDA and
(parts A and B of Figure 4) that then close up to form StA phases; the transmetalation reaction then proceeds along
honeycomb-like nanopatrticle patterns toward the completion of the Ag—ODA rich phases (which in this case, is the honeycomb
the reaction (parts C and D of Figure 4). The low and high pattern). Yet another possibility is that the transmetalation
magnification images of the AgODA nanoparticles after 3 h  reaction itself drives the phase separation. To test this hypothesis,
of reaction illustrate this point bettethe honeycomb-like the Ag—ODA nanoparticles were spread on the surface of
patterns are seen to be composed of nanoparticles of dimensiongeionized water held at pH 3.4 (pH close to that of the31d
10—18 nm along the periphery while the gaps in the structures HAuCl, solution, pH adjusted using dilute HCI) in the presence
are devoid of nanopatrticles. The assembly of nanoparticles alongof StA and then lifted onto a TEM grid. Parts A and B of Figure
the periphery of the honeycomb pattern is truly long range and 5 show representative TEM images from this monolayer. It is
extends well up to 86100uxm in length. Unlike in the previous  clear that there is no evidence for a honeycomb-structured
cases (reaction of AgODA nanoparticles directly with sub-  assembly of the silver nanoparticles and in most respects, the
phase gold ions and in the presence of ODA Langmuir images resemble those recorded from the nanoparticles spread
monolayer), elongated, coiled structures are not seen in this casedirectly onto water (parts A and B of Figure 1). This control
The only evidence that the transmetalation reaction has takenindicates that the honeycomb assembly of the nanopatrticles is
place is from the optical properties of a 20 ML LB film of these driven by the transmetalation reaction between the silver
Ag—ODA nanoparticles transferred onto quartz (curve 2, Figure nanoparticles and the subphase Ai1Gbns. The fact that the
2A). The UV-vis absorption spectrum clearly shows a strong patrticles in the honeycomb structures are not interconnected
absorption band at 578 nm that is characteristic of gold (Figure 4F) suggests that the transmetalation reaction forces the
nanoparticles. The SAED pattern recorded from the reacted goldseparation of the StA and AgODA phases into the lovely
nanoparticles in the presence of StA is shown in the inset of honeycomb pattern observed. Thinking about the possibility of
Figure 4A. The ring pattern suggests that the particles arevan der Waals or physical interaction between the particles,
polycrystalline and they could be indexed on the basis of the conductivity measurements were also done for the LB films
fcc structure of gold/silver. The fact that the optical properties deposited after transmetalation reaction in the presence of the
of the nanopatrticles formed by a transmetalation reaction in the StA monolayer. However, an increase in the conductivity of
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the film was negligible (data not shown for brevity) and nowhere ions and the effusion of Agions during the transmetalation
comparable to that obtained in the case of transmetalation inreaction thereby limiting the reaction to the stage where only a
the presence of the ODA monolayer (Figure 3). thin shell of gold is formed around the silver core. It is known

It would be of interest to study the transmetalation reaction that a gold shell of 35 atomic layers is sufficient to dampen
between LB films of Ag-ODA nanoparticles during immersion ~ the surface plasmon vibrations of the underlying silver core
in HAUCI, solution. The UV-vis absorption spectra recorded ~Completely®cand could thus explain the Uis spectroscopy
from a 20 ML LB film of Ag—ODA nanoparticles measured trends observed.
as a function of time of immersion in I®M HAuCI, solution In conclusion, we have shown that the facile transmetala-
is shown in Figure 2B. It is observed that as the transmetalationtion reaction between hydrophobic silver nanoparticles and
reaction proceeds, there is a progressive decrease in the intensitfdueous chloroaurate_ ions can be carrleql out at thenaiter '
of the silver plasmon band at 470 nm (curve 2, 10 min of interface. Such reactlonslwnh nanoparticles assembl.ed into
reaction) that is then followed by the appearance of a Separateglos_e-packed structures_ at interfaces could_ lead to metallic cross-
and distinct absorption band from metallic gold nanoparticles linking of the nanoparticles and synthesis of extended nano-

at ca. 560 nm aftel h of reaction. Further immersion in the Particulate structures as shown. In the presence of suitable
chloroaurate ion solution leads to an increase in the gold electrostatic barriers, the assembly of the nanoparticles after

plasmon band intensity and a small shift in the peak position to transmetalation reaction leads to interesting honeycomb-like
570 nm (curves 46). The reaction is complete after nearly 48 Superstructures. The possibility of connecting nanoparticles in

h of reaction and is much slower than the transmetalation €/0S€ proximity via electrical contacts shows potential for
reaction between the silver nanoparticles and gold ions at thegeneration of conducting electrodes with nanoparticles as
air—water interface. We believe that this difference in reaction Puilding blocks and in the design of optical coatings and
rates is due to the fact that the infusion rate of gold ions and chemical/biological sensors.

effusion of Ag" ions arising from the transmetalation reaction
would be much smaller in the case of the LB films of the
hydrophobic silver nanoparticles during immersion in chloro-
auric acid solution. Such a constraint does not occur at the air
water interface where the silver nanoparticles fully access the
subphase gold ions with no barrier to metal ion diffusion. The
color of this film turned from yellow (inset of Figure 2B, slide (1) Sastry, M. InColloids and Colloid Assemblies: Synthesis, Modi-
“a”) to a deep blue upon completion of the reaction with gold fication, Organization and Utilization of Colloid Particle€aruso, F., Ed.;

: : : S A wpan R Wiley-VCH: Berlin, 2003; Chapter 12, p 369. (b) Sastry, MHandbook
lons (mset of Figure 2B, slide *b ) The blue color indicates of Surfaces and Interfaces of Materialdanostructured Materials, Micelles

the interparticle surface plasmon coupling in @ monolayer of and Colloids Nalwa, H. S., Ed.; Academic Press: London, 2001; Vol. 3,
gold nanoparticle®® The 20 ML Ag—ODA LB film after 48 h Chapter 2, p 87. (c) Fendler, J. Hanoparticles and Nanostructured

; i ; ; ; ; ; in  Films: Preparation, Characterization and Applicatign§Viley-VCH:
of immersion in chloroauric acid solution was dissolved in Weinheim, Germany, 1998. (d) Rotello, Manoparticles: Building Blocks

chloroform, and the nanoparticles were imaged by TEM (parts for NanotechnologyKluwer Academic/Plenum Publishers: New York,
C and D of Figure 5). It is observed that the particles are well 2004. (e) Horiuchi, S.; Sarwar, M. I.; Nakao, Yadv. Mater. 200Q 12,

separated from one another and that the particles are biggert507. (f) Horiuchi, S.; Fujita, T.; Hayakawa, T.; Nakao,bangmuir2003

(average S|ze«50_ nm) than the _as-prepared silver nanoparticles (2) El-sayed, M. AAcc. Chem. Re€00134, 257. (b) Henglein, AJ.
(20 + 6 nm). This may be attributed to the fact that the AgCl  phys.'Chem1993 97, 5457. (c) Henglein, AChem. Re. 1989 89, 1861.
formed after the transmetalation reaction is not able to leach (cdl) AIivisatos,CA-”P-dJ- Phys. Cf;]eml996 lOQI 13226C (e) Schr?]id, G.

i ini i usters and Colloids: From Theory to ApplicatioCH: Weinheim,
out fully due tq entrapment in the lipid monolayer and stay§ in Germany. 1994. (f) Perenboom, J. A. A. 3. Wyder, P.: MeiePRys.
the form of solid AgCI. We do not observe any interconnection Rrep 1981 78, 173. (g) Hughes, A. E.; Jain, S. @dv. Phys.1979 28,
between the nanoparticles possibly because during immersion717.
of the Ag—ODA LB film in the chloroauric acid solution, the < b(3)k Agd;es'MR'hP'; Bei\f;v, TS %angi,RM-éFeggng-BHendgsrg_on, J. 1
3 H : uplak, C. P.; anoney, ., Osiichin, R. ., Reltenberger,3gience
fl!m swells and.leads to con3|deraple separation between thelgga 272,1323. (b) Kim. S. H.. Medeiros-Ribeiro, G.: Ohlberg, D. A, A.:
silver nanoparticles. Transmetalation thereafter may not be wiliams, R. S.; Heath, J. R. Phys. Chem. 8999 103, 10341. () Beverly,
capable of interlinking the nanoparticles, and they merely grow K. C.; Sampaio, J. F.; Heath, J. R.Phys. Chem. B002 106, 2131. (d)
in size. We note that the UWis absorption curves recorded Klm&g"xglpg"SB'iSI;N"a\;VE: i 7 Ame Chem. So200L &42363250%4 6
7 H H » Uy » AL LL D ;9. R V. . 2
from the LB films after transmetalation reaction (part.s A aqd 1427. (b) Xia, D.; Brueck, S. R. Nano Lett.2004 4, 1295,

B of Figure 2) show the absorbance at ca. 580 nm, indicative  (s5) Lee, K.; Pan, F.; Carroll, G. T.; Turro, N. J.; Koberstein, J. T.
of the formation of gold nanostructures. Usually it is observed Langmuir2004 20, 1812. (b) Horiuchi, S.; Fujita, T.; Hayakawa, T.; Nakao,

that the transmetalation reaction between silver nanoparticles"- A(gl;- )'\(’i':t‘i:-?\?v%?t :SSi'd i‘;“% MAngew. Cherm., Int, E4998 37, 550
. . - 4 18 : o , G . . Int. ) .
and gold ions in either aquedtis*or organi¢® medium leads (b) Gorman, C. B.; Beibuyck, H. A.; Whitesides, G. @hem. Mater1995

to the formation of hollow gold nanostructures. However, in 7,526. (c) Zhao, X. M.; Xia, Y.; Whitesides, G. M. Mater. Chem1997,
the present study, the UWis spectroscopy results (parts A 7, 1069.
and B of Figure 2) indicate the formation of either pure solid (7) Santhanam V.; Andres, R. Rano Lett 2004 4, 41.

; ; _ (8) Sastry, M.; Patil, V.; Mayya, K. S.; Paranjape, D. V.; Singh, P;
gold nanostructures or bimetallic nanostructures (gold-coated Sainkar, S, RThin Solid Films1998 324 239. (b) Perez, H.. Lisboa de

silver cores).? TEM results support the UWvis spectroscopy Sousa, R. M.; Pradeau, J. P.; Albouy, P.Ghem. Mater2001, 13, 1512.
data showing the presence of both solid gold (parts D and F of (c) Swami, A.; Kumar, A.; Selvakannan, PR.; Mandal, S.; Sastry,JM.

; ; ; ; ; Colloid Interface Sci2003 260, 367. (d) Selvakannan, PR.; Swami, A.;
Figure 1 and Figure 4F) and bimetallic Akg (Figure 4F, Srisathiyanarayanan, D.; Shirude, P. S.; Pasricha, R.; Mandale, A. B.; Sastry,

particles indicated by arrows) nanostructures. While the exact m. Langmuir2004 20, 7829. (e) Wang, W.; Chen, X.; Efrima, $. Phys.
reasons for this difference are not understood at this moment,Chem. B1999 103 7238. (f) Heath, J. R.; Knobler, C. M.; Leff, D. \J.

; . ; i ifinia] Phys. Chem. BL997 101, 189. (g) Burghard, M.; Philipp, G.; Roth, S.;
we believe the ODA-capping layer surrounding the sacrificial | "5 it “55 f s (o "G, Mater, 1998 10, 842, (h)
silver nanoparticles may be playing an important role. The ODA Bourgoin, J. F.. Kergueris, C.: Lefevre, E.; Palacin,T8in Solid Films

monolayer could act as a barrier toward the infusion of AUCI 1998 327—-329, 515. (i) Chen, X. Y.; Li, J. R.; Jiang, INanotechnology
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