NANO
LETTERS

Wetting Driven Self-Assembly as a New e

Approach to Template-Guided 1770-1778
Fabrication of Metal Nanopatterns

Devasish Chowdhury, Rivka Maoz, and Jacob Sagiv*

Department of Materials and Interfaces, The Weizmann Institute of Science,
Rehaot 76100, Israel

Received April 10, 2007; Revised Manuscript Received May 3, 2007

ABSTRACT

Wetting driven self-assembly (WDSA) of appropriate materials in their liquid state on organic monolayer nanopatterns consisting of wettable
(Iyophilic) surface features surrounded by a nonwettable (lyophobic) monolayer background is shown to provide the basis of a versatile new
approach to template-guided fabrication of metal nanopatterns. Monolayer nanopatterns with planned distributions of lyophilic/lyophobic surfa ce
regions are conveniently generated by  constructive nanolithography  upon local electrochemical oxidation of the top —CHjs groups of a highly
ordered OTS ( n-octadecyltrichlorosilane) monolayer self-assembled on silicon to —COOH (Adv. Mater. 2000, 12, 725-731). Retraction of such
a patterned monolayer from a liquid that does not wet its nonpolar —CHjs surface (lyophobic) results in selective, site-defined immobilization

of nanosized volumes of the liquid on the locally generated polar —COOH groups (lyophilic). Examples are given of WDSA of organic materials
that offer further options for post-assembly chemical processing, such as nonvolatile low-melting olefins, acids, or thiols, the former being

in situ reacted to generate polar functions like —COOH or =SH. Loading surface patterns created in this manner with silver or gold ions
followed by further chemical processing results in elemental metal nanoparticles generated within the ion-binding organic material, which

thus functions as a guiding template for planned metal deposition at predefined surface sites. WDSA is particularly versatile, as any nonvolatile

material with appropriate melting temperature and surface wetting characteristics or solubility in a liquid displaying such properties may in

principle be utilized to fabricate potentially useful surface nanostructures.

Wetting driven self-assembly (WDSA) is a template-guided with the site-selective self-assembly of an organized top
self-assembly strategy that offers a simple and straightfor- monolayer of NTS (18-nonadecenyltrichlorosilane, £H
ward means for the fabrication of surface immobilized CH—(CH,);7—SiCl) on the tip-inscribed sité$>7 of a
nanostructures by taking advantage of the selective adhesiorpatterned OTS monolayer. The terminal ethylenic groups of
of nanosized volumes of wetting liquids to the lyophilic NTS can be chemically modified so as to generate various
surface regions of heterogeneous lyophilic/lyophobic surface functional template patterns as elevated copies of the base
nanopatterns. It has been shown that such nanopatternsnonolayer pattern on which NTS was assembled. Bilayer/
displaying high lyophilic/lyophobic contrast can by generated monolayer template patterns produced in this manner have
by local electrochemical oxidation of the teflCH3 groups been used to control the subsequent in situ surface generation
of a highly ordered OT$n-octadecyltrichlorosilane) mono-  of CdS?4 silver!49and gold*? as well as the anchoring at
layer self-assembled on silicon t€COOH?! The patterning predefined surface sites of ex situ synthesized species like
process is carried out with the help of an electrically biased [Au55] cluster§ and colloidal gold nanoparticlés.

SFM (scanning force microscope) tip operated as a writing  The CN strategy based on site-selective self-assembly of
pen, _under conditions that preserve 'the basic StrUCtura|monolayer-forming compounds like NTS allows the forma-
integrity of the patterned monolay®t.This paved the way o, of well-defined nanopatterned templates, equipped with
to the advancement @onstructve nanolithography(CN),  yarious desired chemical functions. Self-assembled orga-
a generic bottom-up assembly strategy that utilizes nonde-sjlane mono- and multilayers are remarkably robust surface

structively patterned organosilane monolayers as templatesypiities, capable of withstanding rather harsh thermal condi-
in diverse post-patterning chemical processes designed tqj,n<0 and chemical modification operatidast’ with full

further develop the initially inscribed surface informatigh? preservation of their high molecular order and structural
For example, we have demonstrated the feasibility of severaliniegrity. The inherent subnanometric precision set by the
template-guided hierarchical self-assembly routes, starting,,a_defined molecular size and 3D organization of such
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Figure 1. Schematic illustration of WDSA@CN as a generic approach to template-guided fabrication of surface-immobilized metal
nanopatterns. Several examples of possible fabrication pathways are indicated, starting with (A) the nanoelectrochemical (SFM tip-assisted)
patterning of a highly ordered OTS monolayer self-assembled on Silicwh(A— B) the subsequent selective immobilization of a selected
organic material from its melt (e.g., eicosene, octadecanethiol, dodecanoic acid) on the lyelBMOH) sites of the monolayer pattern

thus created. (B~ C) In situ chemical modifications of the melt-assembled patterns (after solidification at the ambient temperature),
designed to lead to the generation of various mesagjanic hybrid nanostructures: (Bt C1) oxidation of the terminal ethylenic group

of eicosene (B1) with agueous KMnG- NalO, (30 min, pH= 8.5, room temp)?® yields nonadecanoic acid (C1), and (B C1)

gas-phase photoreaction with$lAr (A = 254 nm, 10 min, room temp¥~° yields eicosanethiol (CL Site-defined generation of metallic

silver may be achieved via a number of different template-controlled processes. The options indicated here ar€1(21B2— C2)

binding of Ag" ions (upon treatment for 2 min with an aqueous solution of silver acetate) to the carboxylic acid groups of the nonadecanoic
acid (C1) or dodecanoic acid (B2§/ or (C1 — C1,2; B3— C3) to the thiol groups of eicosanethiol (Cbr octadecanethiol (B3)32:27

followed by subsequent reduction to elemental silver%Agpon exposure (for 10 min) to respectively gaseousl %7 or aqueous
NaBH,.1-3927Optional further development of initially generated metal nanoparticles may be achieved by treatment with a silver enhancer
(SE) solutiont3427The spontaneous reduction of Huspecies to elemental gold upon reactive binding of HAuGleicosanethiol (C1

or octadecanethiol (B3)may also be used to catalyze silver metal deposition from the SE solution{Cll',2; B3— C3). (D) Finally,

selective removal of soluble organic material from each of the metajanic hybrid structures generated in processes 8 is possible

upon immersion (for 30 min) in suitable organic solvents (dodecanoic and nonadecanoic acids in chloroform, octadecanethiol and eicosanethiol
in diethyl ether), as well as optional further growth (upon treatment with the SE solution) of the metal features left on the surface. Note the
reversibility of the assembly process <& B, as melt-assembled patterns of these materials can be easily “erased” by dissolution in a
suitable solvent, thus regenerating the respective monolayer template patterns.

in the bottom-up fabrication of complex supramolecular desirable features of precise molecular self-assembly, it was
surface architectures. However, the use of purpose-designednticipated that this approach might offer attractive new
monolayer-forming compounds is subject to their limited options for in situ chemical synthesis in “nanoreactors”
availability, as the preparation of such special molecular confined at predefined sites on a solid surface.

building blocks may involve complex and costly synthetic  In this communication, we briefly report results obtained
protocolstt1”21 Another limitation has to do with the in a series of proof-of-concept experiments (Figure 1)
irreversible anchoring of molecules like NTS to an initially conducted with three model organic compounds, selected on
generated monolayer pattern. While conferring high stability, the basis of the following combination of desirable proper-
this has the undesirable consequence of not allowing theties: nonvolatile solids with low melting points above the
repeated use of a base monolayer pattern in different post-ambient temperature, surface tensions (in the melted state)
patterning assembly processes, which would offer a flexible that should allow complete wetting by the liquid (zero contact
and versatile research tool. WDSA was thus explored from angle) of lyophilic surfaces rich in polar groups such as
the perspective of possible broadening of the scope of —COOH while preventing adhesion (sufficiently high contact
constructive nanolithography as a generic bottom-up ap- angles) to the lyophobie-CHjs surface of a highly ordered
proach to nanofabrication. Although lacking some of the OTS monolayer, molecular structures allowing straightfor-
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Figure 2. Eicosene nanopatterns assembled from the melt as indicated in Figure 1. (A,B) Lateral force (friction) contact mode SFM
images of monolayer template lines and dot-lines patterns corresponding to step A in Figure 1. (C) From left to right: phase and simultaneously
recorded topographic semicontact mode SFM images of melt-assembled eicosene nanowires formed on the monolayer template pattern
shown in A (step B in Figure 1), and distardeeight profile along the marked line in the respective topographic image. (D) Topographic
images (as in C) of melt-assembled eicosene dot-lines formed on the monolayer template pattern shown in B, anehdigthhpeofile

along the marked line in the respective topographic images (the right side image shows a detailed scan of the marked area in the left side
image). Both patterns were produced on same silicon wafer substrate, with the eicosene assembly occurring simultaneously on the continuous
lines and the dot-lines. The pattern inscription (A,B) was done with a Solver P47 instrument (NT-MDT, Moscow, Russia) operated in the
spectroscopic mode provided by the instrument software (400 spectroscopic scanned points/patterned area), using dopeg asaiated)

silicon probes with spring constants of 0-80.08 N/m operated under a controlled humidity atmosphe@5¢6 relative humidity), to

which a negative tip bias of 8:88.2 V?° relative to the surface was applied. Contact mode images were obtained in the ambient atmosphere
(with the probe used for patterning without electrical bias and minimal contact force) immediately after the inscription of the respective
monolayer patterns. Semicontact mode images were acquired with the same instrument using Olympus probes (AC 160 TS) with spring
constant of 42 N/m and resonance frequency of 300 kHz.

ward infrared spectroscopic characterization by comparison OTS surface could be routinely produced. Because eicosene
with long-tail amphiphilic compounds routinely employed melts around 2829 °C, octadecanethiol around 3Q, and
in monolayer self-assembly, not expensive and readily lauric acid around 44C, surface patterns assembled from
available??=2 It was further anticipated that nanopatterns such melts solidify upon withdrawal of the substrate from
made of compounds equipped with functional groups ex- the respective liquid phases into the ambient’ (221 °C,
hibiting affinity for noble metal ions might become useful in our laboratory). This greatly facilitates both their SFM
as organic templates in processes of post-assembly chemicamaging and post-assembly chemical processing. Various
generation of metal nanopatterns. As indicated in Figure 1, post-assembly chemical modification sequences could thus
the three long-tail hydrocarbon derivatives selected for this be carried out without removal from the surface of the
study, eicosene (CH(CH,);;—CH=CH,), octadecanethiol = deposited organic material or the in situ generated metal
(CHz;—(CHy);7—SH), and dodecanoic acid (GH(CHy)10— particles by using aqueous or gas-phase reagents and taking
COOH), allowed us to evaluate both certain basic aspectsadvantage of selective solubilities of different chemical spe-
of the WDSA at nanoscale dimensiét1® and the feasibility cies in different solvents (processes-BC — D in Figure 1).
of a number of different post-assembly chemical processing Examples of melt-assembled eicosene nanopatterns pro-
routes conducive to the formation of planned metal nano- duced by the present process are shown in Figure 2. The
patterns. writing of the monolayer template patterns in all experiments
Planned patterns of each of the three selected compoundseported here was done with sharp silicon probes (doped,
were generated by slow retraction of silicon wafer substratesuncoated), which turned out to be sufficiently conductive
bearing the desired tip-inscribed monolayer template patternsfor this purpos€ and thus allowed inscription of smaller
from the respective melts (process-A B in Figure 1). It features (down to~6 nm) compared to those usually
was found that assembly experiments carried out around 64 produced with blunter probes bearing conductive coafings.
66 °C (i.e., more than 35C above the melting points of As reported before, the features inscribed on the OTS
eicosene and octadecanethiol and®@@bove that of lauric ~ monolayer display higher friction compared to the surround-
acid), with substrates being pulled out from the liquid at the ing OTS background (Figure 2A,B), associated with the local
lowest speed provided by a motor-driven lift used for this conversion of the nonpolarCHjs to polar—COOH groups,
purpose (around 6667 um/s)??%2 gave optimal results in  while only a weak negative contrast is visible in the
terms of the wetting/nonwetting selectivity of material corresponding topographic images (not shotwh).
deposition. Under these conditions, melt-assembled patterns Eicosene is seen to assemble selectively on the tip-
with practically no traces liquid sticking to the lyophobic inscribed monolayer sites, yielding features that are clearly
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Figure 3. Semicontact mode SFM topographic and simultaneously recorded phase images (acquired as in Figure 2) of chemically modified
eicosene nanowires taken at each step along chemical modification path ®lt—~ C1,2— D indicated in Figure 1. (A) After in situ
conversion of eicosene to nonadecanoic acid (C1 in Figure 1). (B) A portion of the pattern shown in A after generation of elemental silver
within the nonadecanoic acid template (C1,2 in Figure 1). (C) As B, showing a detailed scan of a portion of-timeraglecanoic acid

hybrid pattern, and distanedeight profile along the marked line. (D) Images taken after dissolution in chloroform of the nonadecanoic
acid from the hybrid metatorganic nanowires shown in B. (E) same nanowires as in D, after mild development of the silver nanopatrticles
with the SE solution (D in Figure 1).

visible both in the topographic and corresponding phase ca. 1.0 and ca. 5.5 nm, associated with the various chemical
images (Figure 2C,D). Although these melt-assembled pat- modifications of the initial eicosene features, are not ac-
terns are remarkably robust, resisting Scotch tape peelingcompanied by corresponding large width variations that
as well as SFM imaging in the contact mode, to avoid might be ascribed to convolution with the SFM tip (see
possible mechanical damage, most images were acquired irFigure 3 below). These observations appear to confer
the semicontact mode. The height values derived from the experimental support to the theoretically predicted spillover
topographic images (Figure 2C,D), 2660.3 nm (wires) and  of liquids retained on lyophilic surface domains of nanoscale
2.7 + 0.6 nm (dots), are consistent with the expected dimensions surrounded by a lyophobic surfécso that the
thickness of an ordered monolayer of eicosene moleculesactual area occupied by the liquid exceeds the boundary of
(densely packed 20-carbon-atom chains in their fully ex- the wettable domain to which the liquid adhetés.
tended alltrans conformation) oriented normal to the The feasibility of the in situ chemical processing routes
surfacet>1639The uniform and continuous appearance of both indicated in Figure 1 was checked in experiments conducted
the wires and the dots would further suggest that the on both melt-assembled nanopatterns and ultrathin films
solidified material resembles an amorphous supercooled(with thicknesses in the range of several monolayers) of the
liquid rather than a bulk polycrystalline phase. One may thus respective materials similarly produced on large unpatterned
speculate that eicosene, like similar nonamphiphilic long- base monolayer surfaces. This enabled us to follow the
chainn-alkanes, adopts under the present surface assemblyarious investigated processes by both SFM and quantitative
conditions the rotator phase structure of a monolayer with infrared and U\ visible spectroscopic techniques. Examples
molecules oriented normal to the surf&@énfrared spectral of SFM images taken at different stages during the in situ
data obtained from ultrathin films of eicosene similarly chemical pocessing of melt-assembled nanopaterns of,
produced by retraction from the melt on large unpatterned respectively, eicosene and octadecanethiol are given in
surfaces coated with a carboxylic acid-terminated base Figures 3 and 4. Figures 5 and 6 present examples of
monolayer (vide infra) are also consistent with this possible pertinent FTIR and UV-vis spectral data collected from
interpretatior?! large area film samples exposed to same chemical modifica-
There are significant differences between the apparenttion sequences as the corresponding nanopatterns. The
lateral dimensions of each individual eicosene feature (widths spectroscopic data provide direct evidence for the virtually
of ca. 284+ 4 nm for the wires and ca. 3+ 4 nm for the guantitative transformations effected by each of the indicated
dots) and those of the corresponding tip-inscribed monolayerchemical operations as well as for the overall structural
template features (respectively #2.5 nm and 12.5: 5 stability of the film assemblies undergoing the respective
nm), as determined from the lateral force images (comparetransformations (vide infra). These findings are essential for
parts A and B, respectively, with parts C and D of Figure a proper interpretation of the SFM images in Figures 3 and
2). Part of this broadening may have to do with artifactal 4.
effects of the SFM imaging however, much of it appears Unlike the rather continuous appearance of the initial
to be real considering the fact that height variations betweeneicosene nanowires (Figure 2C), the nonadecanoic acid
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Figure 4. Semicontact mode SFM images as in Figures 2 and 3 showing examples of the evolution of melt-assembled octadecanethiol
nanopatterns at various steps along chemical modification path-BE3 — D indicated in Figure 1. (A) Melt-assembled dot-lines with
variable inter-dot spacing (B3 in Figure 1), and distance-height profile across the marked dot in the detailed scan image of a portion of
dot-line no. 3. (B) Portion of dot-line no. 3 after generation of elemental silver via the HABEI process (B3> C3 in Figure 18 (C)

Portion of dot-lines nos. 1 and 2 after the generation of elemental silver (as in B) followed by additional mild development of the silver
nanoparticles with the SE solution (C3 in Figure 1), and distaihedght profile along the line crossing two of the dots. (D) Portion of a
pattern of nanowires (produced together with the dot-lines on the same silicon substrate) after generation of elemental silver (as in B), and
distance-height profile along the marked line in the respective topographic image. (E) Portion of dot-lines nos. 3 and 4 after silver generation
(as in C) followed by dissolution of the octadecanethiol in diethyl ether (note the apparently overlapping octadecanethiol dots in dot-line
no. 4, image A). (F) same as (E), after further mild development of the silver nanoparticles with the SE solution (D in Figure 1).

resulting from the in situ oxidation of the eicosene is seen Ag*-binding function are shown in Figure 4. The use of a
to cluster into particulate features aligned along each wire commercially available functional compound such as octa-
track (Figure 3A). This is consistent with the expected decanethiol in the WDSA process circumvents the need of
polycrystalline morphology of the polar acid derivative vis- carrying out post-assembly chemical modification steps for
avis the apparently amorphous nature of its nonpolar the in situ installation of the desired metal ion binding
hydrocarbon precursor. Except for a growth in height of ca. function, which thus simplifies the overall fabrication process
2—3 nm per patrticle, the general appearance of the wiresand avoids more complex situations arising from eventual
after the generation of elemental silver resembles that of theincomplete conversions or the generation of more than a
nonadecanoic acid template (Figure 3B,C). According to the single reaction product.

infrared and UV~vis data (vide infra), one would expect The organization of melt-assembled octadecanethiol on
that each of these hybrid metadrganic nanoparticles  both continuous monolayer template lines (not shown) and
consists of a metal core covered by a shell made of insolubledot-lines (Figure 4A) resembles that of eicosene (Figure
silver nonadecanoate and soluble nonadecanoic acid, gener2C,D), with similar wire heights (2.& 0.4 nm) but lower
ated upon the reduction of the silver nonadecanoate saltdot heights (1.8 0.3 nm). A similar lateral broadening
precursor to elemental silver and free acid. Treatment with relative to the respective tip-inscribed monolayer template
chloroform is seen to drastically reduce the heights of the features was observed as well, from ca418 nm to 33+

features left on the surface, from an average of 5:4.0Q) 6 nm, for the wires, and from ca. Ht 4 nm to 244+ 2 nm
nm to 1.1 ¢0.3) nm, while causing only a small relative for the dots. As in the case of the nonadecanoic acid, the
decrease of their widths, from 31.%%.0) nm to 28.04£7.0) generation of elemental silver within the octadecanethiol

nm (Figure 3D). Subsequent development with the silver template was also expected to result in the formation of
enhancer solution adds, on the average, ca. 2 and 3 nm tdybrid metat-organic nanoparticles, each consisting of a
their heights and widths, respectively (Figure 3E). This is metal core covered by an insoluble coating of silver
unequivocal evidence for the metallic nature of the platelike octadecanethiolate and a soluble octadecanethiol shell (see
features visible in Figure 3D, however, their small thickness IR and UV—vis data below). However, unlike in the
is not compatible with the presence of an insoluble organic reduction of silver nonadecanoate, here elemental silver is
monolayer coating of the kind present on metal particles generated by development (with the SE solution) of tiny gold
generated within the organic films (see IR and-tWs data clusters spontaneously formed upon the treatment of the thiol
below). template with HAuCJ.28 It is thus possible to either grow
Results of a different set of experiments, designed to checkmetal particles up to the desired size in the presence of the
the generation of metallic silver within a melt-assembled organic material (Figure 4B,C) or, as done before (Figure
template pattern made of a compound bearing a well-defined3D,E), after its removal (Figure 4E,F). The latter process is
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Figure 5. Quantitative Brewster angle FTIR (Fourier transform infrared) sp&cf&*recorded at consecutive steps during the preparation

and subsequent chemical processing (as indicated in Figure 1) of a thin film of eicosene assembled from melt on a base monolayer template
with terminal—COOH functions produced on both sides of a double-side-polished silicon wafer (NTSox/Si) substrate (see text). (A) NTSox/

Si base monolayer. (B) Eicosene thin film assembled on the NTSox/Si base monolayer (B1 in Figure 1). (C) Nonadecanoic acid film
resulting from the exposure of B for 12 h to the KMp® NalO, reagent (C1 in Figure 1). (D) Same film after conversion of nonadecanoic

acid to its silver salt (upon 2 min treatment with 1x010-3 M aqueous silver acetate). (E) (D) after reduction of"Agns to elemental

silver, upon 10 min exposure to gaseous hydrazine (C1,2 in Figure 1). (F) Same film after extraction of soluble organic material with
chloroform (D in Figure 1). All curves represent net spectra of the respective film coatings, after subtraction of the spectral contributions
of the bare silicon substrate.

of particular interest, as growth of the metal cores in the most silver particles in dot-line no. 4 were actually generated
absence of a reservoir of organic shell molecules may bewithin separate template dots, the overlapping appearance
advantageous in the fabrication of conductive nanowires with of which being mainly caused by insufficient resolution of
intimate interparticle electrical contacts. the SFM imaging rather than significant coalescence of
One may note that the fabrication of a continuous metal adjacent octadecanethiol features. The solvent treatment
nanowire starting from a continuous organic nanowire results, as before (Figure 3), in a large height decrease of
template is not straightforward because of the observed metathe imaged particles, from an average of ca. #b.7) nm
coalescence occurring in the process of metal nucleation ando ca. 2.2 £0.5) nm, and only a small relative decrease of
growth, which disfavors the formation of elongated metal their widths, from ca. 34411) nm to ca. 246) nm. Like
features with high aspect ratios (Figure 4D). In the case of before (Figure 3D) and contrary to the IR and UVis data
sufficiently small nanodots, the same metal coalescence(Figure 6, below), these thin platelike metal particles appear
tendency effects the growth of a single metal core within to be free of any organic coating. The final mild development
each isolated template dot (Figure 4&). This led us to with the SE solution adds, on the average, ca. 2 nm to both
speculate that such template dot-lines with interdot separa-their heights and widths (measured across the dot-lines). This
tions comparable with the size of the dots themselves could additional small growth is seen to produce the expected effect
offer a means for controlled assembly of lines of isolated of closing most of the interdot gaps along dot-line no. 4,
but close-lying metatorganic nanoparticles, which, upon while the particles in dot-line no. 3 are still well separated
stripping of their organic shells and fine-tuning of their from one another (Figure 4F).
additional growth, might establish intimate contacts with one  Quantitative infrared and U¥vis spectral data were
another and thus create continuous electrical conductionobtained from melt-assembled ultrathin films of eicosene
paths. The observed evolution of four dot-lines with variable (Figure 5) and octadecanethiol (Figure 6) on, respectively,
interdot separations (Figure 4A) offers support to this large area silicon wafer substrates (ca. 3.5 xn2.0 cm)
attractive possibility. Because of the apparent spillover and fused quartz slides (4.0 cx1.0 cm) precoated with a
effec? accompanying the assembly of the octadecanethiol well-defined carboxylic acid-terminated NTSox base mono-
features, dot-line no. 4 appears as a continuous wire despitdayer3® The NTSox monolayer was derived from a highly
being obtained from a monolayer template dot-line with ordered NTS precursor monolayer, by the in situ chemical
dense but separate individual dots (not shown). However, aoxidation of its top vinyl functions with organic permanga-
close examination of dot-lines nos. 3 and 4 after silver nate (KMnQ/crown ether complex in benzené)1534
generation and solvent treatment (Figure 4E, phase image) An inspection of the peak positions, relative intensities,
reveals two rows of discrete particles, with only few and widths of the-CH,— stretch bands around 2917 and
coalesced particles in line no. 4. This clearly indicates that 2850 cmt in the IR (Si) and IR (quartz) spectra (Figures 5
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Figure 6. Quantitative FTIR and UV visible spectra (transmission at normal incidence) recorded at consecutive steps during the preparation
and subsequent chemical processing (as indicated in Figure 1) of a thin film of octadecanethiol assembled from melt on a base monolayer
template with terminat-COOH functions produced on both sides of a fused quartz slide (NTSox/Q) (see text). (A) NTSox/Q base monolayer.
(B) Octadecanethiol thin film assembled on the NTSox/Q base monolayer (B3 in Figure 1). (C)-bref@hic hybrid film resulting from

the treatment of (B) for 10 min with an aqueous solution of HAURIO x 10~ M) followed by brief exposure+35 s) to the SE solution

(C3 in Figure 1¥8 (D) same film after extraction of soluble organic material with diethyl ether (D in Figure 1). (Cajwi#/curve

recorded after the treatment with HAuCbefore silver deposition from the SE solution. All curves represent net spectra of the respective
film coatings after subtraction of the spectral contributions of the bare quartz substrate.

and 6, respectively) reveals that the molecular organization base monolayer to silver carboxylate demands significantly
of both the eicosene and octadecanethiol films (ca. 4 andlonger exposure times (at least 10 min) to the silver acetate
1.2 monolayers thick, respectivetyyesembles that of the  reagent. This is obvious from the presence of the hydrogen
corresponding NTSox base monolayers, the hydrocarbon tailsbonded and monomerie COOH bands of NTSox (around
of which were shown to adopt an essentially all-trans 1713 and 1733 cnt, respectively}®3%in all curves in which
conformation, in a densely packed solidlike arrangement these are not masked by the much strong&OOH band
reminiscent of a rotator phase of long-chaialkanes? It of the overlayer film, as well as that of the NTSox siloxane
is further evident that both films are structurally stable under band&*'>3*around 1100 cmt, whose appearance in curves
the conditions of the various chemical processing operations,A and F is practically identical. Finally, the presence, in curve
only very little of the initial eicosene material being lost upon E, of a residual carboxylate band around 1540 timdicates
its oxidation to nonadecanoic acid. that the regeneration of the free nonadecanoic acid upon the
The spectral region between 196000 cm® (Figure 5) reduction of the Ag—nonadecanoate is not complete. The
provides direct evidence for: the quantitative conversion of presence, in curves F, of a similar carboxylate band around
eicosene to nonadecanoic acid (appearance, in curve C, ofl556 cnt?, together with the residuatCH,— bands around
the hydrogen bonde¢t COOH band®343%at 1709 cm* and 2917 and 2850 cri, may thus be ascribed to an insoluble
the concomitant disappearance of th@H=CH, band$*1°34 Ag*—nonadecanoate monolayer that covers the silver metal
at 1642 and 909 cni, that are clearly visible in curve B); cores resulting from the reduction of the bulk Ag
the guantitative conversion of the free nonadecanoic acid tononadecanoate materfafe
its silver salt (disappearance, in curve D, of the 1709tm The UV-vis (quartz) spectra (Figure 6) offer direct
band and the concomitant appearance of characteristic silverevidence for the generation of elemental metal species in
carboxylate bands at 1517 and 1418 é)# the reduction the process leading from the octadecanethiol film (curve B)
of the silver nonadecanoate to elemental silver with regen- to elemental silver nanopatrticles displaying the characteristic
eration of the free nonadecanoic acid (reappearance, in curvgplasmon band around 420 nm (curve®QY¥ia the initial
E, of the—COOH band at 1710 cm and the concomitant  generation of tiny elemental gold clust&that are below
disappearance of theCOO™ bands at 1517 and 1418 cij the critical particle size~1.7 nm), giving rise to a distinct
the quantitative dissolution of the free nonadecanoic acid in plasmon peak (curve C&)Taking into account the invariant
chloroform (disappearance of the 1710 ¢rband in curve contribution of the base NTSox monolayer, the residual IR
F, accompanied by a decrease of the peak absorbance at 291Feak absorbance at 2917 and 2850 tfollowing the rinse
and 2850 cm! to ca. 28% of the corresponding values with diethyl ether (curve D) corresponds to ca. 40% of the
contributed by the overlayer film material in curves C,D,E). organic material present in the initial overlayer film (curves
It is of interest to note that these transformations occur B,C). This is seen to induce only a minor red-shift in the
exclusively within the melt-assembled overlayer film, as position of the silver plasmon peak, together with a minor
conversion of the top carboxylic acid functions of the NTSox decrease of its intensity, which thus indicates that the metal
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particles are not significantly affected by the removal of the supplied by Prof. Kazufumi Ogawa of Kagawa University,
soluble fraction of the organic film materidl. These Takamatsu, Japan.

observations are consistent with the presence of an insoluble
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