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Biomimetic Approach to the Formation of Titanium Dioxide Thin Films by
Using Poly(2-(dimethylamino)ethyl methacrylate)
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Abstract: We demonstrate that the bio-
mimetic method—which has been used
for the formation of silica thin films—
also could be applied directly to the
formation of titanium dioxide (TiO,)
thin films, which are technologically
important materials because of their
applications to photocatalytic purifiers,
photochemical solar cells, and others.
After generation of poly(2-(dimethyl-
amino)ethyl methacrylate) (PDMAE-
MA) films on gold surfaces by surface-
initiated  polymerization, titanium

used as a precursor of TiO,. The TiO,/
PDMAEMA films were successfully
formed on the surfaces in aqueous so-
lution at neutral pH (pH 6.7) and room
temperature, and were characterized
by X-ray photoelectron spectroscopy,
Fourier transform infrared spectrosco-
py, atomic force microscopy, scanning
electron microscopy, and X-ray diffrac-
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tometry. The formed TiO, films have
an amorphous nature and large area
uniformity in thickness. The degree of
crystallization was controlled by an-
nealing. We also investigated the pH
effect and the phosphate incorporation
in the films by using phosphate-buf-
fered solutions. The TiO, films were
formed in all the employed pH values
in the range of 2 to 12, but phosphate
anions were found to be incorporated
into the films facilely only at low pH.

bis(ammonium lactato)dihydroxide was

Introduction

While many inorganic materials are often synthesized chem-
ically under extreme temperature and pressure,["? the bio-
logical formation of inorganic minerals found in nature (bio-
mineralization) occurs under ambient conditions in aqueous
solutions.”) Biomineralization has recently drawn a great
deal of interest in the field of materials sciences, as a poten-
tial alternative to the chemical method requiring harsh reac-
tion conditions.**! The approach of biomimetic mineraliza-
tion has successfully been applied to the formation of vari-
ous nanostructured biominerals, such as calcium carbonate,
calcium phosphate, silica, and iron oxide.*'” In addition,
fundamental studies of biomineralization processes them-
selves have led to the biomimetic synthesis of abiological
materials.""”) For example, ferritin, an iron oxide-producing
protein,'” has been used to form abiological inorganic mate-
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rials, such as oxohydroxides of cobalt, manganese, and
nickel, under physiological conditions.'""*! Silicateins, silica-
forming proteins,?” have also been used for forming titani-
um dioxide and gallium oxide.['*!!

Among various biominerals, silica, the second most abun-
dant biomineral, has been studied intensively, because not
only does biosilicification (found in diatoms® and glass
sponges®!) occur under ambient conditions at slightly acidic
pH values, but the formed silica structures are also precisely
controlled at the nanometer scale. Biosilicification in di-
atoms is reported to be achieved by specific interactions be-
tween silicic acid derivatives and biopolymers, such as cat-
ionic peptides named silaffins.® Silaffins are posttransla-
tionally modified peptides, where many lysine residues are
modified to e-N-dimethyllysines or oligo-N-methylpropyl-
eneimine-linked lysine residues, and serine residues are
modified to phosphorylated serine residues. The self-assem-
bled structure of the peptides is thought to act as a template
for in vivo polycondensation of silicic acid derivatives cata-
lyzed by the long-chain polyamines in diatoms.?*2 It is also
suggested that the self-assembly of the peptides is mediated
by electrostatic interactions between cationic long-chain
polyamines and phosphate anions in silaffins.”?**"!

Based on the aforementioned finding, silica nanospheres
have been synthesized biomimetically in vitro with various
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polyamines, such as poly-L-lysine,”" poly-L-histidine,"”~ poly-
L-arginine,™ poly(allylamine hydrochloride),”***! amine-
terminated dendrimers (PPI and PAMAM),*** and
others.”**! In addition to the nanospheres, we for the first
time reported the formation of silica thin films with poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA) as a
synthetic counterpart of silaffins, based on the fact that most
of the amines in silaffins are tertiary.“**! Several abiological
materials also have been synthesized based on the proposed
mechanism of biosilicification in diatoms. Clarson et al. have
shown that microparticles of amorphous germanium oxide
could be formed at neutral pH by using poly(allylamine hy-
drochloride) and poly-L-lysine as synthetic counterparts of
silaffins.!"®! Naik et al. have demonstrated the formation of
titanium oxide-coated, single-walled carbon nanotubes by
using a bifunctional fusion peptide (P1R5) composed of a
single-walled carbon nanotube-binding part (P1) and inor-
ganic-precipitating part (R5).”l Wright et al. have produced
TiO, nanoparticles with R5 peptide and poly-L-lysine under
ambient conditions,® and Kroger etal. have synthesized
TiO, crystals with recombinant silaffins.***! A series of the
previous reports indicate that the very same process of bio-
mimetic silica formation, utilizing amine-containing poly-
mers as a catalytic template, can be applied directly to the
synthesis of various abiological metal oxides under ambient
conditions.

Among the abiological inorganic materials synthesized by
the biomimetic approach, TiO, is one of the highly impor-
tant materials because of its applications to photocatalytic
purifiers,“! photochemical solar cells,””**! and others. For
the high functional efficiency of TiO,-based materials, TiO,
is generally formed as thin films, and the TiO, thin films
have been prepared by various techniques, including evapo-
ration,®! chemical vapor deposition,”™*! sputtering deposi-
tion,”>> jon beam-assisted processes,** and sol-gel process-
es.””l While successful, these techniques generally need het-
erogeneous conditions that require high temperatures and
pressures as well as caustic chemicals.”**! In addition, the
uniformity of the thickness over a large area is relatively
poor. As an alternative, a solution-based approach for de-
positing TiO, films onto surfaces has been attempted. Self-
assembled monolayers (SAMs) terminating in sulfonate or
hydroxyl groups were formed on Si/SiO, to control surface
functionality, and TiO, films were grown on the surfaces
with either highly acidic titanium tetrachloride®!! or anhy-
drous titanium isopropoxide!® as a precursor. Micropatterns
of TiO, films also have been generated on the patterned
SAMs by the solution-based deposition method.[! Baskaran
etal. reported the deposition of relatively uniform TiO,
films under mild deposition conditions by using titanium
bis(ammonium lactato)dihydroxide (TBALDH) as a precur-
sor: The control of TiO, deposition on surfaces was ach-
ieved by using acid decomposition of TBALDH at 70°C.[*¥
To the best of our knowledge, there has been no report on
the use of silaffins or their synthetic substitutes for the bio-
mimetic formation of TiO, films.
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We reasoned that our previously reported method for
forming silica thin films could be applied to the formation
of TiO, thin films under ambient conditions (i.e., neutral pH
and room temperature); in this work, we used films of
PDMAEMA and quaternized PDMAEMA ,“*4%] which we
had used for the formation of silica thin films, as biomimetic
templates for the formation of TiO, thin films. As a precur-
sor for TiO,, TBALDH was employed, because this com-
pound has successfully served as a TiO, source in previous
reports.##4464 Because it was reported that a TiO, film
was not formed from TBALDH in solution at neutral pH
and ambient temperature in the absence of amine-based cat-
alytic templates,*! we believed that TBALDH would be a
suitable candidate for investigating biomimetic formation of
TiO, films with PDMAEMA and quaternized PDMAEMA
as catalytic platforms. The formed TiO, films were charac-
terized by Fourier transform infrared spectroscopy, X-ray
photoelectron spectroscopy, atomic force microscopy, scan-
ning electron microscopy, and X-ray diffractometry.

Results and Discussion

As mentioned above, the biosilicification in diatoms is ach-
ieved by specific interactions between cationic silaffins and
silicic acid derivatives. Silaffins contain long-chain poly-
amines composed of methylated tertiary and quaternary
amines. Previously, we biomimetically produced silica thin
films and their micropatterns with a tertiary amine-contain-
ing polymer, PDMAEMA .**#l In addition, we also reported
the formation of superhydrophobic surfaces based on the
biomimetic silicification with quaternized PDMAEMA (q-
PDMAEMA)." Based on this work, we expected that
PDMAEMA and/or -PDMAEMA films could be used for
formation of abiological inorganic thin films in the presence
of properly chosen precursors that substitute for silicic acid
derivatives. We chose titanium bis(ammonium lactato)di-
hydroxide (TBALDH) as a precursor of TiO,, because the
compound is stable and soluble in water, and has mainly
been used as a TiO, precursor for the biomimetic formation
of TiO,.“*“* TBALDH has also been used as a TiO,
source in the processes of thermal®! and acid decomposi-
tion.!*¥

Formation of TiO,/PDMAEMA Films in Aqueous
Solutions

We first used PDMAEMA films as a catalytic platform for
TiO, formation, simply because PDMAEMA acted as an ef-
ficient platform for SiO, formation in our and others’ previ-
ous reports.*%4:%67 Formation of TiO/PDMAEMA thin
films was carried out by placing a PDMAEMA-coated sub-
strate in 1 mL aqueous solution (pH 6.7) of TBALDH
(50 mm) for 1 h at room temperature.

The presence of TiO, species in the resulting films was
confirmed by X-ray photoelectron spectroscopy (XPS) and
IR spectroscopy. Figure 1 shows the XPS spectra of
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Figure 1. XPS spectra of a)the PDMAEMA film and b)the TiO,/
PDMAEMA film. TiO, was formed in an aqueous solution of TBALDH
(50 mm).

PDMAEMA and TiO,/PDMAEMA films. A Ti 2p peak ap-
peared at 458 eV (Figure 1b), in addition to the peaks of
O1s (531eV), N1s (402eV), and C1s (287 eV) observed
from PDMAEMA (Figure 1a). The IR spectrum of the
PDMAEMA film showed characteristic peaks at 1732 (C=0
stretching), 1461 (-CH,- bending), and 1155cm™'(C-N
stretching; Figure 2a). After the TiO, formation, a new
peak was observed at about 800 cm™' in the IR spectrum.
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Figure 2. IR spectra of a) the PDMAEMA film, b) the TiO,/PDMAEMA
film, and c) the TiO,/PDMAEMA film after annealing. TiO, was formed
in an aqueous solution of TBALDH (50 mm).
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The peak was rather broad, ranging from 450 to 1000 cm™!

(Figure 2b).1%! Although the previous work by others!*+!
did not report any IR data of the biomimetically grown
TiO, species, the IR peaks of TiO, (Ti—O bonds) were re-
ported to appear in the range of 400-1000 cm™.[72 We
thought that the observed peak broadening resulted from an
amorphous nature of TiO, thin films that would be caused
by incorporation of water and/or carbon species into the Ti—
O bond network. Incorporation of water was inferred by the
presence of another new peak at 1650 cm™' in Figure 2b (as-
signed as H,0O deformation). In accordance with our infer-
ence, when we annealed the substrate at 600°C under N,
for 5h, the intensity of the peak at 1650 cm™' decreased,
and the peak from the Ti—O bond became narrowed and
sharpened at 810 cm™' (Figure 2¢). The spectroscopic data
confirmed that the TiO,/PDMAEMA films were successful-
ly generated in aqueous solution at neural pH (6.7) and
room temperature. As control experiments, we formed films
of poly(methyl methacrylate) (PMMA) and poly(N-isopro-
pylacrylamide) (PNIPAAm). Neither PMMA nor PNI-
PA Am induced TiO, formation.

Surface morphology of the films was investigated by
atomic force microscopy (AFM; Figure 3a,b). The PDMAE-
MA film was noticeably uniform as reported before:*” The
root-mean-square (rms) value of the 140 nm-thick film was
0.45nm (Figure 3a). After the TiO, formation, the films
became roughened: The rms value increased to 9.59 nm,
and 100 nm-sized lumps were also observed (Figure 3b).
The field-emission scanning electron microscopy (FE-SEM)
micrographs also confirmed the presence of TiO, films (Fig-
ure 3c—¢). In the cross-sectional views, we observed that the
thickness of the TiO,/PDMAEMA film increased to 230 nm
(from the 140 nm-thick PDMAEMA film), and the film
became rougher after TiO, formation (Figure 3¢,d). The top

Figure 3. AFM micrographs of a) the PDMAEMA film and b) the TiO,/
PDMAEMA film. SEM micrographs of c¢) the PDMAEMA film (cross-
sectional view), d) the TiO,/PDMAEMA film (cross-sectional view), and
e) the TiO,/PDMAEMA film (top view). TiO, was formed in an aqueous
solution of TBALDH (50 mm). Scale bar: 200 nm.
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view showed that the surface of the TiO,/PDMAEMA film
was relatively uniform over the entire area imaged, although
composed of lumps (Figure 3e). The indistinguishable layer
of PDMAEMA and TiO, would be evidence for carbon in-
corporation into the Ti—O bond network. The hybrid nature
of the inorganic materials and organic polymers is in agree-
ment with previous reports on the biomimetic formation of
silica and TiO,.B%40-44

Formation of TiO,/PDMAEMA Films in Phosphate-
Buffered Solutions

It is well-known that the pH values of reaction media affect
processes of biomimetic silicification.”>” Briefly, there are
the optimal pH ranges for biomimetic silicification, and the
size of the precipitated silica spheres strongly depends on
pH. We studied the pH effect on TiO, formation in our
system by controlling the acidity of the reaction solutions
with phosphate buffer. The employed pH values ranged
from 2 to 12 with a single-digit increment. In addition to the
pH effect, this experimental setting was also expected to
give important information on the participation of anions
(phosphates) in the biomimetic processes.

The IR spectra of the resulting samples formed at pH 5
and 10 are shown as representatives in Figure 4. We found
that the TiO, films contained a considerable amount of
phosphate anions when formed in the pH range 2-6. For ex-
ample, when we performed the reaction at pH 5, the result-
ing TiO, films showed a strong peak at 1063 cm™' assigned
as a PO, out-of-phase stretch, in addition to the broad
peak at about 800 cm ™' resulting from Ti—O bonds in amor-
phous TiO, (Figure 4a).>7 We did not observe this peak
when the TiO, formation was performed in aqueous solu-
tion (Figure 2b). In the XPS spectrum, the peak correspond-
ing to P 2p was observed at 135 eV (see the Supporting In-
formation, Figure S1a). In contrast, the IR peak for phos-
phate anions was not observed when the reactions were per-
formed in the pH range 7-12 (Figure 4b), although a weak
peak of the incorporated phosphate ions could be detected
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Figure 4. IR spectra of the TiO)/PDMAEMA films formed in the phos-
phate-buffered solutions: a) pH 5, b) pH 10.
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in the XPS spectra (Figure S1b in the Supporting Informa-
tion). The results indicate that phosphate anions were incor-
porated into the TiO,/PDMAEMA films to a lesser extent
under basic conditions (at high pH). Connor et al. reported
that phosphate anions were strongly adsorbed onto TiO,
films at low pH, but not at high pH, which is in agreement
with our results.”” The observed pH dependency of phos-
phate adsorption could be reasoned by competitive adsorp-
tion of hydroxide (OH") at high pH."” Another possibility
would be pre-association of phosphate anions with
PDMAEMA. Because the pK, values of phosphoric acid
are about 2.12 (pK,,), 7.21 (pK,,), and 12.67 (pK,3), H,PO,~
and HPO,* predominantly exist in the phosphate-buffered
solutions (pH 2-12). The pK, value of PDMAEMA is about
8, and therefore a high portion of 2-(dimethylamino)ethyl
chains are protonated in the range of pH2-6 and could
make a complex with phosphate anions. Owing to deproto-
nation (or nonprotonation), 2-(dimethylamino)ethyl groups
are neutral at high pH value and presumably do not have
much tendency to associate with phosphate anions.

The presence of the phosphate anions did not alter the
broad IR peak at about 800 cm™' in the pH values studied,
which means that the pH value did not affect the formation
of TiO, thin films except for the adsorption of phosphate
anions in the phosphate-buffered solutions. In other words,
the formation of TiO, films occurred in all the pH values of
phosphate-buffered solutions studied (pH 2-12),*! with dif-
ferent chemical compositions and perhaps structures. It re-
mains to be seen how the pH values and the incorporation
of phosphate anions affect the reaction pathways (and
mechanisms) of TiO, film formation.

Crystallization of TiO,

We did not observe any characteristic peaks for crystal
structures of TiO, in the X-ray diffraction (XRD) spectra,
indicative of the amorphous nature of the formed TiO,
films (Figure 5a). The XRD data agreed well with the broad
IR peak described above. We attempted the conversion of
amorphous TiO, to anatase or rutile phase by annealing the
TiO,/PDMAEMA film, which had been formed in the aque-
ous solution without phosphate anions, at 600°C under N,
for 5 h. After annealing, we observed a new peak at 25.3°
(20) in the XRD spectrum (Figure 5b), in addition to
strong peaks from Au at 38.3° (111) and 44.7° (200) (for
wide-ranged XRD spectra, see Figure S2 in the Supporting
Information). The peak is one of the characteristic peaks for
the anatase phase, which is the dominant crystal structure of
TiO,. The other peaks from anatase were concealed by the
strong peaks from Au (Figure S2 in the Supporting Informa-
tion).

While phosphate anions did not affect the TiO, film for-
mation itself, it was found to affect the crystallization pro-
cesses of TiO, in our system. The XRD peak at 25.3° indi-
cative of the anatase phase, became relatively diminished
for the sample that had been generated at pH 10 (Fig-
ure 5¢), and nearly unobservable for the sample at pH 5

Chem. Asian J. 2008, 3, 2097 -2104
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Figure 5. XRD spectra of the TiO,/PDMAEMA films formed in an aque-
ous solution of TBALDH (50 mm): a) before annealing, b) after anneal-
ing. XRD spectra of the TiO,/PDMAEMA films formed in the phos-
phate-buffered solutions, after annealing: ¢) pH 10, d) pH 5.

(Figure 5d). The inhibitory effect of phosphate anions on
TiO, crystallization has previously been reported:*>7%%
Phosphate anions inhibit the transitions both from amor-
phous to anatase phase and from anatase to rutile phase, be-
cause phosphate anions that are incorporated into the crys-
tal lattice make it difficult for oxygen atoms to move freely
for the phase transition. The IR

spectra (Figure 4) indicate that @)

the amount of adsorbed phos-
phate anions at pHS5 was
higher than that at pH 10.
Therefore, the transition from
amorphous to anatase phase
was inhibited more at pHS
than at pH 10 in our system.
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(at 531.7 and 533.5 eV) were thought to come from oxygen
atoms of PDMAEMA, because the XPS spectrum of the
PDMAEMA film showed peaks at 529.8, 531.8, and
533.4 eV before TiO, deposition. Along with the XRD spec-
trum (Figure 5a), the XPS spectra indicated the formation
of amorphous TiO,.® The O/Ti ratio was calculated to be
about 2.01, based on the O 1s peaks only at 529.3 and
530.6 ¢V and the Ti2p peaks with their atomic sensitivity
factors (0.66 and 1.8).*Y1 The XPS characterization corre-
sponded well with the hybrid nature of inorganic materials
and polymers in biomimetic processes. After annealing, the
peak positions for Ti were shifted slightly to 464.1 and
458.4 eV (Figure 6¢). Of interest, only two peaks for O 1s
were observed at 529.7 and 531.1 eV, which were assigned as
oxygen in the TiO, lattice and dangling oxygen, respectively.
The peaks corresponded with previous reports on anatase
crystalline structures on the nanometer scale.*>!

Formation of TiO,/q-PDMAEMA Films

As described in the Introduction, silaffins in diatoms contain
modified lysine residues, which are mostly tertiary and qua-
ternary amines. Tertiary amines in silaffins are protonated
under physiological conditions, which implies that positively
charged amines—protonated tertiary amines and quaternary
amines—would play a crucial role in biosilicification in di-
atoms. We and others have utilized quaternized PDMAE-
MA and other positively charged amines as a synthetic
counterpart of silaffins for biomimetic silicification.%7)
The quaternization of the PDMAEMA film was achieved
simply by reaction with bromoethane,®! and the TiO, for-

The chemical nature of TiO,

before and after annealing was 450 455 450
further characterized by the de-
convoluted XPS spectra. Before
annealing, the XPS peaks from
Ti2p,, and Ti2p;, were ob-
served at 464.5 and 458.8 ¢V, in
a good agreement with the re-
ported values for TiO, (Ti‘t;
Figure 62a).*"% The O 1s peaks
were deconvoluted to 529.3,
530.6, 531.7, and 533.5 eV (Fig-

ure 6b): The peak at 529.3 eV

was assigned as oxygen in the  ,f; 455 450
TiO, lattice and the peak at
530.6 eV as dangling oxygen
(OH). The two remaining peaks
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Figure 6. Narrow-scanned XPS spectra of the TiO2/PDMAEMA film. a) Ti2p region before annealing,
b) O 1s region before annealing, c) Ti 2p region after annealing, and d) O 1s region after annealing.
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mation was performed on the g-PDMAEMA film by follow-
ing the same procedure as that for the PDMAEMA film
(50mm TBALDH, 1h at room temperature). The q-
PDMAEMA film also acted as a catalytic platform for the
biomimetic TiO, formation at surfaces. The IR spectrum of
the TiO,/q-PDMAEMA film showed a broad peak in the
range of 450 to 1000 cm™' with a maximum at 780 cm™'. The
relative intensity of the peak, however, was much higher
than that for the TiO,/PDMAEMA film (Figure 7a, bottom
spectrum), which indicates that the relative amount of de-
posited TiO, was greater on the ¢-PDMAEMA film than on
the PDMAEMA film.®™ After annealing the TiO,/g-
PDMEAMA film, we observed the same trend in the IR
spectrum as the TiO,/PDMAEMA film (Figure 7 a, top spec-
trum). Other characteristics, such as pH dependency and in-
corporation of phosphate anions, were also the same (Fig-
ures S3 and S4 in the Supporting Information). -PDMAE-
MA is intrinsically positively charged, which means that g-
PDMAEMA, in principle, could complex with phosphate
anions in the entire range of pH (pH 2-12). The observed
pH dependency of phosphate incorporation, therefore,
would support the association of phosphate anions with
TiO, and competitive adsorption of hydroxide at least in the
case of g-PDMAEMA.

The AFM micrograph of the TiO,/q-PDMAEMA film
showed more heterogenized and increased roughness com-
pared with the TiO,/PDMAEMA film: The rms value in-
creased from 0.67 to 21.01 nm (Figure 7b). This increase in
the roughness was much greater than that for the PDMAE-
MA film (045 to 9.59 nm). The SEM micrographs also
showed the highly roughened TiO,/q-PDMAEMA film. The
qg-PDMAEMA film was quite uniform, and the thickness
was measured to be about 200 nm (Figure 7¢). In contrast,
the TiO,/q-PDMAEMA film was too rough to measure the

(a)

2000 1600 1200 800
Wavenumber / cm™’

Figure 7. a) IR spectra of the TiO,/q-PDMAEMA film before (bottom)
and after annealing (top). b) AFM micrograph of the TiO,/q-PDMAE-
MA film. SEM micrographs of c) the -PDMAEMA film (cross-sectional
view), d) the TiO,/q-PDMAEMA film (cross-sectional view), and e¢) the
TiO,/q-PDMAEMA film (top view).
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exact thickness in the SEM micrographs, and the thickness
was only estimated to be 300 nm at the minimum (Fig-
ure 6d). In addition, the structure was much more disor-
dered than the TiO,/PDMAEMA film (Figure 7¢). To the
best of our knowledge, similarities and differences of terti-
ary and quaternary amines in biomimetic TiO, formation
have not been investigated in detail. As a related work,
Armes et al. have reported that quaternization of PDMAE-
MA affected the processes of silica formation in solution, al-
though the exact reason or mechanism was unclear because
of various competing factors, such as accessibility of silicic
acid and catalytic efficiency of cationic chains.*) They
found that quaternization of PDMAEMA was beneficial for
producing thicker silica shells as well as controlling silica
deposition.””! In addition, our previous report also showed
thicker and rougher SiO, films from the q-PDMAEMA
film."! Taken together, it is concluded that the use of g-
PDMAEMA led to the formation of thicker films of SiO,
and TiO, in a somewhat uncontrollable way; it is beneficial
in the formation of thick silica shells, but not for the forma-
tion of uniformly deposited TiO, films. In the case of TiO,
films, the overall uniformity in thickness and morphology is
more important than the amount of deposition. It can be in-
ferred that the quaternization of PDMAEMA resulted in
the increased ability of complexing with TiO, precursors
and inducing TiO, formation. However, as seen often in
nature, structural optimization is not always directed by the
highest efficiency. There would be an optimal condition for
biomineralization in the aspect of the degree of quaterniza-
tion (charge development), anion complexation, and deposi-
tion efficiency, which is our next research thrust.

Conclusions

The extreme synthetic conditions of some inorganic materi-
als have limited potentially synergistic combination of inor-
ganic materials and biological entities, and subsequent appli-
cations. As an alternative to the chemical method, the bio-
mimetic approach has been attempted to expand the range
of applications of inorganic materials. In this paper, we re-
ported the formation of abiological TiO, thin films under
ambient conditions by using PDMAEMA and q-PDMAE-
MA as biomimetic templates. This report is the first exam-
ple of biomimetic formation of abiological inorganic thin
films at neutral pH and room temperature by using tertiary
and quaternary amine-containing polymers, and suggests
that biosilicification processes found in diatoms could be ap-
plied to the fabrication of thin films of various abiological
metal oxides, such as titanium oxide, gallium oxide, and ger-
manium oxide.

We found that there were no optimal pH ranges for bio-
mimetic TiO, formation at surfaces in phosphate-buffered
solutions; TiO, thin films were formed in the entire pH
range employed (pH 2 to 12). The chemical composition of
the composite layers was, however, found to be dependent
upon pH. Phosphates were incorporated into the composite

Chem. Asian J. 2008, 3, 2097 -2104
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layers under acidic conditions, but the incorporation became
less as the pH values were increased. The morphological
variation of the composite films was also achieved by the
quaternization of PDMEMA films.

Experimental Section
Materials

2-(Dimethylamino)ethyl methacrylate (DMAEMA, 98%, Sigma-Al-
drich), copper(I) bromide (CuBr, 99.999 %, Sigma-Aldrich), 2,2'-dipyrid-
yl (>99%, Sigma-Aldrich), bromoethane (C,HsBr, 99+ %, Sigma-Al-
drich), bis(ammonium lactato)dihydroxide (50 wt% solution in water,
Sigma-Aldrich), aluminum oxide (AlOs;, activated, basic, Brockmann I,
standard grade, 150 mesh, Sigma-Aldrich), nitromethane (CH;NO,,
96 %, Sigma-Aldrich), and absolute ethanol (99.8 %, Merck) were used
as received. Ultrapure water (18.3 MQcm) from the Human Ultrapure
System (Human Corp., Korea) was used. The polymerization initiator
BrC(CH;),COO(CH,),;S), was synthesized by following the reported
procedure.®

Formation of PDMAEMA and Quaternized PDMAEMA Films

The self-assembled monolayers (SAMs) of the polymerization initiator
were formed by immersing a gold-coated silicon wafer in a 1 mm ethanol
solution of (BrC(CH;),COO(CH,),;S), for 24h at room temperature.
After formation of the SAMs, the gold substrate was rinsed with ethanol
several times and then was dried under a stream of argon. The formation
of the SAMs was confirmed by polarized infrared external reflectance
spectroscopy: 1737 (C=O stretching), 1465 (-CH,- bending), and
1169 cm™ (C-O stretching). Before performing surface-initiated, atom
transfer radical polymerization (SI-ATRP) of DMAEMA, DMAEMA
was purified by column chromatography on basic aluminum oxide, and
water was degassed and purged with argon. All the polymerization steps
were carried out in argon atmosphere. The initiator-coated gold substrate
(4x6 cm?) was placed in a reaction mixture of degassed water (60 mL),
purified DMAEMA (60 mmol), CuBr (0.6 mmol), and 2.2'-dipyridyl
(1.2 mmol). The resulting mixture was kept without stirring for 4 h at
room temperature, and then the PDMAEMA-coated gold substrate was
taken, rinsed with water and ethanol, and dried under a stream of argon.
The formation of the PDMAEMA film was confirmed by a previously
reported method.*”! Briefly, the IR spectrum of PDMAEMA (140 nm in
thickness by ellipsometric measurement) showed peaks at 1732 (C=0
stretching), 1461 (-CH,- bending), and 1155 cm™' (C—N stretching). On
the other hand, quaternization of the PDMAEMA film was performed
by placing a PDMAEMA-coated substrate (4x3 cm?) in the mixture of
bromoethane (10 mL) and nitromethane (10 mL) for 12 h at room tem-
perature.[“] The substrate was taken, rinsed with dichloromethane and
ethanol, and finally dried under a stream of argon. The formation of qua-
ternized PDMAEMA (q-PDMAEMA) was confirmed by ellipsometry
and contact-angle measurement. The ellipsometric thickness of the g-
PDMAEMA film increased to 200 nm (from the 140 nm-thick PDMAE-
MA film). The water contact angle of the PDMAEMA film was 53°, but
that of the -PDMAEMA film was reduced to 38°.

Biomimetic Formation of TiO, Films

The substrates coated with PDMAEMA or q-PDMAEMA were cut into
pieces (ca. 1x0.5 cm?), and a piece was placed in 50 mm aqueous solution
of titanium bis(ammonium lactato)dihydroxide (TBALDH; 1 mL). After
1h at room temperature, the substrate was rinsed with water several
times and dried under a stream of argon. To investigate the pH effect on
TiO, formation, the substrates were placed in a 1 mL aqueous mixture of
phosphate buffer (50 mm, various pH values) and TBALDH (50 mm) for
1 h at room temperature.

Characterization

The thickness of monolayers and polymeric films was measured with a
Gaertner L116s ellipsometer (Gaertner Scientific Corporation, IL)
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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. The X-ray photoelec-
tron spectroscopy was performed with a VG-Scientific ESCALAB 250
spectrometer (United Kingdom) with a monochromatized Al K, X-ray
source (1486.6 V). Emitted photoelectrons were detected by a multi-
channel detector at a takeoff angle of 90° relative to the surface. During
the measurements, the base pressure was 10~°-107"" Torr. Survey spectra
were obtained at a resolution of 1 eV from one scan, and high-resolution
spectra were acquired at a resolution of 0.05 eV from five scans. Infrared
spectra were obtained with an IFS66 V/S (Bruker Optiks, Germany) at
an 80° angle of incidence. Atomic force microscopy imaging was per-
formed in a tapping mode on a Nanoscope IIla multimode scanning
probe microscope (Veeco, United States) with a tapping mode etched sil-
icon probe. Field-emission scanning electron microscopy micrographs
were obtained with Sirion (FEI Co., Netherlands) after platinum coating.
Crystal phases of TiO, films were characterized with a D/MAX-2500
(18 kW) multipurpose attachment X-ray diffractometer (Rigaku, Japan).
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