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The controlled fabrication of inorganic thin films with low
cost and large area-uniformity is a promising route to the
realization of various applied areas including biomedicine,'
biosensors,’ heterogeneous catalysis,3 cell culture,” and wetta-
bility.5 Bio-inspired methods, utilizing peptides and proteins
found in nature or biomimetic polymers as catalytic templates,
have been suggested as an alternative to conventional fabri-
cation methods such as electrodeposition, chemical deposition,
and lithography; they are considered advantageous for facilely
generating and controlling inorganic thin films under mild
conditions (at near neutral pH and room temperature) by mimic-
king the biological reaction processes that occur under phy-
siological conditions.’

The initial attempts focused on silicification (silica for-
mation) found in diatoms and glass sponges,7 and the catalytic
templates, either natural or synthetic, have been introduced on
substrate surfaces by simple physisorption8 or surface-initiated
polymerization.”'* Layer-by-layer (LbL) deposition processes
have recently been suggested as a bio-friendly method for intro-
ducing catalytic templates on substrate surfaces; a combination
of bio-friendly LbL processes with the bio-inspired method
for generating inorganic films that is intrinsically biocom-
patible would widen the applications to the ones employing
biological entities, such as living cells. Ball ef al. produced
silica/polyamine composite films by alternately depositing
positively charged polyamine and negatively charged silicic
acid that was a silicification precursor." We demonstrated the
bio-inspired formation of silica micropatterns, where all the
processes were performed in the aqueous solution under mild
conditions, by taking advantage of the LbL technique.12 In
addition to potential biocompatibility, the LbL processes
proved simple to perform and suitable for large-area fabri-
cation.” In this note, we report the bio-inspired formation and
characterization of silica thin films that were continuously
uniform at least over the centimeter scale, where LbL processes
were utilized to deposit catalytic templates onto carboxylic
acid-terminated self-assembled monolayers (SAMs) on gold.

Poly(diallyldimethylammonium chloride) (PDADMA) was
selected as a catalytic template for the silicification, based on
the reports that polyamine-containing, cationic peptides, named
silaffins, played important roles in biological silica formation
of diatoms, ™ and poly(sodium 4-styrenesulfonate) (PSS) was
used as the counter polyelectrolyte in the LbL processes. The
carboxylic acid-terminated SAMs were formed on gold by
using 11-mercaptoundecanoic acid (MUA)."* The MUA-coated
substrate (6 x 4 cm’) was alternately immersed in aqueous

NaCl solutions of PDADMA and PSS for 5 min each, and the
thickness of the films was varied by the number of the immer-
sion steps. The LbL processes were started with PDADMA
for achieving electrostatic interactions with carboxylate groups
at the substrate surface and also finished with PDADMA for
doing catalytic interactions with silicic acid derivatives at the
outer interface.

We prepared three different samples of PDADMA/PSS
polyelectrolyte multilayer (PEM) films (6/5, 11/10, and 16/15)
on the MUA SAMs (the three PEM films were denoted as
PEMg)s, PEMi 110, and PEM;¢15, respectively, in this Note).
The IR spectra confirmed the formation of the PEM films
(Figure 1a). The peak at 1478 cm’” corresponded to the -CH»-
deformation in PDADMA. " In the case of PSS, peaks at 1200
(doublet), 1126, 1035, and 1008 cm” were assigned as asym-
metric vibration of SOj;, benzene ring-sulfur vibration, sym-
metric vibration of SO;, and in-plane bending vibration of
para-substituted benzene ring, respectively.'® After formation
of the PEM films, the substrate was placed for 30 min in the
50-mM silicic acid solution that had been made by adding
0.1-mM HCI solution of tetramethyl orthosilicate (100 mM)
to 100-mM phosphate buffer (pH 5.5) with 1:1 (v/v) ratio. The
silicification occurred on the entire area of the substrate, and
the silica formation was confirmed by IR spectroscopy
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Figure 1. IR spectra of (a) PEM and (b) silica/PEM films. The

subscript, N/M, indicates the number of PDADMA layers and the
number of PSS layers in order.
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Figure 2. SEM micrographs of the PEM films: (a) PEMys, (b)
PEMiy/10, and (¢) PEMisi1s. SEM micrographs of the silica/PEM
films: (d) silica/PEMss, (e) silica/PEM1/10, and (f) silica/PEM¢/15.
The scale bar of the inset is 50 nm.

(Figure 1b). After silicification, new peaks were observed at
1216 (Si-O-Si asymmetric stretching), 969 (Si-O stretching),
and 800 cm™ (Si-O-Si symmetric stretching).””'* The intensity
of the corresponding peaks increased as the number of the
multilayers did.

Scanning electron microscopy (SEM) was used to charac-
terize the surface morphology of the PEM films (PEMgs,
PEM /10, and PEM16/15) and the resulting silica/PEM films
(Figure 2). While PEMgs was quite smooth (Figure 2a),
PEM,y/10 showed mosaic-like structures at the micrometer
scale, and the structures became more evident in the case of
PEMi15 (Figure 2b and c). After silicification, the surface
became bumpier and rougher, in comparison with the surface
of the PEM films (Figure 2d-f). The high-magnification micro-
graphs (insets of Figure 2d-f) showed that the surfaces were
composed of silica nanoparticulates that had been observed in
the previous studies of bio-inspired silicification.''>"”

As a comparison, we attempted to generate the PEM films
on the SAMs of dodecanethiol (DDT) over large area. In the
case of DDT SAMs, although the PEM film was formed, the
film tended to be peeled off from the surface with ease, especially
during the washing step (Figure 3a and b). In addition, it was
observed that the PEM film contracted locally on the substrate
in the course of silicification; uniform silica films were not
formed due to the crack (Figure 3¢ and d). Based on this result,
we used the MUA SAMs for further studies.

The ellipsometric thicknesses of the PEM films on the MUA
SAMs were 34.5 (for PEMgss), 177.2 (for PEM, 1/10), and 305.6
nm (for PEMe15), respectively. As expected, the thickness of
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Figure 3. SEM micrographs of (a) PEM;y1o and (b) PEM¢/15 on the
DDT SAMs. SEM micrographs of (c¢) typical silica/PEMi1/10 and (d)
typical silica/PEM;¢15 on the DDT SAMs. The arrows indicate
silica/PEM films.

the PEM films increased as the number of the multilayers did.
The cross-sectional SEM micrographs indicated that the thick-
nesses of the PEM and silica/PEM films were controlled by
the number of deposition steps (Figure 4). The average thick-
nesses were calculated by measuring the thicknesses of at least
50 points in the cross-sectional SEM micrographs. The average
thicknesses of the PEM films were 183.1 (for PEM,1/10) and
296.3 nm (for PEM¢/15), which were in good agreement with
the ellipsometric thicknesses (177.2 and 305.6 nm). However,
PEMg/s was too thin to measure the thickness from the SEM
micrograph. We, therefore, used the ellipsometeric thickness
(34.5 nm) for PEMgs, when drawing a bar graph (Figure 4g).
The average thicknesses of the silica/PEM films (silica/PEMg/s,
silica/PEM /10, and silica/PEM¢/15) were calculated to be
183.9,767.1, and 1189.1 nm, respectively. The thickness ratio
of the silica/PEM films to the PEM ones was about 4 - 5, which
might imply that the assembled polyelectrolytes became loose
and made a complex with silica precursors in the silicification
processes. Previously, we reported the silica film formation
with tertiary amine-containing poly(2-dimethylaminoethyl
methacrylate) (PDMAEMA) films generated by surface-
initiated polymerization.9b In this case, the thickness ratio was
about 2: the thickness of the PDMAEMA film was 70 nm, and
the thickness increased to 150 nm after silicification. Compared
with the method of surface-initiated polymerization, the LbL
process led to a much higher increase in the thickness after
silicification.

The thickness increase implied that the bio-inspired silicifi-
cation was not limited to the top-most layer of PDADMA, but
occurred in the entire layer of PDADMA/PSS films. As a com-
parison, we and others previously reported the formation of
ultra-thin silica films (< 10 nm) when bio-inspired silicification
was catalyzed only by top-most functional groups.gb’18 The
presence of silica inside of the films was confirmed by energy-
dispersive X-ray (EDX) spectroscopy (Figrue 5). The EDX
line-profiles for the cross-section of the dissected silica/PEM
film indicated the presence of silica in the whole range of the
film, and the elemental analysis showed that the compositions
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Figure 4. Cross-sectional SEM micrographs of (a) PEMgss, (b) PEMi 110,
(C) PEM15/15, (d) silica/PEM(,/s, (e) Sﬂica/PEMn/lo, and (f) silica/
PEMi¢/15. (g) Average thicknesses of the PEM and silica/PEM films
on the MUA SAM:s.

of silica at the top layer were similar or nearly identical to those
at the inner layer. Carbon was detected in the whole range of
the silica/PEM film, which confirmed the hybrid nature of silica
and polymers.

In summary, we formed silica (strictly speaking, silica/poly-
mer hybrid) films over relatively large area by combining
layer-by-layer (LbL) self-assembly and bio-inspired silicifi-
cation, and characterized the resulting films by IR spectroscopy,
scanning electron microscopy, ellipsometry, and energy-di-
spersive X-ray spectroscopy. The thickness increase was remar-
kable after silicification: about 4-5-fold increase was observed.
Based on the characterizations in the present study along with
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Figure 5. EDX line-profiles for the cross-section of silica/PEM, /10
on the MUA SAMs, and the elemental analysis data for the top layer
and the substrate. The y axis is the intensity (arbitrary unit).

our previous studies, we hypothesized that the chemical nature
of non-covalently associated polyelectrolytes in the LbL assem-
blies played a role in the observed increase of the thickness.
The surface density of the polyelectrolytes would not be as
dense as that of the polymers grafted by surface-initiated poly-
merization, and the polyelectrolytes themselves would be
relatively free locally. Therefore, the conformational change
of the polyelectrolyte chains yielded more silica deposition
(increase in the thickness). This hypothesis could be supported
by our previous report.' The tightly associated, quaternized
poly(2-dimethylaminoethyl methacrylate) (PDMAEMA) film,
generated by strong electrostatic interactions between the
cationic polymer and counteranions of high charge density
(such as F), resulted in the formation of thin silica films. In
contrast, loosely associated, quaternized PDMAEMA films
bearing a counteranion of lower charge density (such as Br),
had more flexibility for interacting and self-assembling with
silicic acid derivatives, leading to the formation of thicker
silica films. Detailed studies on the system (LbL and subsequent
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silicification) will be our next research thrust.

Bio-inspired (or biomimetic) approach to the large-area
formation of inorganic films has advantages and disadvantages.
It does not require harsh reaction conditions, and is simple,
fast, and biocompatible. Meanwhile, nature’s selection of
organic/inorganic hybrid materials requires catalytic templates
introduced onto the substrate surface for the film formation.
In this work, we used the well-established LbL technique for
this purpose, and demonstrated that the LbL technique could
be combined with bio-inspired silicification. We envisioned
that the LbL technique would be used for bio-inspired fabri-
cation of other inorganic films, such as titanium oxide, and the
inorganic films be generated by post-treatments, such as
calcination.

Experimental Section

Materials. Gold-coated silicon wafers (with a titanium
adhesion layer of 5 nm and thermally evaporated gold layer of
100 nm, K-MAC, Korea), 1 1-mercaptoundecanoic acid (MUA,
99%, Aldrich), dodecanethiol (DDT, 99%, Aldrich), poly (di-
allyldimethylammonium chloride) (PDADMA, average My:
100000 ~ 200000, 20 wt% in H>O, Aldrich), poly(sodium 4-sty-
renesulfonate) (PSS, average My,: ~70000, powder, Aldrich),
hydrochloric acid (HCl, 35%, Junset), tetramethyl orthosilicate
(TMOS, 99%, Aldrich), sodium phosphate dibasic (99%, Aldrich),
sodium dihydrogen phosphate (99%, Aldrich) and absolute
ethanol (99.8%, Merck) were used as received. Ultrapure water
(18.3 MQ-cm) from the Human Ultrapure System (Human
Corp., Korea) was used.

Synthetic Procedures. The gold substrate was immersed for
12 h in an ethanolic solution (10 mM) of MUA or DDT for
forming self-assembled monolayers (SAMs) on gold. An aqueous
NaCl solution (0.5 M) was used for preparing the PDADMA
and PSS solutions. The final concentration of the solutions
was 5 mg/mL. The SAM-coated gold substrate (6 x 4 cm®)
was alternately immersed in 30 mL of the PDADMA solution
and 30 mL of the PSS solution for 5 min each. After thoroughly
washing the substrate with deionized water and drying it under
a stream of argon, the PEM-coated substrate was placed in 2
mL of 50-mM silicic acid solution, which had been indepen-
dently prepared by stirring an HCl solution (0.1 mM) of TMOS
(100 mM) at room temperature for 20 min and adding the result-
ing solution to aqueous sodium phosphate buffer (100 mM,
pH 5.5) with 1:1 (v/v) ratio. After 30 min, the substrate was
taken out, washed with deionized water and ethanol, and dried
under a stream of argon.

Characterizations. IR spectra were recorded on a Thermo
Nicolet Nexus FT-IR spectrometer in a SAGA mode. Field-
emission scanning electron microscopy (FE-SEM) images
and energy-dispersive X-ray (EDX) data were obtained by
using an FEI XL FEG/SFEG microscope (FEI Co., Netherlands)
equipped with EDX module, at an accelerating voltage of 10
eV. All samples were sputter-coated with platinum. The film
thickness was measured with a Gaertner L116s ellipsometer
(Gaertner Scientific Corporation, USA) equipped with a He-Ne
laser (632.8 nm) at a 70° angle of incidence. A refractive index
of 1.46 was used for all the films.
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