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Mesoporous TiO, Thin Film Formed From a Bioinspired

Supramolecular Assembly

Yi-Chen Wu,”*®' Y. S. Lu,” Bishnu Prasad Bastakoti,” Yunqi Li, Malay Pramanik,®
M. Shahriar Hossain,' Ekrem Yanmaz,¥ and Shiao-Wei Kuo*™

In this study we synthesize a novel mesoporous titanium oxide
(TiO,) through calcination of a bioinspired supramolecular as-
sembly of polymeric micelles, based on the thymine-functional-
ized homopolymer, poly(4-vinylbenzyl triazolylmethyl-methyl-
thymine), complexed with Ti(OH),>" ions. We characterize thin
films of these structures using wide-angle X-ray diffraction,
small-angle X-ray scattering, nitrogen adsorption/desorption
isotherms, transmission electron microscope, and scanning
electron microscope. This approach is simple, effective, and in-
expensive when compared with the synthesis of diblock or tri-
block copolymers typically required to prepare soft templates.
This new mesoporous material exhibits superior photocatalytic
activity for the degradation of the organic dye methylene blue
almost three times higher than that of bulk TiO,.

Monodisperse colloid particles are attractive materials with ap-
plications in photonic crystals,” biosensors,” nanostamps for
soft lithography,””’ microlenses,” colloidal lithography,®™® and
porous membranes,” and as seed particles for core/shell and
hollow spheres.’ The self-assembly of block copolymers can be
used to form core/shell micelle structures with solvent-in-
soluble cores and solvent-swollen coronas.”’ Nevertheless, be-
cause it can be difficult and time-consuming to synthesize di-
block and triblock copolymers, the self-assembly of non-
covalently connected micelles (NCCMs) has become a very
popular approach for the preparation of polymeric micelles
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from complementary homopolymer pairs.”'” In NCCM systems,
the components forming the cores and shells are connected
through noncovalent intermolecular interactions (e.g. hydro-
gen bonds) rather than the covalent bonds found within mi-
celles formed from block copolymers.” Jiang etal! dis-
covered NCCMs when pursuing a “block- copolymer free”
strategy using pairs of complementary homopolymers, such as
carboxyl-terminated polystyrene (PS) oligomers and poly(4-vi-
nylpyridine) (P4VP) polymers that formed “graft-like” copoly-
mers in their common solvent, stabilized through hydrogen
bonds between the carboxyl and pyridine units."'? Many oth-
er polymers [e.g., lightly sulfonated PS/P4VP, poly(styrene-co-
methacrylic acid)/polyvinylpyrrolidone, a hydroxyl-functional-
ized PS/P4VP, and poly(acrylic acid)/polycaprolactone] can be
used to prepare several other types of micelle-like structures
stabilized through hydrogen- bonding.

The self-assembly of organic molecules can also be com-
bined with inorganic components possessing various elec-
tronic, magnetic, or photonic properties as a powerful ap-
proach for the synthesis of various nanostructures.” For
example, Weng etal. synthesized needle-like TiO, nano-
structures when using a poly(styrene-b-4-vinylpyridine) (PS-b-
P4VP) diblock copolymer as a template."” Indeed, the self-as-
sembly of micelle structures into soft templates possessing in-
soluble hydrophobic cores surrounded by hydrophilic shells
has been used widely to prepare mesoporous materials featur-
ing large surface areas, and controllable pore volumes and
pore size distributions."™ Among these mesoporous materials,
titanium dioxide TiO, particularly versatile because its high
chemical stability, high photocatalytic efficiency, low of cost,
and non-toxicity facilitate its wide applicability in photo-
catalysis, photovoltaics, and gas sensing." Notably, TiO, also
possesses a relatively wide band gap (3.0eV for the rutile
phase; 3.2 eV for the anatase phase) and a high recombination
rate for electron/hole pairs."”"'¥ Although the rutile phase has
lower band gap, the anatase phase displays a lower recombina-
tion of photo-generated carriers and a higher reduction abil-
ity.”” The anatase phase typically exhibits much better photo-
catalytic activity than the rutile phase of TiO,?" This
photocatalytic activity can be used under ultraviolet (UV) irradi-
ation to oxidize organic dyes and other compounds into CO,
and H,0.*? To take advantage of these excellent properties,
the challenge remains to find ways to incorporate TiO, nano-
particles into biomimetic materials. We become interested in
the study of such non-covalently connected micelles, and the
effect of their micelle structures on their environments in bio-
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Scheme 1. Schematic representation of the mechanism of formation of a mesoporous TiO, film.

logical systems.”*? In a previous study, we mimicked DNA-like
interactions, namely those between adenine (A) and thymine
(T) units, when blending a DNA hetero-nucleobase (T)-contain-
ing homopolymer and adenine- terminated poly(ethylene ox-
ide) (PEO—A) homopolymers to form “graft- like” copolymer
through complementary multiple hydrogen bond between
PEO—A and PVBT*? Weng"¥ and Zhao™3” etal. reported
that pre-synthesized nanoparticles can be selectively dispersed
in one block of a diblock copolymer using specific interactions
between their surface ligands and the block. For example, pre-
synthesized CdS nanoparticles selectively incorporated into the
PS phase of PS-PEO by dipole-dipole interactions.®'*? In anoth-
er case, TiO, nanostructures have been selectively incorporated
into poly(4-vinylpyridine) of the diblock copolymer (PS-b-P4VP)
via ionic-polar interactions.'! We suspected that similar specific
interactions between Ti(OH),”" ions and T- nucleobases might
be useful for the preparation of a new material capable of re-
moving pollutants (dyes, heavy metals) from the environment.

In previous studies,® we reported that the T-functionalized
homopolymer  poly(4-vinylbenzyl triazolylmethyl methyl-
thymine) (PVBT) can form stable micelles through multiple hy-
drogen bonding in DMF solution; a selective solvent, namely
water, led to the formation of core/shell-structured micelles.
This simple method can also be applied to form micelles for
templates to prepare porous materials. Uniform mesoporous
thin films of these materials have been prepared most com-
monly through evaporation-induced self-assembly (EISA) tem-
plated by low-molecular-weight surfactants or Pluronic-type tri-
block copolymers.”*=% Herein, we prepared mesoporous TiO,
thin films templated by bioinspired supramolecular polymeric
micelles of PVBT. The schematic diagram for the synthesis of
mesoporous TiO, film is shown in Scheme 1. We characterized
mesoporous TiO, using different techniques; wide-angle X-ray
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diffraction (WAXD), small-angle X-ray scattering (SAXS), nitro-
gen adsorption/desorption isotherms, transmission electron mi-
croscope (TEM), and scanning electron microscope (SEM). The
calcined mesoporous TiO, exhibited enhanced photo-degrada-
tion of methylene blue.

Figure S1 presents a dynamic light scattering (DLS) analysis
of the PVBT homopolymer in DMF/H,0. DMF is a good solvent
for PVBT, while H,0 is a poor solvent.”® The micelle solution
was prepared through very slow dropwise addition of H,0 to a
solution of PVBT in DMF. The hydrodynamic diameter (D,) of
PVBT in the DMF/H,0 solution was approximately 420 nm, sug-
gesting that the individual polymer chains assembled together
to form larger micelles. Thus formed micelles are used as tem-
plates for the preparation of mesoporous TiO, materials. The
reaction solution (micelles and Ti(OH),?" ions) was stirred for 2
days to ensure that the Ti(OH),?" ions completely diffuse into
the micelles and attach to the N—H groups of PVBT through
ion-dipole interactions. The thin films of micelles composites
were prepared by casting directly over a silicon substrate, the
film was annealed at 170 °C under vacuum for 24 h to con-
dense the Ti(OH),?" ions into TiO,, as follows:

Ti(OH),2* + H,0 —» Ti(OH),+ 2H"
Ti(OH), —=3 TiO, + H,0

Figure 1 presents FT-IR spectra of pure PVBT, the PVBT/Ti
(OH)** complex, and the mesoporous TiO, obtained after re-
moving the PVBT template by calcination at 450 °C for 6 h. The
T units of PVBT in the polymeric micelles could interact with Ti
(OH)** ions through ion-dipole interactions, much like DNA
base pairs interact with Hg (ll) ions, to form T--Hg-T metal-
mediated base pairs as shown in Scheme S1.2*3% The N—H
stretching region of the spectrum of PVBT featured a sharp ab-
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Figure 1. FTIR spectra of (a) pure PVBT, (b) PVBT/Ti(OH)** complex obtained
after heating at 170 °C, and (c) mesoporous TiO, obtained after calcination
at 450 °C.

sorption near 3200 cm™' (Figure 1a). This signal shifted to a

broad absorption band near 3450 cm™, for the N—H units of
PVBT interacting with Ti(OH)*" ; in addition, the strong peaks of
the free C=0 (1716 cm™') group of the T units of PVBT shifted
to relatively lower wavenumbers of 1690 cm™' when PVBT in-
teracted with Ti(OH)*™ (Figure 1b).*® We did not observe any
signals from the PVBT polymer after calcination at 450 °C for
6 h (Figure 1c), which ensures the complete removal of the
PVBT template.

The calcination process removed the PVBT template and
transformed the amorphous TiO, framework into a highly crys-
talline anatase TiO, framework. We tested several different cal-
cination temperatures to investigate their effects on the crystal-
linity and morphology of the final TiO, mesoporous
structures.®’= In general, low-molecular-weight block copoly-
mers (e.g., Pluronic P-123) burnt out at around 250 °C which is
much lower than the crystallization temperature of TiO, (ca.
350 °C).5¥ That's the reason why it is difficult to preserve.

The mesostructure after calcination. In contrast, the PVBT
micelles used as template in this study possessed high thermal
stability, with a sharp weight loss occurring at approximately
450 °C according to thermogravimetric analysis curve (Fig-
ure S2). Moreover, the high residue in the thermogravimetric
analysis curve of PVBT suggested that this polymer have ther-
mal stability superior to that of conventional block copolymers
(a series of F127 or P123 triblock copolymers).

In spite of using a high calcination temperature to remove
the PVBT template, the mesoporous TiO, structure was well
preserved. We employed SAXS to examine the mesostructure
of the TiO, product (Figure 2 A). The SAXS patterns of the PVBT
micelles used as template and the PVBT/Ti(OH)** complex did
not reveal any evidence for micro-phase separation, with no
obvious peaks appearing in Figure 2 A@@) and 2 A(b), re-
spectively. In contrast, we observed evidence for a mesoporous
TiO, structure after thermal calcination with obvious shoulder
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Figure 2. (A) SAXS patterns of (a) pure PVBT, (b) the PVBT/Ti(OH)** complex
obtained after heating at 170 °C, and (c) mesoporous TiO, obtained after
calcination at 450 °C; (B) WAXD patterns of (d)PVBT/Ti(OH)** complex ob-
tained after heating at 170 °C, and (e) mesoporous TiO, obtained after calci-
nation at 450 °C.

peak appearing in Figure 2 A(c). The d-spacing of this first short
range-order peak was approximately 10 nm. Figure 2(B) pres-
ents a WAXD pattern revealing the crystalline phase of the
mesoporous TiO, obtained after calcination at 450 ° C. All of the
peaks in the diffraction pattern are fully assignable to the well-
crystallized anatase phase of TiO,, according to the standard
(JCPDS card No. 01-075-2544). As the calcination temperature
increased, the peak intensity increased. Signals for the for-
mation of the (101), (004), (200), (202), (105), (211), and (204)
planes of the TiO, anatase phase are clear evident in Fig-
ure 2B(e). Figure 3(a-d) display SEM and TEM images revealing

Figure 3. (a-b) SEM images, (c-d) TEM images of mesoporous TiO, materials.
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the short range-ordered arrangement of the mesoporous TiO,
structures.

Figure S3(a) presents the corresponding N, adsorption/de-
sorption isotherm the typical Hi-like hysteresis loop of a meso-
porous structure having slit-like pores. Figure S3(b) reveals that
the mean pore sizes, measured from the adsorption branches,
were in the range of 5-10 nm, consistent with the SAXS analy-
ses in Figure 2 A. Based on Figure 2 and 3, we conclude that
this mesoporous TiO, framework possessed a well-crystallized
anatase phase.

Figure 3(c) and 3(d) presents high resolution TEM images of
the mesoporous structures of TiO,. The image in Figure 3(c) re-
veals a porous architecture for the sample, agreement with the
SAXD analysis. The pore sizes correspond to the void space
formed after combustion of the polymer. The average diameter
of 5-10 nm observed in Figure 3(c) is similar to the d- spacing
of 10 nm found in the SAXS analysis. The selected area electron
diffraction pattern [inset to Figure 3(c)] features several dif-
fraction rings corresponding to the TiO, (101) and (200) crystal
planes. To confirm the formation of mesoporous TiO,, we also
recorded EDX patterns (Figure S4) that revealed Ti signals. The
mass percentage of Ti and O are 25.36 % and 74.64 % re-
spectively. We also confirm TiO, mesoporosity from EDX map-
ping images by Figure S5. That indicated Ti and O distributed
on the mesoporous. Taken together, these analyses provide
clear evidence that the polymeric micelles combined with Ti
(OH)** resulted in the formation of a mesoporous TiO, material
after calcination. In addition, loss of polymer through calcina-
tion left a TiO, framework featuring interconnecting spherical
micelles.

Mesoporous TiO, materials have high photocatalytic activity
for the degradation of organic dyes that are common by-prod-
ucts in the textile industry. UV irradiation excites TiO, to form
positive holes, which further oxidize hydroxide ions or water
molecules to generate hydroxyl radicals, very strong oxidants
capable of transforming organic compounds into salts, CO,,
and H,0.57%* We chose methylene blue (MB) for the model
reaction, and used UV-Vis spectroscopy to measure the time-
dependent concentration of MB in solution. Figure 4(a) com-
pares the absorptions of MB recorded in the presence of pure
TiO, (without a porous structure) and the mesoporous TiO,
structure. The mesoporous TiO, material adsorbed a huge
amount of MB during the first 20 min period prior to UV irradi-
ation. Subsequent photodegradation for 65 min under irradi-
ation at a wavelength (of 254 nm) revealed that the adsorptive
capacity of the mesoporous TiO, material was larger than that
of non-porous/bulk TiO, The mesoporous TiO, not only pro-
vides sufficient absorption but also enhances stability. In addi-
tion, the reaction displayed first-order rate kinetics; we used
the MB concentration to evaluate the rates of photocatalysis
from the linear relationships between In(C/C,) and time from
the equation In(C/C,) =kt + A. Here C is the concentration in
the solution after irradiation, and C is the initial concentration
before irradiation; k represents the reaction rate constant. The
calculated values of k in Figure 4(b) reveal that the mesoporous
TiO, (k=3.76 X107 min™") degraded MB faster than did the
pure TiO, (k=1.29%X10 min™' ); indeed, the photo-
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Figure 4. (a) Initial adsorption of MB molecules for 20 min and then photo-
degradation for 65 min under UV irradiation and (b) Kinetics of MB degrada-
tion. A pure TiO, and mesoporous TiO, film calcined at 450 ° C on quartz sub-
strate was dipped into a MB solution (3 ml; 2 X 10~° M) in dark at room
temperature for 20 min. Subsequent put under UV irradiation and keep the
same distance (approximately 10 cm) between the UV lamp and the surface
of the mixed solution. The concentration of MB in the solution was moni-
tored by UV/Vis spectrometer.

degradation rate of the former was triple that of the latter
Therefore, we anticipate that this new method for the synthesis
of mesoporous materials using homopolymer as templates
might have substantial impact on environmental remediation.

Conclusions

We have developed a new soft template, thymine -functional-
ized homopolymer, for the preparation of mesoporous TiO, ma-
terials. The thymine plays an important role in micellization of
homopolymer and provides active sites for inorganic pre-
cursors. It also assists the supramolecular assembly process as
well as the connection of the spherical micelles to form the
TiO, mesostructure. The mesoporous TiO, showed superior
photocatalytic performance than bulk TiO,. The approach we
have used in this study opens up new possibilities for using bi-
omimetic materials as soft templates to prepare mesoporous

4298 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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materials with different compositions. This concept seems quite
simple, effective, and potentially widely applicable to other nu-
cleobase composites.

Supporting Information

Supporting information contains detailed description including
the materials of experimental; materials synthesized steps, total
experimental steps, characterization, and the detailed other ex-
perimental data of mesoporous TiO.,.
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