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A morphology transition from spherical mesopores to worm-
shaped mesopores within titania block copolymer composite
thin films has been observed by varying the sol-gel reaction
time from 40 min to 48 h in the four-component templating
system of polystyrene-b-poly(ethylene oxide) (PS-b-PEO),
1,4-dioxane, concentrated HCI, and titanium tetraisopropox-
ide (TTIP) with a PS-b-PEO mass concentration of 0.25 wt.-
%. The impact of the sol-gel reaction time on the local struc-
ture, long-range lateral structure, and vertical structure of
the as-prepared, calcined, and UV-degraded thin films as
well as the structural changes in solution have been system-
atically investigated by scanning electron microscopy (SEM),
atomic force microscopy (AFM), grazing-incidence small-an-
gle X-ray scattering (GISAXS), X-ray reflectivity (XRR), and
dynamic light scattering (DLS). With sol-gel reaction times
of up to 5h, hexagonally organized spherical micelles are
present within the as-prepared composite films, in which the

core of the spherical micelles is composed of the polystyrene
(PS) block, and the corona is composed of the poly(ethylene
oxide)-titania (PEO-titania) hybrid. Upon calcination or UV
exposure, ordered mesoporous structures are formed owing
to the removal of the PS block. With the sol-gel reaction time
extended to 25 and 48 h, worm-shaped micelles appear, and
their quantity increases with increasing sol-gel reaction time.
Worm-shaped mesopores are formed by calcination or UV
degradation. The GISAXS results prove that the local struc-
tural changes are representative over a macroscopic scale.
The XRR results suggest that with the sol-gel reaction time
extended to 48 h there is an additional thin layer beneath the
mesoporous titania layer owing to the presence of a large
amount of worm-shaped micelles. The results of the DLS
studies imply that the morphology transition from spherical
micelles to worm-shaped micelles is caused by a fusion pro-
cess of the spherical micelles in solution.

Introduction

Nanostructured TiO, thin films have received consider-
able research interest in the past decade because of their
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wide applications in dye-sensitized solar cells, photocata-
lysts, gas sensing, and lithium ion batteries.!'! The horizon-
tal and vertical structures of the thin films are essential to
the performance of the titania-based devices. In addition to
the structure control, the homogeneity of the thin film is
also very important, because the performance is a collective
contribution over a macroscopic scale, which ranges from
at least a few square millimeters to a few square centimeters
for the devices at the laboratory phase.

The combination of a polymer templating agent (soft
template), sol-gel chemistry, and the evaporation-induced
self-assembly (EISA) process has been extensively utilized
to synthesize nanostructured TiO, thin films.”) In particu-
lar, the use of amphiphilic block copolymers such as PEO-
b-PPO-b-PEO [PEO = poly(ethylene oxide), PPO = poly-
(propylene oxide)],’d PI-b-PEO (PI = polyisoprene),i??
poly[(ethylene-co-butylene)-b-(ethylene  oxide)] (PHB-b-
PEO),! PS-56-PEO (PS = polystyrene), and PMMA-b-
PEO [PMMA = poly(methyl methacrylate)]®! as templating
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agents has been intensively explored. Various strategies, in-
cluding changing the type and composition of the block
copolymer, varying the solution constituents and composi-
tion, tuning the film deposition and post-treatment condi-
tions, and using the block-polymer aggregates as templates,
have been developed to control the morphology of the
nanostructured TiO, multilayer and monolayer thin
films.l'i4e4dl T addition to these factors, the sol-gel reac-
tion time is also an important factor that influences the
morphology of the thin films. However, there have been rel-
atively few studies about the impact of the sol-gel reaction
time on the morphology of titania.[! The sol-gel reaction
of the titania precursor [e.g., titanium tetraisopropoxide
(TTIP)] in solution is a Kkinetic process. It continues to
change the self-assembly behavior of the titania block co-
polymer nanostructures by modifying the interactions be-
tween the hydrolyzed/condensed titania species and the am-
phiphilic block copolymer template.

A facile strategy to synthesize nanostructured TiO, thin
films has been developed by our group.[**>~7l Various mor-
phologies, including nanoparticles, nanovesicles, nanowires,
nanogranulas, wormlike aggregates, foams, and flakes, have
been synthesized by simply varying the relative mass ratios
among PS-h-PEO, 1,4-dioxane, concentrated HCI, and tita-
nium tetraisopropoxide (TTIP) in solution.M8! In this four-
component templating system, PS-6-PEO acts as the tem-
plating agent, 1,4-dioxane is used as a good solvent for both
the PS and PEO blocks, TTIP is used as a precursor for
TiO, and is also a poor solvent for the PS block, and con-
centrated HCI is used as a poor solvent for the PS block
and a catalyst for the sol-gel process. By systematically
varying the composition of the solution constituents, the
microphase separation and self-assembly processes of PS-b-
PEO in solution are tuned. As a result, nanosized titania—
PS-b-PEO aggregates with different morphologies are
formed, and they can be transferred to a substrate by spin
coating to produce nanostructured titania—PS-b-PEO com-
posite films.

On the basis of the results of morphology control by
variation of the solution composition, the impact of the
sol-gel reaction time on the morphology of the titania thin
films prepared with 0.50 wt.-% PS-6-PEO was investi-
gated.l) A morphology evolution from spherical mesopores
to worm-shaped mesopores was discovered by simple varia-
tion of the sol-gel reaction time from 46 min to 25 h with
a fixed solution composition and PS-b-PEO concentration.
Both imaging and scattering studies show that with the sol-
gel reaction time extended to 25 h, a significant amount of
worm-shaped domains are formed; this leads to the loss of
long-range lateral structure order as demonstrated by graz-
ing-incidence small-angle X-ray scattering (GISAXS).
Furthermore, an additional layer of titania is also formed
beneath the mesoporous thin film as suggested by X-ray
reflectivity (XRR).

As the concentration of PS-b-PEO has a significant influ-
ence on the morphology of the titania thin films, it is worth
investigating the sol-gel reaction time on the morphology
change with different PS-b-PEO concentrations. As a con-
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tinuation of our previous research, here we changed the PS-
b-PEO concentration to 0.25 wt.-% and kept the composi-
tion ratio constant (mass ratio: 7 4 gioxane/Muc/Mrrip =
0.964:0.007:0.029).17°1 The films were prepared by using the
solutions with a series of sol-gel reaction times (40 min,
3, 5, 25, and 48 h). Atomic force microscopy (AFM) and
scanning electron microscopy (SEM) were applied to inves-
tigate the local horizontal structures of the thin films. GIS-
AXS was performed to reveal the long-range lateral struc-
tures and homogeneity of the nanostructured film.5! In ad-
dition to the local and long-range horizontal structures, the
vertical structures normal to the substrate were investigated
by XRR.>81 The combination of both imaging and scat-
tering techniques provide powerful tools to elucidate the
effect of the sol-gel reaction time on the horizontal and
vertical structural change of the titania thin films. In ad-
dition to the detailed studies on the thin-film nanostruc-
tures, the aggregate size change in solution was also studied
by dynamic light scattering (DLS)."4

Results and Discussion

Figure 1 shows the high-magnification SEM (al, bl, cl),
low-magnification SEM (a2, b2, ¢2), AFM height (a3, b3,
c3), and AFM phase images (a4, b4, c4) of the as-prepared
(al-a4), calcined (bl-b4), and UV-degraded (cl-c4) tita-
nia—PS-b-PEO composite films prepared with a sol-gel re-
action time of 40 min. Figure lal shows spherical dark do-
mains within the as-prepared composite film, which seems
like a mesoporous structure. The six-dot fast Fourier trans-
form (FFT) pattern indicates that the spherical domains are
organized hexagonally with a characteristic center-to-center
distance of 34 nm. Figure 1a2 proves that the spherical dark

Figure 1. High- (al, bl, cl) and low-magnification (a2, b2, c2)
SEM and AFM height (a3, b3, c¢3) and phase images (a4, b4, c4)
of the titania-block copolymer composite films prepared with a
sol-gel reaction time of 40 min (PS-b-PEO concentration: 0.25 wt.-
%). (al-a4) As-prepared; (b1-b4) calcined; (c1-c4) UV-degraded.
Height scale of the AFM images: 10 nm, phase scale of the AFM
images: 20°. The upper-right insets of the images are the FFT pat-
terns of each image. The lower-bottom insets of the AFM images
are the PSD profiles of each image. Scale bar of the AFM images:
400 nm.
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domains are homogeneously distributed over a pm-sized
area. Interestingly, the seemingly mesoporous feature pre-
sented by SEM show dots instead of pores in Figure 1a3,
which has a clear mechanical property difference from the
matrix according to Figure la4. The FFT patterns of Fig-
ure 1a3 and a4 both show six-dot features with center-to-
center distances of 34 nm, which is consistent with Fig-
ure lal. The power spectral density (PSD) profiles of both
Figure 1a3 and a4 show multiple peaks located at 34, 20,
17, and 13 nm, respectively, corresponding to the ratio 1:1/
\3:1A4. This is in agreement with the theoretical ratio for
a hexagonal superstructure and proves that the spherical
dark domains are organized with a hexagonal order.
Considering that SEM is based on electron-density con-
trast, the spherical dark domains in Figure 1al are assumed
to be composed of the organic PS block with a lower elec-
tron density surrounded by the hybrid PEO-titania con-
tinuous network with a higher electron density.”®! These
domains pop out from the surface of the film and exhibit
dots in the AFM height image. As the organic PS block
has different mechanical properties from the hybrid titania—
PEO network, a good phase contrast is present in the AFM
phase image. Regarding the calcined TiO, thin films, Fig-
ure 1bl also shows spherical dark domains, which are ho-
mogeneously distributed over um-sized areas according to
Figure 1b2. The dotlike FFT pattern of Figure 1bl indi-
cates that the order of the nanostructures is well retained
after calcination. In contrast to that of the as-prepared thin
film, the AFM height image shows pores instead of dots
(Figure 1b3). This distinct structural difference implies that
the spherical domains within the as-prepared composite
films are converted to true pores after calcination, whereas
the continuous network is retained after calcination. This
result confirms the hypothesis that the spherical domain
within the as-prepared composite film is composed of the
organic PS block and the continuous network is composed
of the PEO-titania hybrid. Mesoporous features are also
exhibited in the AFM phase image (Figure 1b4) owing to
the hardness difference between the pores and the con-
tinuous titania network. The FFT patterns of Figure 1b3
and b4 show clear dotlike features with a characteristic cen-
ter-to-center distance of 33 nm, which is consistent with the
value from the as-prepared composite film. Furthermore,
the PSD profiles of both Figure 1b3 and b4 show multiple
peaks located at 34 and 20 nm, respectively, in agreement
with the ratio of 1:1/4/3. This implies that the mesopores
formed after calcination are still organized with hexagonal
order. Calcination at high temperature removes the organic
template and crystallizes amorphous titania simultaneously,
but it tends to promote agglomeration or even collapse of
the TiO, nanostructures under certain conditions. As a
compromise, UV exposure has been applied to degrade the
organic matrix. The PS block is supposed to be partially
removed, and the titania nanostructures remain relatively
intact on the substrate.’d%1 The composite films degraded
by UV light are supposed to possess a better electron-den-
sity contrast than the as-prepared films and less structure
modification compared to the calcined films. Therefore, it

Eur. J. Inorg. Chem. 0000, 0-0

will help to uncover the details of the morphology change
within the composite thin films.

The SEM image in Figure 1cl shows spherical dark do-
mains after UV degradation, and they are homogeneously
deposited on the substrate according to Figure 1c2. Unlike
Figure 1a3, the AFM height image in Figure 1c3 exhibits
pores instead of dots and is similar to Figure 1b3. This im-
plies that the domains composed of the pure PS block are
degraded by UV light, and pores remain within the thin
film. As the continuous network is composed of the PEO-
titania hybrid, it can only be partially degraded by UV
light. As a result, the continuous network is retained, and
a mesoporous structure is formed. The AFM phase image
(Figure 1c4) shows structures consistent with the height im-
age, because there is a distinct mechanical property differ-
ence between the pores and the continuous network. The
FFT pattern of the SEM image (Figure lcl) still shows dot-
like features with a characteristic distance of 34 nm, indicat-
ing that the UV degradation does not deteriorate the order
of the nanostructures within the thin films. In particular,
the FFT patterns of the AFM height and phase images
show both first-order (34 nm) and second-order (20 nm)
peaks, which indicate that the mesopores are well organized
into a hexagonal superstructure after UV exposure. The
formation of a hexagonal superstructure is further con-
firmed by the PSD profiles (Figure 1c3 and c4). Multiple
peaks located at 34, 20, 17 and 13 nm exist and are consis-
tent with the ratio 1:1~3:1N4:1A/7.

When the sol-gel reaction time is increased to 3 h, the
as-prepared composite thin film does not exhibit obvious
structural changes. Highly ordered spherical domains are
surrounded by a continuous network as shown in the high-
(Figure 2al) and low-magnification (Figure2a2) SEM
images and AFM height (Figure 2-a3) and phase (Fig-
ure 2a4) images. Through calcination, the composite film is
converted to mesoporous titania thin film with a good
structure order retained, as confirmed by the SEM (Fig-
ure 2bl and b2) and AFM images (height image: Fig-
ure 2b3; phase image: Figure 2b4). Compared to the as-pre-
pared and calcined thin films, the thin film degraded by UV
light also exhibits mesopores with a good structural order,
as seen in both the SEM (Figure 2cl and c2) and AFM
images (height image: Figure 2¢3; phase image: Figure 2c4).
The FFT patterns of the SEM and AFM images of the as-
prepared, calcined, and UV-degraded thin films still show
dotlike features with a characteristic distance of 33 nm. In
particular, the FFT patterns of the UV-degraded thin films
show not only the first-order peak located at 33 nm but also
a second-order peak located at 20 nm. This implies that the
organization of the mesopores is improved after UV expo-
sure. The PSD profiles of the as-prepared and calcined thin
films show multiple peaks located at 33, 20, and 17 nm,
which indicate that a hexagonal superstructure is present
within the as-prepared and calcined thin films. Regarding
the UV-degraded thin film, the PSD profiles of both the
AFM height and phase images show multiple peaks located
at 33, 20, 17, and 13 nm. The presence of higher-order
peaks further confirms that after UV exposure, the meso-
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pores are organized into a hexagonal superstructure with a
better order than that of the as-prepared and calcined thin
films.

Figure 2. High- (al, bl, cl) and low-magnification (a2, b2, c2)
SEM and AFM height (a3, b3, c3) and phase images (a4, b4, c4)
of the titania-block copolymer composite films prepared with a
sol-gel reaction time of 3 h (PS-b-PEO concentration: 0.25 wt.-%).
(al-a4) As-prepared; (bl-b4) calcined; (cl-c4) UV-degraded.
Height scale of the AFM images: 10 nm, phase scale of the AFM
images: 20°. The upper-right insets of the images are the FFT pat-
terns of each image. The lower-bottom insets of the AFM images
are the PSD profiles of each image. Scale bar of the AFM images:
400 nm.

With the sol-gel reaction time extended to 5 h, the struc-
tures of the composite films are still very similar to the films
prepared with sol-gel reaction times of 40 min and 3 h (Fig-
ure 3). Highly ordered spherical domains are present within
the as-prepared composite films as shown in the SEM (Fig-
ure 3al and a2) and AFM images (height image: Fig-
ure 3a3; phase image: Figure 3a4). Mesoporous structures
are formed after calcination, as confirmed by the SEM
(Figure 3bl and b2) and AFM images (height image: Fig-
ure 3b3; phase image: Figure 3b4). Highly ordered meso-
pores are also formed after UV treatment as exhibited by
the SEM (Figure 3cl and c2) and AFM images (height im-
age: Figure 3¢3; phase image: Figure 3c4). It is worth not-
ing that the mesopores are still organized with high order
after calcination or UV exposure as indicated by the ring-
like FFT patterns and multiple peaks in the PSD profiles
of the images. The characteristic center-to-center distance
of the as-prepared composite film is 33 nm as implied by
the FFT patterns of Figure 3al, a3, and a4. In particular,
a second-order peak located at 19 nm is present in the FFT
pattern of the AFM phase image (Figure 3a4).

The PSD profiles of both Figure 3a3 and a4 show mul-
tiple peaks located at 33, 19, and 17 nm, which indicate that
the spherical domains are organized to form hexagonal su-
perstructure. Concerning the calcined thin film, the FFT
patterns of Figure 3bl, b3, and b4 also exhibit a character-
istic center-to-center distance of 33 nm. Unlike that of the
as-prepared composite film, the FFT pattern of Figure 3b4
does not show a second-order peak. However, the PSD pro-
files (Figure 3b3 and b4) still show multiple peaks located
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Figure 3. High- (al, bl, cl) and low-magnification (a2, b2, c2)
SEM and AFM height (a3, b3, c3) and phase images (a4, b4, c4)
of the titania-block copolymer composite films prepared with a
sol-gel reaction time of 5 h (PS-b-PEO concentration: 0.25 wt.-%).
(al-a4) As-prepared; (bl-b4) calcined; (cl-c4) UV-degraded.
Height scale of the AFM images: 10 nm, phase scale of the AFM
images: 20°. The upper-right insets of the images are the FFT pat-
terns of each image. The lower-bottom insets of the AFM images
are the PSD profiles of each image. Scale bar: 400 nm.

at 33, 19, and 17 nm. The existence of multiple peaks in the
PSD profiles implies that the mesopores are still organized
with hexagonal order after calcination. Regarding the thin
film treated with UV exposure, the FFT patterns of Fig-
ure 3cl, ¢3, and c4 imply a characteristic center-to-center
distance of 33 nm. Furthermore, an additional second-or-
der peak is present within the FFT pattern of Figure 3c4.
Similar to those of the as-prepared and calcined thin films,
the PSD profiles of Figure 3¢3 and c4 show multiple peaks
located at 33, 19, and 17 nm, which indicate that the meso-
pores formed after UV exposure are organized with hexago-
nal order.

A significant morphology change occurs when the sol—
gel reaction time is extended to 25 h. In addition to the
spherical dark domains, worm-shaped dark domains ap-
pear (Figure 4al). The low-magnification SEM image (Fig-
ure 4a2) exhibits areas with different brightness. Further ex-
amination of Figure 4a2 reveals that the dark area corre-
sponds to the worm-shaped domains, and the bright area
corresponds to the spherical domains. This is reasonable,
because the worm-shaped domains possess larger dark
areas than the spherical domains. The AFM height image
(Figure 4a3) shows both spherical dots and worm-shaped
cylinders; structural details of the worm-shaped cylinders
are presented. This shows that some spherical dots are con-
nected with each other to form worm-shaped cylinders, and
junctions between the spherical dots are clearly visible. This
feature captures the kinetic process of the morphology tran-
sition from the spherical dots to the worm-shaped cylinders
with increasing sol-gel reaction time. The AFM phase im-
age (Figure 4a4) indicates that the worm-shaped cylinders
and spherical dots have similar hardness, different from that
of the matrix. The FFT patterns of the SEM and AFM
images are smeared out because of the coexistence of the

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Job/Unit: 131251

Eur/IC

/KAP1 Date: 16-12-13 11:25:49

www.eurjic.org

Pages: 10

FULL PAPER

European Journal
of Inorganic Chemistry

spherical and worm-shaped domains. The broad ringlike
FFT patterns correspond to a characteristic center-to-cen-
ter distance of 34 nm. However, the PSD profiles (Fig-
ure 4a3 and a4) still show multiple peaks located at 34, 20,
and 17 nm. This implies that the nanostructures are still
organized with a hexagonal order despite the coexistence of
the spherical and worm-shaped domains.

Figure 4. High- (al, bl, cl) and low-magnification (a2, b2, c2)
SEM and AFM height (a3, b3, ¢3) and phase images (a4, b4, c4)
of the titania—block copolymer composite films prepared with a
sol-gel reaction time of 25h (PS-b-PEO concentration: 0.25 wt.-
%). (al-a4) As-prepared; (bl-b4) calcined; (cl1-c4) UV-degraded.
Height scale of the AFM images: 10 nm, phase scale of the AFM
images: 20°. The upper-right insets of the images are the FFT pat-
terns of each image. The lower-bottom insets of the AFM images
are the PSD profiles of each image. Scale bar of the AFM images:
400 nm.

After calcination, spherical and worm-shaped mesopores
form (Figure 4bl). In the low-magnification SEM image,
the bright area corresponds to the worm-shaped pores, and
the dark area corresponds to the spherical pores. This is
likely, because the periphery of the worm-shaped pores pro-
trude from the film surface because of thermal stress during
the high-temperature calcination. The AFM height and
phase images (height: Figure 4b3; phase: Figure 4b4) show
both cylindrical and spherical mesopores. The weak ringlike
FFT patterns of Figure 4bl, b3, and b4 indicate a charac-
teristic center-to-center distance of 34 nm. The PSD profiles
of both Figure 4b3 and b4 only show one single peak lo-
cated at 34 nm. This implies that the organization order of
the mesopores deteriorates after calcination.

By UV treatment, mesoporous structures are formed as
seen in the SEM image Figure 4cl. In the low-magnifica-
tion SEM image (Figure 4c2), the bright area corresponds
to the spherical pores, and the dark area corresponds to
the worm-shaped mesopores. This is, because the spherical
mesopores possess a smaller pore area than the worm-
shaped mesopores. This is consistent with the as-prepared
composite film and opposite from the calcined film. This
difference indicates that the continuous network around the
worm-shaped mesopores tends to protrude from the film
surface during high-temperature calcination but not in the
UV-exposure process. The AFM height image (Figure 4c3)

Eur. J. Inorg. Chem. 0000, 0-0

shows cylindrical and spherical mesopores and is consistent
with the AFM phase image Figure 4c4. The FFT patterns
(Figure 4cl, ¢3, and c4) correspond to a characteristic cen-
ter-to-center distance of 34 nm. However, the PSD profiles
of the AFM height and phase images still show multiple
peaks located at 35, 19, and 16 nm, which implies that the
mesopores are organized with a relatively good hexagonal
order. With a sol-gel reaction time of less than 5h, the
films prepared with 0.25 wt.-% PS-b-PEO show very similar
morphology to the films prepared with 0.50 wt.-% PS-b-
PEO. However, with the sol-gel reaction time extended to
25 h, the films with 0.25 wt.-% PS-b6-PEO show much less
worm-shaped domains than the films with 0.50 wt.-% PS-
b-PEO. The increase of the PS-b-PEO concentration from
0.25 to 0.50 wt.-% increases the stretching degree of the PS
block within the domain. Worm-shaped micelles are prefer-
entially formed to relax the stretching. Furthermore, the in-
crease of PS-b-PEO concentration promotes the fusion of
the spherical micelles, because more spherical micelles exist
and colloid with each other in solution.

With the sol-gel reaction time increased to 48 h, more
worm-shaped cylinders exist within the thin film as exhib-
ited by the high-magnification SEM image (Figure 5al). As
a result, the majority of the SEM image in Figure 5a2 is
covered by the worm-shaped domains, and the spherical do-
mains are exhibited in the form of patches (bright areas in
Figure 5a2). Correspondingly, the AFM height (Figure 5a3)
and phase (Figure 5a4) images show more worm-shaped
cylinders. Concerning the calcined thin film, the mesopo-
rous structure is still well retained from the SEM images
(Figure 5bl and b2). The AFM height (Figure 5b3) and
phase (Figure 5b4) images show that the worm-shaped cyl-
inders are like cracks within the film. After UV degrada-

Figure 5. High- (al, bl, cl) and low-magnification (a2, b2, c2)
SEM and AFM height (a3, b3, ¢3) and phase images (a4, b4, c4)
of the titania—block copolymer composite films prepared with a
sol-gel reaction time of 48 h (PS-5-PEO concentration: 0.25 wt.-
%). (al-a4) As-prepared; (b1-b4) calcined; (c1-c4) UV-degraded.
Height scale of the AFM images: 10 nm (a3, b3), 20 nm (c3); phase
scale of the AFM images: 20°. The upper-right insets of the images
are the FFT patterns of each image. The lower-bottom insets of
the AFM images are the PSD profiles of each image. Scale bar of
the AFM images: 400 nm.
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jtion, a mesoporous film is formed according to ‘the SEM @ \
images (Figure 5cl and c2). The AFM height (Figure 5¢3) 00 00 '

. . k @) With increasing time @
and phase (Figure 5c4) images clearly show the existence of 000 0
spherical and worm-shaped pores. Owing to the existence @
of large amounts of worm-shaped cylinders, the FFT pat- ) ) i
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terns of the SEM and AFM images are smeared out. No
distinct peaks can be observed in the PSD profiles of the
AFM images.

The morphology transition from spherical domains to
worm-shaped domains is supposed to be caused by the fu-
sion process of the spherical micelles in solution.l'" The
coronas of the spherical micelles are composed of the PEO—
titania hybrids. As the neighboring spherical micelles col-
loid with each other in solution, the PEO-titania coronas
tend to bind together, promoted by the hydrolysis/conden-
sation of TTIP within the micelle coronas. As a result, the
spherical micelles fuse together, and new worm-shaped cy-
lindrical micelles form (Scheme 1).['' This process is visual-
ized in the AFM height images of Figures 4a3 and 5a3, in
which neighboring spherical dots are connected with each
other to form worm-shaped cylinders. A similar fusion pro-
cess of spherical micelles in solution has been reported in
the polystyrene-b-poly(acrylic acid) (PS-b-PAA) system in
N,N-dimethylformamide (DMF), in which cylinder micelles
form through the fusion of spherical micelles.'?! However,
the fusion of spherical titania—block copolymer micelles to
form cylindrical micelles promoted by a sol-gel reaction has
rarely been reported.

The formation of cylindrical micelles leads to an increase
of micelle size, which is confirmed by dynamic light scat-
tering (DLS) as shown in Figure 6. The insets show an
analysis with the CONTIN algorithm with unweighted re-

1.1

Calcination

Calcination

or UV exposure o yv exposure

Scheme 1. Formation of worm-shaped domains from spherical do-
mains by a fusion process.

sults for the hydrodynamic radii R;,. According to the DLS
profiles, within 5 h the correlation curves and fitted size dis-
tribution do not change significantly (Figure 6a—). Two
different structures with individual sizes below 10 and
100 nm coexist in solution. With the sol-gel reaction time
increased to 25 h, the structures with sizes below 10 nm still
exist, but the average size of the larger structures increases
(Figure 6d). This trend is also evident when the sol-gel re-
action time is further extended to 50 h (Figure 6e). It seems
that the amount of the structures with sizes below 10 nm
significantly decreases, whereas the average size of the larger
structures shifts to the range 100-1000 nm, and the amount
of the large-sized structures increases dramatically. Al-
though DLS experiments at different angles can give more
information about the nanoparticles in solution, the trend
of the size change in solution revealed by DLS at a fixed
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Figure 6. Dynamic light scattering (DLS) profiles of the titania—block copolymer solutions with different sol-gel reaction times (PS-b-

PEO concentration: 0.25 wt.-%,
correlation curves showing the distribution of Ry,
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a: 54 min, b: 3h, c: 5h, d: 25h, e: 50 h), insets: fitting results (from CONTIN fits, unweighted) of the
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angle already shows consistency with the morphology
change within the composite films as shown by AFM and
SEM. This implies that the morphology change observed
within the composite films is caused by the structure change
in solution promoted by increasing sol-gel reaction time.
As imaging techniques such as SEM and AFM can only
reveal local structure information of small areas within the
thin films, it is very difficult to cover an area of macroscopic
length. Furthermore, the homogeneity of the morphology
control needs to be effective over a macroscopic scale,
which is hard to investigate by SEM and AFM. To obtain
statistically relevant information averaged over a macro-
scopic scale, GISAXS has been used to study the long-
range lateral structure of the films. Figure 7a—e shows the
2D GISAXS images of the calcined thin films with sol-gel
reaction times of 40 min, 3, 5, 25, and 48 h, respectively.
Image f shows the corresponding out-of-plane (OOP) cuts
of the 2D GISAXS images along g,. Clear side wing pat-
terns are shown in Figure 7a—d, and they imply that there
is long-range lateral structural order within the film. How-
ever, the side wing pattern of Figure 7e is smeared out,
which indicates that the long-range lateral structural order
is significantly weakened. The corresponding OOP profiles
in Figure 7f prove the trend of the long-range lateral struc-
ture change with increasing sol-gel reaction time. With a
sol-gel reaction time up to 5 h, the GISAXS profiles show
multiple peaks located at 33, 19, 16, and 12 nm, which indi-
cate a good long-range lateral structural order. The location
of the peaks is consistent with the values obtained from the
AFM and SEM image analysis. This proves that the spheri-
cal domains are organized hexagonally over a macroscopic
scale. With a sol-gel reaction time of 25 h, the peaks are
broadened and weakened, but the peak positions are still
very similar to those of the samples prepared with shorter
sol-gel reaction times. This indicates that the hexagonal or-
der of the spherical domains is still retained despite the exis-
tence of worm-shaped domains. With the sol-gel reaction
time extended to 48 h, the OOP profile only shows two very
broad peaks that correspond to ca. 61 and 12 nm. The shift
of the peak position to small ¢ values indicates the forma-
tion of large superstructures within the composite film.
Generally, the change of the OOP profile patterns is consis-
tent with the local structural changes revealed by the AFM
and SEM images. This proves that the local structures are
representative over a macroscopic scale and the nanostruc-
tured thin film is homogeneous over a macroscopic scale.
In addition to the local and long-range lateral structures
parallel to the substrate, the vertical structure normal to
the substrate is also very important, because it potentially
determines the charge-carrier transportation route towards
electrodes within thin-film-based devices. Figure 8 shows
the corresponding X-ray reflectivity (XRR) profiles of the
as-prepared (Figure 8a), calcined (Figure 8b), and UV-de-
graded thin films (Figure 8c) prepared with sol-gel reaction
times of 40 min, 3, 5, 25, and 48 h. Nice oscillation patterns
are present in the as-prepared, calcined, and UV-degraded
thin films. From the XRR profiles, it can be seen that the
vertical structures do not show big changes with sol-gel
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Figure 7. GISAXS profiles of the calcined titania—PS-b-PEO com-
posite films prepared with different sol-gel reaction times (PS-b-
PEO concentration: 0.25 wt.-%). (a—e) 2D image of the GISAXS
profiles with a logarithmic scale; (f) OOP profiles of the GISAXS
2D images (a: 40 min, b: 3 h, ¢: 5h, d: 25h, e: 48 h); black line:
40 min, red line: 3 h, green line: 5h, blue line: 25 h, dark yellow
line: 48 h. ¢, range of the 2D GISAXS images: (a) —0.047 to
0.046 A1, (b—e) —0.041 to 0.041 A-! (left to right); ¢. range of the
2D GISAXS images: (a) —0.13 to 0.045 A1, (b—e) 0.11 to 0.18 A™!
(bottom to top).

reaction times up to 25 h. According to the fitting model,
there are monolayers with thicknesses of ca. 50 (as-pre-
pared), 22 (calcined), and 39 nm (UV-degraded), respec-
tively, which is confirmed by the representative side view
SEM image (Figure 8d). However, with a sol-gel reaction
time of 48 h, the patterns of the reflectivity profiles change
significantly. In addition to the first layer with a similar
thickness, an additional thin layer with a thickness of 1-
2 nm with higher scattering-length density exists beneath
the first layer. The origin of the second layer is the worm-
shaped cylinders within the thin films. The hydrophilic SiO,
surface of the Si substrate has a preferential wetting
towards the PEO-titania corona of the micelles. Compared
to the spherical micelles, the worm-shaped micelles have a
large PEO-titania corona. As a result, patches composed
of the titania—PEO hybrid are deposited onto the substrate
during spin coating and form an additional layer on the
substrate, which is detected by X-ray reflectivity. Concern-
ing the thin films prepared with 0.50 wt.-% PS-b-PEO, the

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



Job/Unit: 131251

Eur|IC

/KAP1 Date: 16-12-13 11:25:49

www.eurjic.org

Pages: 10

FULL PAPER

European Journal
of Inorganic Chemistry

second layer appears with a sol-gel reaction of 25 h. How-
ever, here the second layer does not appear until the sol-gel
reaction time reaches 48 h. This is reasonable, because the
amount of the worm-shaped domains in the films prepared
with 0.25 wt.-% PS-b-PEO is less than those in the films
prepared with 0.50 wt.-% PS-b-PEO.

Reflectivity[a.u.]

0.4 i
QA"

Figure 8. Experimental (symbol) and simulated (line) XRR results
of the titania—PS-b-PEO composite films prepared with different
sol-gel reaction times (black squares: 40 min, red circles: 3 h, green
upright triangles: 5 h, blue inverted triangles: 25 h, dark yellow dia-
monds: 48 h) with different treatments. (a) as-prepared; (b) cal-
cined; (c) UV-degraded. (d) Side-view SEM image of the calcined
thin film prepared with a sol-gel reaction time of 40 min; (a—)
black squares: 40 min, red circles: 3 h, green upright triangles: 5 h,
blue inverted triangles: 25 h.

Conclusions

A morphology transition from spherical mesopores to
worm-shaped mesopores has been achieved by varying the
sol-gel reaction time from 40 min to 48 h in the four-com-
ponent templating system of PS-b-PEO, 1,4-dioxane, con-
centrated HCI, and TTIP with a PS-b-PEO mass concentra-
tion of 0.25 wt.-%. The impact of the sol-gel reaction time
on the local structure, long-range lateral structure, and ver-
tical structure of the as-prepared, calcined, and UV-de-
graded composite films has been systematically investigated
by AFM, SEM, X-ray reflectivity, and GISAXS. The corre-
sponding structural changes in solution have been studied
by DLS. With a sol-gel reaction time up to 5 h, only spheri-
cal domains are formed, and they are organized hexago-
nally within the films. Mesoporous structures are formed
after calcination or UV exposure, and structural order is
still well retained after treatment. When the sol-gel reaction
time is extended to 25 h, in addition to spherical domains,
worm-shaped domains appear, likely because of the fusion
of neighboring spherical domains. However, the films still
possess local and long-range lateral structural order as sug-
gested by AFM, SEM, and GISAXS. With the sol-gel reac-
tion time further increased to 48 h, large amounts of worm-
shaped domains are present. The X-ray reflectivity results
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show that the films are monolayer in nature with sol-gel
reaction times up to 25 h. With the sol-gel reaction time
extended to 48 h, an additional thin layer of titania exists
owing to the preferential wetting of the titania—PEO corona
of the worm-shaped micelles on the SiO, substrate.

Experimental Section

An asymmetric diblock copolymer of polystyrene-block-poly(ethyl-
ene oxide) (PS-»-PEO) with a number average molecular weight of
19000 for PS and 6400 for PEO [polydispersity index (PDI): 1.05]
was purchased from Polymer Source Inc. Titanium tetraisopropox-
ide (TTIP, 97%) was purchased from Sigma-Aldrich. Analytical-
grade 1,4-dioxane and concentrated HCI (min. 37%) were received
from Riedel-de Haén.

Sample solutions were prepared according to the following pro-
cedure. PS-5-PEO (0.01 g) was mixed with 1,4-dioxane (ca. 4.0 g),
37% HCI (0.03 g), and TTIP (0.12 g) within 6 min. The stock solu-
tions were stirred for 40 min, 3, 5, 25, and 48 h before spin coating.

Films were prepared on Si (100) substrates by spin coating for 60 s
with a Stiss MicroTec Delta 80 spin coater under ambient condi-
tions (temperature: 21 °C, relative humidity: 55-65%, rotation
speed: 2000 rpm, acceleration speed: 2000 rpm/s, lid open).

Calcination of the composite thin films was performed at 400 °C
for 4 h in air with a ramp rate of 6.25 °C/min starting from room
temperature. After calcination, the samples were cooled to room
temperature in the furnace.

UV degradation was conducted with UV light of 254 nm major
wavelength with a fluence of 25 J/cm? (XX-15S, UVP, Inc.) at room
temperature for 27 h in air to degrade the block copolymer within
the thin films.

AFM images were recorded with a Digital Instruments Dimen-
sion™ 3100 scanning force microscope in tapping mode equipped
with Olympus cantilevers (spring constant ranging between 33.2
and 65.7 N/m and resonant a frequency of 277.3-346.3 kHz). The
images were analyzed by using the Nanoscope 5.12r5 software.

SEM images were obtained with a field emission SEM (LEO 1530
“Gemini”). The accelerating voltage was 1 kV. FFT patterns were
obtained by using the Image]J 1.33U software, and areas of
512 % 512 pixels of the SEM images were randomly selected for
analysis.

XRR experiments were conducted with a surface XRD-TT3003
diffractometer (Seifert, Germany) equipped with a Gobel mirror,
wavelength 1.542 A. The modeling of the experimental profiles was
conducted by the Parratt 32 software, version 1.5 provided by the
Berlin Neutron Scattering Center at the Hahn—Meitner Institute.

GISAXS measurements were performed at the BW4 beamline of
the DORIS III storage ring at HASYLAB/DESY by using a com-
pletely evacuated sample-to-detector pathway (2.00 or 2.20 m) and
a wavelength of 2 = 1.38 A. The scattering images were analyzed
in terms of out-of-plane (OOP) scans along the ¢, axis of the scat-
tering images at ¢. values corresponding to the critical angle of
TiO,. For such cuts, the transmission functions of the incident and
scattered waves only entered as constant scaling factors and do not
depend on the precise functional shape of the transmission func-
tions. In this way, the OOP scans were selective to the scattering
information of a particular material, that is, at a given scattering-
length density, as they took advantage of the intensity increase of
the transmission function at the critical angle.
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Dynamic light scattering was performed with a custom-built goni-
ometer setup with a Verdi V2 laser (Coherent, wavelength 532 nm).
The incident light of a maximum power of 100 mW on the sample
was vertically polarized with respect to the scattering plane by a
Glan prism with an extinction ratio of 10-°. Of the scattered light,
only the vertically polarized component selected by a Glan—
Thompson prism with an extinction ratio of 10® was analyzed.
Single-mode fiber detection was utilized with a beam splitter and
two avalanche diodes (Perkin—Elmer) as detectors. The autocorrel-
ator (ALV-6010/160 high speed multiple tau digital Korrelator;
ALV, Langen, Germany) was run in pseudo-cross-correlation to
eliminate correlated noise from the detectors at short times. All
samples were filtered into dust-free light-scattering cells through a
0.2 um Millipore Teflon filter to remove dust.
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10

A morphology transition from spherical
mesopores to worm-shaped mesopores
within titania—polystyrene-b-poly(ethylene
oxide) (titania—PS-b-PEO) composite thin
films is achieved by varying the sol-gel re-
action time from 40min to 48 h with
0.25 wt.-% PS-b-PEO and fixed solution
composition, as confirmed by imaging and
scattering techniques.

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



