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ABSTRACT Silver-nanoparticle-embedded aminosilica colloids synthesized via aminosilane-induced spontaneous reduction reaction
exhibit selective adhesion properties on hydrophobic surfaces and have been utilized as a simple and one-step procedure to create
patterned nanocomposite film with silver to aminosilica mole ratio at 0.9:1. Substrates that enable self-assembly of the colloids include
silicon wafer, polydimethylsiloxane, and microscope slide, where patterns of hydrophilic surface were either created using oxygen
plasma treatment or stamped with chemical ink using microcontact printing. Upon substrates being immersed in a solution containing
silver-aminosilica colloids, particles attach to hydrophobic surfaces and continuously self-assemble onto the deposited film, allowing
us to fabricate nanocomposite patterns with controllable thickness (~200 nm).
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INTRODUCTION
abrication of nanocomposites (1, 2) based on metallic

nanoparticles with well-defined dimensions and struc-

tures is the important step toward utilization of their
unique properties in sensors (3), electrodes (4), biosensors
(5—7), and optical application (8—11). Among many pat-
terning techniques (12), the bottom-up approach such as
self-assembly through controlled surface chemistry or ge-
ometries has been the focus of studies. The motive is that
the ability to perform self-assembly processes within pre-
defined area promises the arrangement of nanoscale build-
ing blocks with a nanometer precision on a large-scale
surface. Because nanocomposites contain more than one
component (e.g., silica matrix and metallic nanoparticles),
fabrication and patterning of nanocomposites may involve
more than one step. For example, patterning of silica film
itself can be carried out by depositing silane chemical ink
using microcontact printing (13, 14), nanoimprint (15), lift-
off of sol—gel layer on microcontact printed monolayer (16),
or laser pulse to create sol—gel structures (17). Formation
of sol—gel layers can be achieved through self-assembly of
surface-bound silane (18), or bioinspired and solution depo-
sition techniques (19, 20). Synthesis or immobilization of
metallic nanoparticles in nanocomposite can be carried out
using bioinspired approaches (21, 22), synthesized through
reductive hydride terminal groups (23), immobilized using
polyelectrolytes (24), thermal treatment (25), radiation (26),
or spontaneous reduction within silica matrix ( 27, 28).
Fabrication of silica matrix that contains metallic nanopar-
ticles can be performed after synthesis of nanoparticles,
examples are direct nanoparticle encapsulation (29, 30), and
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FIGURE 1. (a) Aminosilica colloids containing silver nanoparticles
show selective surface adhesion properties. Adhesion results from
the binding of the silver nanoparticles to the substrate as well as
adhesion of silver nanoparticles occur between two adjacent col-
loids. (b) The TEM image shows the nanocomposite colloid consists
of silver nanoparticles (average diameter is 16 nm).

self-assembly of silica coated nanoparticles (31, 32). Alter-
natively, formation of nanocomposites as a whole has also
been demonstrated using electrochemical codeposition (33),
layer-by-layer deposition (34), plasma deposition (35), and
radiation (36).

In this paper, we demonstrate a simple and one-step
process to self-assemble nanocomposite colloids into pat-
terns of silver—aminosilica films on various substrates with
film thickness controllable by the reaction time. The forma-
tion of 3D nanocomposite can be achieved when aminosilica
colloids that contain silver nanoparticles are synthesized
using room-temperature spontaneous reduction reaction
(28), and the colloids show preferential adhesion to hydro-
phobic areas (Figure 1a). This reduction reaction was carried
out by aminosilica precursor, bis[3-(trimethoxysilyl)propyl]-
ethylenediamine (enTMOS) (37), also known as an aminosi-
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FIGURE 2. Two procedures have been employed to produce modified
surface on selective area prior to performing self-assembly in silver
enTMOS sol. (a) First approach utilized a PDMS stamp and oxygen
plasma to create patterns of treated surface on the substrate. (b)
Second method used the PDMS stamp to print a layer of hydrophilic
chemical ink through microcontact printing. Two procedures pro-
duced films of opposite patterns when the same PDMS stamp is used.

lane. The amino groups of enTMOS serve as both reducing
agents and silver ion coordinating sites, while at the same
time undergoing sol—gel reaction by reacting with water and
forming aminosilica colloids along with silver nanoparticles.
(Figure 1b). Substrates that promote self-assembly of nano-
composites include silicon wafer, polydimethylsiloxane
(PDMS), and microscope slide. Patterns of hydrophilic re-
gions on the substrates were created using two soft-
lithography techniques (38), then the nanocomposite films
were created by immersing the substrates into the colloidal
solutions (Figure 2). We have found that silver-embedded
silica colloids when synthesized under 1:2 mol ratio (silver:
aminosilane) exhibit optimal surface selectivity, and their
self-assembly can be performed on patterned surfaces with
resulting film thickness as the function of reaction time.

MATERIALS AND METHODS

Preparation of Silver enTMOS Sol. All solvents used in the
following experiments were ACS grade methanol and purchased
from Aldrich Chemical Co. Aminosilane, bis[3-(trimethoxysilyl)-
propyllethylenediamine (enTMOS), was purchased from Gelest
Inc. In general, spontaneous reduction of silver was carried out
by mixing 0.1 M silver nitrate and enTMOS stock solutions to
result in silver sol suspension according to the previously
described procedure (28). Here, methanol solutions containing
80 mM silver nitrate and enTMOS at a desired mole ratio were
prepared at 25 °C in a controlled 45 % humidity environment
prior to the self-assembly experiment, and then the solutions
were maintained in a sealed environment at all times to avoid
solvent evaporation. Depending on the mole ratios, solutions
started to change color within minutes of preparation and their
completion time was monitored using UV—vis spectroscopy.
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Substrate Preparation. Unless stated otherwise, deposition
of silver—aminosilica colloids was performed on silicon wafers.
All wafers were cleaned with acetone, sonicated in methanol
bath for 10 min, and then rinsed with deionized water. Once
the surface was dried under a stream of compressed air, each
wafer was surface-treated to create patterns of monolayer using
one of the following two methods. First method utilized oxygen
plasma to create a layer of —OH terminal groups at the surface:
A PDMS stamp with parallel strip patterns that were fabricated
according to the procedure described in the literature (39) was
placed on top of the wafer, then the surface was plasma-treated
for 3 min in a plasma cleaner (model PDC-001, Harrick Plasma).
The PDMS stamp has open channels allowing plasma gas to
diffuse through and react to uncovered area (Figure 2a). The
plasma-treated surface became hydrophilic while the area
covered by PDMS remained hydrophobic. Second method
utilized soft-lithography method (38) to print a monolayer of
chemical film on silicon surface. Here, the same PDMS stamp
was immersed in a methanol solution containing 1 mM 3-ami-
nopropyltriethoxysilane (APTS), blow-dried, then pressed against
the substrate to create a layer of chemical film (Figure 2b).
Alternatively, the substrate with microcontact-printed APTS
patterns can be further treated in a methanol solution contain-
ing 1 mM (tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane
(i.e., fluorosilane) for 5 min followed by rinsing with methanol
and below drying. This procedure allows fluorosilane to be
deposited on a previously untreated area. Please note that all
surface modification did not produce any visible pattern under
optical microscope examination.

Self-Assembly of Silver—Aminosilica Colloids. Individual
surface-treated substrate was immersed into a microcentrifuge
tube at room temperature that contains freshly prepared silver
enTMOS sol. All substrates were placed vertically in the solution
to avoid nonspecific binding of precipitated particles and al-
lowed to sit for the desired period of time without disturbance.
After the desired reaction time was met, substrates were
removed, washed, sonicated in methanol for 3 s, and then blow-
dried under a stream of compressed air.

Atomic Force Microscopy. All AFM images were taken on
Caliber atomic force microscope (Veeco Inc.) using silicon
nanoprobe cantilevers as scanning probes. The noncontact
scanning mode (acoustic tapping mode) was used for all mea-
surements in order to avoid surface alteration during the
scanning. The tapping amplitude of cantilever was adjusted to
4.5V prior to sample engagement. Images were measured at a
voltage set point of 2.8 V with a scan rate of 0.5—1 Hz. To avoid
image distortion, scanning were carried out with active closed-
loop on all X, Y, and Z axes. All height mode images reported
here were processed using 2D flattening and histogram opti-
mization. To measure the film thickness, we flattened AFM
images at the edge of self-assembled films to the silicon wafer
substrate; the average height of the self-assembled films was
calculated by subtracting the average height of wafer surface
from that of film using the roughness function under the surface
analysis tool of SPM analysis software.

SEM and TEM Characterization. Scanning electron micros-
copy images were taken using Hitachi S3200 SEM. The silicon
wafer coated with self-assembled film was imaged without
sputtering additional metallic coating. The Oxford Isis energy
dispersive X-ray spectrometer system attached on the SEM was
used to identify the characteristic X-ray emission of elements
at specific surface areas with an accelerated voltage at 10 kV.

A gold TEM grid with lacey carbon film was immersed for 30
min in a silver-enTMOS sol containing a 1:2 mol ratio (Ag":
enTMOS). After being removed from solution, the sample was
rinsed with methanol and then dried in the air. The image was
taken on Hitachi S3200 and JEOL 2000FX transmission electron
microscope with an accelerated voltage of 200 kV.
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FIGURE 3. (a) Photo of the self-assembled film on silicon wafer
surface, where strip pattern of brownish substance (200 ym wide
with a 100 um spacing) was observed after immersing the wafer in
a 1:2 solution (Ag*:enTMOS) for 24 h. The surfaces that have been
exposed to oxygen plasma were not covered by the film. AFM images
(50 x 50 um) at the edge of the film show selectivity of assembly on
two surfaces after immersing in solutions for 24 h that contain (b)
1:2, (c) 1:1, and (d) 3:1 mol ratios (Ag":enTMOS). Optimal selectivity
was observed when the mole ratio was 1:2.

RESULTS AND DISCUSSION
The stability of silver nanoparticle embedded colloids

synthesized through spontaneous reduction reaction (28)
were found to be dependent on the mole ratios of silver and
aminosilane. A more stable silver sol was obtained when
silver to enTMOS mole ratio was 1:3—1:4, whereas less
concentrated enTMOS such as 1:1 ratio resulted in ag-
gregates and deposited on the surface of the container (see
the Supporting Information, Figure S1). The stable sol was
a clear and light yellow solution that did not deposit at the
container wall in 24 h after mixing; on the contrary, solutions
of 1:2 mol ratio turned deep brownish color and rapidly
deposited a layer of silver coating on the container wall.
Reaction kinetics were examined using UV—vis spectrosco-
py (see Figure S2 in the Supporting Information), which
shows that the wavelength of peak absorbance for all solu-
tions was 416—425 nm. Solutions exhibited blue shift to
410—412 nm 24 h after the reaction, which indicates that
the silver nanoparticles of smaller size had been produced
over time from 20 to 6 nm (40, 41). We found that concen-
trated enTMOS solution (e.g., Ag*:enTMOS = 1:3 and 1:4)
did not accelerate the reduction reaction, which is due to
the higher stoichiometric number of amino groups vs silver
ions that inhibits the formation of silver nanoparticles. Less-
concentrated enTMOS (Ag*:enTMOS =2:1 and 3:1) means
fewer reducing agents, but more unprotected silver nano-
particles results in the formation of aggregates and precipi-
tates. The combination of these two effects explains why the
mole ratio 1:2 exhibits the maximum kinetics.
Self-assembly experiments in solutions of various mole
ratios were first carried out on silicon wafers, where the area
of the strip pattern had been treated with oxygen plasma.
Figure 3a shows the resulting film after immersing the wafer
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in a 1:2 ratio solution for 7 days. The area treated with
oxygen plasma are not covered by the film. On the contrary,
the untreated area steadily grew a layer of brownish film.
Selectivity of particle adhesion between treated and un-
treated surfaces was found to be critically dependent on the
mole ratio of silver and enTMOS, which was revealed by
examining the edge of the self-assembled film grown for
24 h.Ina 1:2 solution, plasma-treated surfaces showed little
to no adsorption of particles, whereas the untreated surfaces
were completely covered by the film (Figure 3b). AFM
images show that the film consists of particles with average
diameter of ~61 nm. When mole ratio was 1:1, the result
showed poor selectivity as can be seen at the boundary of
two surfaces (Figure 3c¢), where both surfaces were coated
with a layer of particles. Solution of 3:1 ratio resulted in
unstable colloids and a thin layer of particles were also
observed on both regions (Figure 3d). Particle size at the
deposited area is estimated to be 71 nm in diameter, which
is larger than that in 1:2 solution. This is possibly due to
fewer enTMOS in the solution acting as silver capping
agents. These images show that the selectivity of nanocom-
posite colloids prepared by 1:2 mol ratio solutions is optimal,
whereas a 1:1 solution does not exhibit acceptable selectiv-
ity. Therefore, a 1:2 solution was chosen for the following
self-assembly experiments.

In addition to surface selectivity, silver—aminosilica col-
loids from 1:2 solution were also found to continuously self-
assemble on the deposited film, forming a thicker layer.
Figure 4 shows the thickness of the deposited layer vs
reaction time. Thickness of the film in the same batch of the
solution was 110 nm at 12 h, 133 nm at 24 h, 137 nm at
48 h, then 209 nm at 168 h. The estimated deposition rate
was 5 nm/hour in the first 24 h. These results prove that the
resistance to surface adhesion remained effective for at least
7 days after merely 3 min of plasma treatment. SEM images
on the boundary of a self-assembled film after growing for
24 h are shown in Figure 5a, where a protruded silver—
aminosilica composited layer is observed and the hydro-
philic area not covered by the film is. The film is composed
of particles as shown on the AFM images but some particles
appear to be brighter on the SEM image (Figure 5b). The
energy-dispersive X-ray spectroscopy (EDX) shows that the
brighter particles contain higher silver contents (Figure 5¢).
Spectrum indicates that Si, Ag, and C elements are present
in the composite film. Silver and carbon mole ratio was
determined to be 0.33:1, which is equal to ~2.6:1 ratio of
Ag and enTMOS. Particles that appear dark on SEM image
are low in silver content (Figure 5d), which is ~0.9:1 (Ag:
enTMOS). Because two EDX spectra were taken under
comparable beam size, an equal intensity of C signal indi-
cates similar enTMOS amounts in these two regions. The
particles containing the higher Ag amount are due to ag-
gregation/fusion of silver nanoparticles. Silver nanoparticles
in the low Ag region were also confirmed by the TEM studies
(see the Supporting Information, Figure S3). We have also
examined the EDX spectra of nanocomposite films from
solutions of different mole ratio and found that the ratio of
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FIGURE 4. (a—c) AFM images (50 x 50 um) at the edge of self-
assembled films synthesized under various reaction times. The
height-profile maps across both treated and untreated regions reveal
well-defined cutoff boundaries on all samples. (d) Thickness of the
film vs reaction time showing the deposition can be continuously
performed in solutions for 168 h (7 days). The thickness of the film
was measured at the boundary of self-assembled pattern by com-
paring the average height of both regions.

nanocomposites are 0.8:1—0.9:1 with silver aggregates can
be as high as 4:1—5.5:1 ratios. The composition of nano-
composite films is constant regardless of the mole ratio of
the solutions, whereas more enTMOS such as 1:2 (Ag:
enTMOS) results in smaller size colloids with fewer large
aggregates. Both TEM and EDX studies prove that the
deposited layer is nanocomposite in nature, which contains
silver nanoparticles within aminosilica layer.

Two depositing mechanisms are proposed here: growth
of silver-aminosilica colloids and self-assembly of colloids
onto the deposited layer. The increase in colloidal size was
identified using high-resolution AFM, which reveals that the
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growth of individual particle at the surface is through the
aggregation of smaller silver-aminosilica colloids as can be
seen in Figure 6a—d. The average particle sizes of the self-
assembled film on day 1 and day 2 are estimated to be 277
and 264 nm, with primary particle size for day 1, 2, and 7
being 61, 70, and 22 nm, respectively. The AFM image of
the film after 7 days of growth also confirms that there exist
smaller diameter colloids on the surface of film (Figure 6d).
This is probably due to the smaller size of silver nanoparticles
being continuously produced at the later stage of the reac-
tion. Considering the primary size of silver nanoparticles is
around 6—20 nm as indicated on UV—vis spectroscopy (see
Figure S2 in the Supporting Information) and TEM (Figure 1
and Figure S3 in the Supporting Information), which is
significantly smaller than that of the colloids, we speculate
that silver nanoparticles at the surface of aminosilica colloids
are critical in both substrate adhesion and self-assembly.
This also explains why large silver aggregates appear on all
SEM images. We also identified the controlled environment
at minimum 45% humidity is necessary for preparing
solutions that exhibit self-assembly property, because the
colloidal structure of aminosilica is formed under this condi-
tion. Self-assembly of nanocomposite colloids on the existing
film can be explained using Ostwald ripening (42). Growth
of silver—aminosilica colloids are made possible with forma-
tion of Si—O—Si bond and fusion of silver nanoparticles at
the colloidal surface, both of which in combination are also
responsible for selective surface adhesion, increase in col-
loidal diameter, and growth of film thickness. In addition,
unprotected silver nanoparticles, once attached to surface
or substrates, are considered adhesive and prone to fusion
as reported by the literatures (43—45), which is due to the
presence of anisotropic cohesive force when only one side
of the nanoparticle is bounded (46).

The surface selectivity is the result of balancing adhesion
and repulsive forces between colloids and the substrate.
Because aminosilane at lower concentration is not an effec-
tive capping agent for silver nanoparticles, uncapped silver
nanoparticles tend to adhere to surfaces. As shown in Figure
3¢, colloids produced from 1:1 solutions contain fewer
aminosilica components, and therefore poor selectivity was
observed. On the contrary, pure aminosilica colloids show
poor adhesion to hydrophilic surfaces because of the repul-
sive force between silanol-terminated surfaces (Si—OH) and
the solvent cushion layer at the hydrophilic surfaces (47).
Intrinsic positive charges on the surfaces of aminosilica colloids
should also prevent aggregation of colloids, as is evidenced by
the zeta potential measurement of stable aminosilica colloids
over ~30 mV. Therefore, colloids from the solutions containing
a high concentration of aminosilane (e.g., 1:3) exhibit a slower
deposition rate. We have also observed larger silver aggregates
from solutions containing less concentrated aminosilane (see
Figure S4 in the Supporting Information), indicating stronger
silver aggregation.

Selective self-assembly was further demonstrated on
polydimethylsiloxane (PDMS) and microscope glass slide
(Figure 7a,b). Patterns were created following the first
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FIGURE 5. (a) SEM micrograph at the edge of silver-aminosilica nanocomposite film (thickness ~133 nm) that has been self-assembled on
wafer surface for 24 h in a 1:2 methanol solution (Ag*:enTMOS). The area that is not covered by the film was previously treated with oxygen
plasma. (b) SEM image of the same film at 30 000x maghnification. Film is composed of colloidal particles with some particles appear brighter
on the image. Energy-dispersive X-ray spectra (EDX) of (c) bright and (d) dark regions as indicated on SEM image show that the film contains
both silver and carbon elements with brighter particles containing more silver content.

Oum Oum .
- SR = nanocomposite film, whereas the untreated surfaces are

covered by a layer of the film. Selectivity of deposition was
also confirmed on the APTS-modified silicon wafer where
previously unmodified areas had been surface-treated in a
034im fluorosilane solution. Nanocomposite films in Figure 7d
appear to be thicker and darker on the fluorosilane-treated
area compared to the film grown on the unmodified surface
area (Figure 7c¢), proving that the more hydrophobic surface
exhibits enhanced adhesion property. Please note that the
partial deposition of nanocomposite film on the APTS-coated
regions in Figure 7d is due to the formation of fluorosilane
monolayer at the defect sites of APTS monolayer that
O3 promoted adhesion of the colloids. These results also prove
that selective self-assembly of silver—aminosilica nanocom-
posite can be controlled simply using surface hydrophobicity.
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5 0 1.5 3 The selectivity of the self-assembly process at the nanom-
() (pmy o
eter scale was attempted on the silicon wafer, where the

FIGURE 6. (a) AFM image (10 x 10 um) of a self-assembled film . . . . . o .
fabricated in 1:2 solution for 24 h. (b) High resolution AFM image dimensions of strip patterns and the size of silver—aminosilica

(3 x 3 um) shows that the film consists of large colloidal particles colloids were on the same order of magnitude. A PDMS
(diameter ~277 nm). () AFM image (10 x 10 um) of a self-assembled replicate stamp with parallel strip patterns was utilized to

film that has been grown in solution for 7 days. (d) Surface of the g . g .
film at 3 x 3 um size reveals the surface consists of small diameter create parallel hydrophlllc area with an individual width at

particles (diameter ~22 nm). 300 nm. Figure 8a illustrates that silver—aminosilica colloids

arranged in parallel strips were successfully self-assembled
method described in the experimental section. Both sub- onto the unmodified areas of silicon wafer after immersing
strates were hydrophobic, which attracted colloids and in solution for 24 h. Under high-resolution AFM, it was also
formed a self-assembled layer. A similar result was also observed that strips of silver—aminosilica layer are com-
observed on silicon surface, where patterns of a monolayer posed of individual colloid (Figure 8b). AFM images show
of 3-aminopropyltriethoxysilane (APTS) were created using that the height of an individual particle of the assembled
microcontact printing (Figure 7c¢). Photos show that the strips is 40—45 nm (Figure 8c), which is approximately equal
APTS-coated areas on silicon wafer are not covered by the to the average size of silver—aminosilica particles as previ-
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FIGURE 7. Self-assembly of nanocomposite colloids was performed on (a) PDMS, (b) microscope slide, and (c) 3-aminopropyltriethoxysilane
(APTS) modified silicon wafer. Each of APTS strip pattern is 100 um wide and separated by 200 um spacing, where unmodified areas promote
the deposition of nanocomposite. (d) Improved binding of colloids was observed when the silicon wafer was further treated in a fluorosilane
solution after APTS pattern was created.
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FIGURE 8. (a) AFM image (50 x 50 um) of self-assembled nanocomposite strips on silicon wafer (300 nm wide and 400 nm apart). (b) High-
resolution AFM image (3 x 3 um) shows that the strips consist of colloidal particles. (c) Height profile of the strips shows the average height
is ~ 50 nm. (d) SEM image of the nanocomposite strips at 18 000x magnification confirms that the individual strip consists of individual
particles.

ously discussed. SEM reveals that each strip consists of monolayer of colloids. We observed that the maximum
tightly packed particles on the surface (Figure 8d). Results height of some strip can reached ~100 nm when large
indicate 300 nm wide hydrophobic area attracts only a particles were on top of the strip pattern as shown in Figure
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8d, indicating that self-assembly of colloids also occurs
through stacking to the existing nanocomposite strips.

CONCLUSION

Aminosilica colloids containing silver nanoparticles syn-
thesized from solution of silver ion and aminosilane ata 1:2
mol ratio were found to selectively adhere to hydrophobic
surfaces and have been utilized to create 3D nanocomposite
structures on silicon wafer, PDMS, and microscope glass
slide. Colloids do not bind to hydrophilic regions on the
substrates but continuously self-assemble on the surface of
existing film with an average growth rate at 5 nm/h within
the first 24 h. Successful demonstration of self-assembly of
silver—aminosilica colloids on nanoscale patterns suggests
that it is possible to create on a large scale the nanocom-
posite sol—gel structures with feature size controllable at the
nanometer scale.
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