Controlled Growth of Layered Silver
Stearate on 2D and 3D Surfaces

Thisinvegigation confirmsthat slver searate consgs of
an infinite-sheet, two-dimensonal, nonmolecular layered
sructure. Scanning eectron microscopy, X-ray diffraction,
and infrared spectroscopy reveal the following: platelike
mor phology isidentified from the SEM image, XRD peaks
can beindexed to the (0kO) reflections of alayered structure,
and infrared peaks show that alkyl chainsare present in an
al-trans conformational gate with little or no sgnificant
gauche population. Based on these structural characterigtics,
we demondrate that Slver searate, a prototype of layered
organic-inorganic hybrid material, can be grown not only
in a designed two-dimengonal pattern but also in three-
dimensionally ordered ways by using carboxyl-group
terminated nanoparticdesasatemplate.
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I. Introduction

In the past decade, the number of organic-inorganic hybrid
materids that exhibit dternating two-dimensond (2D)
molecular assemblies of organic and inorganic condituents has
expanded congderably, encompassng a hogt of
technologicdly rdevant materids. Specific materid properties,
eg., diffness drength, weight, nonlinear optica behavior,
dectrical conductivity, photochemica charge trander, and
ferromagnetiam, can be manipulated by systematic variations
in the structure and properties of the organic and inorganic
condituents at the molecular leve [1].

Siver akane carboxylate (AgCO.R) is one dass of
organic-inorganic hetero-structured materids that show a
wdl-developed progression of intense X-ray reflections;
these intense X-ray reflections are associated with the three-
dimensondly stacked silver carboxylae layers [2], [3]. Due
to the specific arrangement of Ag aomsin alayer, AQCOR
possesses 2D conductivity in a solid state [4]. AQCO.R dso
decomposes into dkane carboxylate-derivatized sSlver
nanoparticles [5], [6]. To develop technologicdly reevant
organic-inorganic  hybrid materidls, detailed dructurd
information is needed for a series of layered compounds. For
successful gpplication of these materids, itisaso desirable to
asemble organic-inorganic  hybrid materids in  two-
dimensondly ordered ways on a solid substrate. To achieve
this am, we demondrate that a prototype AgCO.R, siver
dearate, can be grown Ste-sdectively on a solid subdrate
onto which organic monolayers have previoudy been
asembled in a designed pattern. We dso demondtrate that
AJCO;R can be grown even in three-dimensondly ordered
ways by using carboxyl-group terminated nanoparticles for a
template.
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Il. Characteristics of Slver Searatein Bulk

We used a two-phase method to prepare the slver Searate
[6]. Briefly, a 0.05 M agueous solution of AgNO; (99+%,
Aldrich) was added dropwise to an equimolar searic acid
(99+%, Aldrich) solution in toluene. After three hours of
vigorous girring, we filtered the resulting white precipitate,
washed it consecutively with ethanol, toluene, and cold water,
and dried it in avacuum. Reference [6] previoudy reported the
detailed structurd characterigtics and therma behavior of Slver
searate [6]. A scanning dectron microscopy (SEM) image of
the asprepaed slver dearate showed a typicd layered
morphology (Fig. 1(8)); the image was obtained with a JSM
840-A scanning dectron microscope & 20 kV. The X-ray
diffraction (XRD) daa (Fig. 1(b)) dso reflected three-
dimensondly stacked slver carboxylae layers with a large
interlayer lattice dimension; the XRD pattern was obtained on
aPhilips X' PERT MPD diffractometer at an angular resolution
of 0.05° usng Cu Ka (1.5419 A) radiaion. All the intense
reflections in Fig. 1(b) can be indexed as (0k0). Each layer of
slver carboxylae, however, is separated from the neighboring
layer by twice the length of the dkyl chain. The inset of Fig.
1(b) dso ligts the interlayer spacings derived on these grounds
from different reflections. The averaged interlayer soacing is
4836+0.22A.

I11. Controlled Growth of Slver Searateon
2D- and 3D-Surfaces

1. Slver Searate Grown on 2D Patterned Organic
Monolayers

Figure 2 schematically describes the experimental procedure
for the patterned growth of the layered slver stearates on
carboxylic-group terminated organic monolayers. We prepared
gold subgtrates by resigtive evgporation of titanium (5 nm) and
gold (100 nm) on precleaned glass dides. Microcontact
printing (LCP) for the fabrication of patterned monolayers on
Au was performed following the published procedure [7].
Briefly, an diquot of 10 mM ethanolic solution of 16-
mercgptohexadecanoic acid (16-MHDA) was spin-coated on a
poly(dimethylsloxane) (PDMS) stamp at 3000 rpm for 30
seconds, and the stamp was brought into contact with the Au
subgrate for 10 seconds. Subsequently, the Au subgtrate was
washed with a1 mM ethanolic solution of benzenethiol for the
passivation of the unprinted regions. We immersed the
resulting patterned substrate in amixture of an aqueous AgNOs
solution (2 mM) and atoluene solution of stearic acid (2 mM).
After dirring the solution for two hours, we thoroughly washed
the subdtrate with water, toluene, and ethanol, and then dried
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Fig. 1. (@) SEM image of powdered silver stearate and (b) XRD
pattern of silver stearate; the interlayer spacings derived
from different reflections are listed in the inset.
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Fig. 2. Howchart showing the strategy for growing 2D patterned
silver stearate. PDMS: poly (dimethylsiloxane).

it under a sream of nitrogen. Usng XRD, aomic force

microscopy  (AFM), and IR spectroscopy, we obtained
evidence of the patterned growth of the siver searate on gold
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in a layered dructure; a Digitd Instruments Nanoscope llla
scanning probe microscope obtained the AFM image, and a
Bruker IFS113v FT-IR spectrometer captured the IR spectrum.
Figure 3(a) showsthe XRD peattern for dlver Searate grown on
Au. The average interlayer spacing is48.96+ 0.54 A, whichis
in agreement with the interlayer spacing of bulk slver searate
(Fig. 1(b)). A typicd AFRM image (Fig. 3(b)) showsthet layered
Slver dearates are formed excdusively on the hydrophilic
region of the paterned monolayers The height difference
between the reacted and the unreacted regions is about 150 A,
corresponding to the formation of more or less three layers of
slver gearate on gold. A molecular resolution image (Fig. 3(c))
indicates further that the Slver searate grown on gold assumes
tridinic subcdl packing. The patterned dlver Searate shows
hydrophobic behavior to water droplets, which implies the
outermost surface is composed of methyl groups. Theinset in
Fg. 3(c) reveds tha the nearest digances between the lattice
points are about 4.3 and 4.8 A (x x y). These vdues arein good
agreement with thetriclinic unit cdl parameters Tolochko et Al.
measured usng Ag K-EXAFS[3].
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Fig. 3. () XRD pattern, (b) AFM image of the patterned
slver stearate on Au, and (c) enlarged molecular
resolution AFM image of the areawhere silver
Stearates areformed (x: 4.3 A, y: 4.8 A).

Figure 4(a) shows the IR spectrum of the dlver dearate
formed on the patterned substrate. Characterigtic IR bands of
dearate are observed not only in the high frequency region
(2954, 2916, 2871, and 2848 cm™) but aso in the low
frequency region (1517, 1470, 1419 and 717 cm™). We assign
two strong pesks a 2848 and 2916 cm™ to the symmetric
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Fg. 4. IR spectraof Slver gearate: (a) synthesized by atwo-phase
(water/toluene) method and (b) grown on Au. The spectrum
(a) was measured in diffuse reflectance mode whilethe
pectrum (b) was obtained in externd reflection mode

(v(CHy)) and the antisymmetric (vo(CH,) dretching
vibrations of the methylene groups, respectively. These modes
usudly liein narrow ranges of 2846-2850 and 2915-2918 cm'™,
respectively, for dl-trans extended chains [10], and in the
distinctly different ranges of 2854-2856 and 2924-2928 cm*
for disordered chains [11]; the dkyl chains in dlver searate
should thus be fully extended. The scissoring and rocking
modes of the methylene group observed a 1470 and 717 cm'™,
respectively, dearly suggest that Slver dearate condds of
tridinic packing with two chains per unit cdl [12], whichisin
agreement with the AFM measurement. Other bands a 2954,
2871, 1517, and 1419 cm™ can be attributed to the v(CH>),
v{CH3), v(COQO), and v{COO) modes of silver searate,
respectively [13]. All of the observed IR bands for paterned
dlver gearate are thus exactly the same as those of layered
dlver gearate prepared in solution by a two-phase method [6]
(see Fg. 4(b)). Hence, we surmise that the diver dearate is
actudly grown on a patterned subgrate with asngle-crysdline
festure rather than with apolycrygaline one.

A plausble mechanism of the ste-sdective growth of slver
gearate on a hydrophilic monolayer is that a the initid stage,
Agd' ions bind to termina carboxyl groups of 16-MHDA, and
then stearic acids bind to these Ag' ions to form a Sable Ag-
COO dab. Additiond dearic acids anchor on the methyl-
terminated region to form a lipid-like bilayer by hydrophobic
interaction; the dkyl chainsinterpenetrate to afair extent in the
bilayer [6]. Subsequently, new Ag' ions are bonded to the
termina carboxyl groups of the bilayer, and then new dearic
acids assemble on these Ag' ions to form another Ag-COO
dab and lipid-like bilayer. Continuation of these processes can
result in multilayered silver stearate on patterned Aul.
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2. Silver Stearate Grown on 4AMBA-Capped Au
Nanoparticles

To modd 3D surfaces, we prepared 4-mercagptobenzoic acid
(4-MBA, 99+%, Aldrich)-capped Au nanoparticles through a
place exchange reaction [8] of pentanethiol (PT)-capped Au
nanoparticles [9] and 4-MBA 0 that the outermost regions of
the nanoparticles were composed of carboxyl groups. Brigfly,
the PT-capped Au nanopaticles and 4-MBA (1 mM) were
codisolved in tetrahydrofuran (THF, 30 mL) under congtant
dirring for aweek. We then removed the solvent using arotary
evgporator and washed the remaining sample thoroughly with
diethyl ether to remove excess 4-MBA. According to the
trangmisson dectron microscope (JEM-200CX, 160 kV)
image, the core gzes of the 4-MBA-capped Au nanoparticles
were uniform with an average diameter of 4.0 + 1.5 nm, and
the UV is spectrum in ethanol showed a characteristic surface
plasmon absorption band of Au nanopartidles a 525 nm.
Infrared spectroscopy reveded that the surfaces of the
nanoparticles were terminated with carboxyl groups see, for
instance, the characterigtic carbonyl sretching (v(C=0)) band
a about 1700 et in Fig. 7(b).

Template: 4MBA-capped Au nanoparticles
; O§ _OH 1 Carboxyl-group
Y ' bridge

0.0031 g 4MBA-capped Au nanopatrticles
AgNO; (20 mL, ImM) + STA (20 mL, 1mM)

Fg. 5. Flowchart showing the strategy for growing silver
gtearate on Au nanoparticles.

Fgure 5 schemdticaly describes the growth of layered siver
dearates on carboxyl-group terminated Au nanopaticles. To
execute the experiment, we initidly injected 0.0031 g of 4-
MBA-capped Au nanoparticlesin methanol (1 mL) into 20 mL
of AgNG; in methanal (1 mM). After 10 min, we added 20 mL
solution of gearic acid in methanal (1 mM) dropwise into

520  Seung Joon Lee et al.

)
8
=
5 q '
= ‘ |
UL g
IWUUY Uu L
5 10 15 20 25 30 35
26 (degrees)

Gy

(b)

Fig. 6. (8) XRD pattern and (b) SEM image of silver searate
grown on 4-MBA-capped Au nanoparticles. The
magnified image showsasingle particle.

the mixture of nanoparticles and AgNOs; while vigoroudy
dirring. After three hours, we filtered the reddish-white
precipitates, washed them severd times with methanal, and
findly dried them in a vacuum. Figure 6(a) shows the XRD
pattern of the reddishrwhite precipitates The well-defined
progression of intense pesks seenin Figs 1(b) and 3(a) dearly
indicates the formation of layered slver dearate. On the other
hand, Fg. 6(b) shows a SEM imege of the reddish-white
precipitates; the precipitates are goherica with Szes ranging
from about 80 to 100 nm. We are currently attempting to
fabricate these hybrid nanoparticles in a much narrower sze
digribution, presuming that such uniform partides may
function as photonic bandgap materids.

Fgure 7(a8) shows the IR spectrum of AMBA-capped Au
nanoparticles and Fg. 7(b), the IR spectrum of the precipitates.
The carbony! stretching band observable at about 1700 cmi™ in
Fg. 7(a) istotdly absent in Fig. 7(b). The IR spectrd festure of
the precipitetes in Fg. 7(b) is dmog the same as thet of neet
slver gearate; the goectrd festurein Fig. 7(b) is dso the same
as tha of the 2D-patterned slver searate in Fig. 4. These
obsarvetions indicate that layered slver searates must have
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grown consecutively on the surfaces of the 4-MBA-capped Au
nanoparticles. Recalling the interlayer spacing of silver searate,
the meaaured size of about 100 nmin Fg. 6 should correspond
to the formation of about 20 layers of dlver dearate on the 4-

MBA-capped Au nanoparticles.
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Fig. 7. IR spectra of (a) the as-prepared 4-MBA-capped Au
nanoparticles and (b) the silver stearate grown on
4-MBA coated Au hanoparticles.

IV. Conclusion

In this work, we have demondrated that layered slver
dearate can be grown in a controlled way on 2D and 3D
asurfaces by asmple self-assembly process. The method can be
aoplied to the fabrication of microdectronic devices
incorporating, for instance, the 2D conductivity properties of
AgCO,R materids. 3D-photonic band gap maerids may adso
be synthesized using nanoparticles for atemplate. Thisimplies
thet, if the termind functiondity of the precursor organic
monolayers is judicioudy chosen, a vaiety of organic-
inorganic hybrid materids can be grown by this method.
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