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ABSTRACT: Mesostructured surfactant−silica monolithic films were prepared using a supramolecular templating method. The
effect of the templating in the monolithic films on the interfacial interactions was evaluated and elucidated using the atomic force
microscope techniques combined with other surface analyses to produce different surface structures and force curves depending
on the surfactants. The transparent and flexible surfactant−silica monolithic films were prepared to exhibit the ordered
nanostructures. The monolithic films templated by nonionic triblock copolymers (poly(ethylene oxide (EO))−poly(propylene
oxide (PO))−poly(ethylene oxide (EO))) of EO20PO70EO20 (P123) and EO106PO70EO106 (F127) significantly exhibited flat
surfaces and the higher viscoelastic properties which were supported by surface stiffness and adhesive force, whereas the
monolithic film by cationic alkylammonium surfactant indicated a rough surface and the plastic deformation property by
application of force. This indicated that the higher molecular weight of the EO and PO phases enhanced the phase segregation in
the silica surfaces due to the higher solubility differences between both blocks to consolidate the surfactant−silica interfacial
interactions. Therefore, the different surface structural and mechanical properties attributed to the interfacial organic−inorganic
interaction patterns were successfully clarified.
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1. INTRODUCTION

The synthesis, characterization, and applications of meso-
structued materials have been extensively investigated after the
discovery of mesoporous silicas prepared by the cooperative
organization of surfactants and inorganic species.1,2 The
organic−inorganic nanocomposites synthesized by supramo-
lecular templating methods were used as the host to produce
the functional host−guest complexes,3−9 and the possible
applications for photofunctional and biofunctional materials
have been recently studied.10−13 The preparation of the
mesostructured composites using the surfactant assemblies to
react with inorganic species has attracted increasing interest in
order to understand biomimetic hierarchical mesostructures,
such as the surfactant−inorganic biphasic arrays,14−18 suggest-
ing the importance of the basic research on the surfactant−
inorganic interfacial interactions.
Various surfactants have been used for the mesostructure

formation. Quaternary ammonium surfactants (e.g., hexadecyl-
trimethylammonium) were used as the typical templates,1 and
the other surfactants, such as alkylamines19,20 and poly-
(ethylene oxide),21 have been used to precisely control the

mesostructures. An amphiphilic triblock copolymer (TBC), for
example, poly(ethylene oxide (EO))−poly(propylene oxide
(PO))−poly(ethylene oxide (EO)), was also used as the
template to produce the mesostructures with larger nanopores.
Because of the variety in both mesostructural and macro-
scopical morphologies,22−25 and the improvement of their
mechanical properties, the understanding of the template
dependence on the interfacial phenomena is of great interest.
The processing of the mesostructured surfactant−silica

materials into a controlled morphology is a basic prerequisite
for optics, separations, catalytic, and sensing applications.
Accordingly, the preparation of the macroscopic morphologies,
such as films,28−34 hollow and hard spheres,35−37 fibers,38 and
monoliths39,40 of the mesostructures, has been researched.
Among all these morphologies, the silica−surfactant monolithic
films with a bulk size are especially ideal host materials for such
applications,41,42 since the nanoscale mesostructured mono-
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lithic film surfaces are thought to display a handling ability and
the characteristic viscoelastic behavior. As the practical
challenges, an analysis and evaluation of the interfacial
interactions between the silica walls and templated surfactants
should be researched for improving the structural and
mechanical properties at a bulk state. However, the analytical
investigation of the interfacial phenomena in the monolithic
films has not been investigated and reported. Thus, the
characterization at the connective interfaces of the meso-
structures based on the interactions as well as the well-defined
structures is very important.
In this study, the surface structural and mechanical properties

of the preparative surfactant−silica mesostructured monolithic
films depending on the surfactant template were examined
using an atomic force microscope (AFM) combined with other
surface analyses as shown in Figure 1a, which have emerged as
useful tools to determine the interfacial physicochemical
properties. Furthermore, the interactions between the surfac-
tants (cetyltrimethylammonium chloride (CTAC) and TBC)
and the silica from tetraethoxysilane (TEOS) in the
mesostructured nanocomposites were investigated by the
nanomechanical analysis in order to clarify the template effect
on the surface properties.

2. EXPERIMENTAL SECTION
Materials. Ethanol (99.5 vol %) and hydrochloric acid (HCl) as

special grade chemicals were purchased from Wako Chemical Co., Ltd.
Hexadecyltrimethylammonium chloride (CTAC) and tetraethylortho-
silicate (TEOS) as shown in Figure 1a as first reagent grade were
purchased from Tokyo Kasei Ind. Co., Ltd. The triblock copolymers
(TBCs) of poly(ethylene oxide)−poly(propylene oxide)−poly-
(ethylene oxide) as P123 (EO20PO70EO20; MW = 5800) and F127
(EO106PO70EO106, Mw = 12 600) were purchased from Aldrich Co.,
Ltd. All chemicals were used as received without purification, and
ultrapure water was used in all the experiments.
Preparation of Monolithic Films. The monolithic film as the

template of CTAC was synthesized according to a previous report.45 A
6.9 g sample of CTAC was dissolved into 28 mL of an HCl aqueous
solution (pH = 1.8) and stirred for 30 min. A 2 mL portion of TEOS
was added to the solution and stirred at 40 °C for 2 h.
The monolithic film as the template of P123 was synthesized

according to a previous report.46 A 0.90 g sample of P123 was
dissolved in 15 mL of ethanol and stirred for 30 min. A 0.1 sample g of
an HCl aqueous solution (2 N) and 0.80 g of water were added to the

solution, and stirred for 30 min. A 2 mL portion of TEOS was then
added to the solution and stirred at 40 °C for 2 h.

The monolithic film as the template of F127 was synthesized
according to a previous report.47 A 0.94 g sample of F127 was
dissolved in 6.8 mL of ethanol, and stirred for 30 min. A 1.4 mL of an
HCl aqueous solution (pH = 1.4) was added to the solution and
stirred for 30 min. A 2 mL portion of TEOS was then added to the
solution and stirred at 40 °C for 2 h.

As a reference, the siliceous film using only TEOS as the template-
free was synthesized. A 1.4 mL portion of an HCl aqueous solution
(pH = 1.4) was dissolved into 6.8 mL of ethanol and stirred for 30
min; 2 mL of TEOS was then added to the solution and stirred at 40
°C for 2 h.

All the resulting solutions were transferred to Teflon vessels
(bottom area: 7.9 cm2) at the solution density of 0.4 mL/cm2, stored
and aged at room temperature for 3 days in order for allow gelation,
then dried at 60 °C for 18 h, and peeled from the vessels to obtain the
self-standing monolithic films. The monolithic films without and with
the surfactants of CTAC, P123, and F127 were abbreviated as TEOS,
CTAC/TEOS, P123/TEOS, and F127/TEOS, respectively. In order
to measure X-ray diffraction (XRD) patterns and BET surface area of
the mesopores after removal of the surfactants, the templates in these
resulting solids were completely removed by calcination in air at 823 K
for 8 h at a heating rate of 10 K min−1, as confirmed by the Fourier
transform infrared (FT-IR) spectra.

Characterization. The UV−visible transmittance was measured
using a UV−vis-NIR spectrophotometer (V-570; JASCO Co., Japan),
and the total transmittance was calculated by the average transmittance
in the wavelength range at 400−800 nm. The surface wettability was
analyzed in air by the sessile drop method of distilled water using a
contact angle meter (CA-W200, Kyowa Interface Science, Inc.). The
droplet was controlled at the volume of 1.5 mL using a dripping
nozzle, and the initially attached area on the substrate surfaces was 1.6
mm2 when approaching the nozzle to the surfaces. The FT-IR spectra
were recorded by an FT-IR spectrometer (Prestige-21; Shimadzu
Corp., Japan) in the transmittance mode and were obtained using a
KBr method at a resolution of 4 cm−1. The XRD patterns were
recorded by a X’Pert Pro MPD (PNAalytical Co., Ltd.) using
monochromatized Cu Kα radiation. The morphologies were observed
using a field emission scanning electron microscope (FE-SEM: Hitachi
Co., Ltd., S-4500N) at 20 kV. Nitrogen adsorption and desorption
isotherms were measured at 77 K by a SA3100 instrument
(BECHMAN COULTER Co., Ltd.) to calculate the BET surface
area and averaged pore size. Prior to the measurement, the samples
were degassed under vacuum at 393 K for 4 h.

The nanostructures and surface viscoelastic properties were
analyzed by an atomic force microscope (AFM; Nanocute, SII
Investments, Inc.) in an area of 1.0 × 1.0 μm2. A silicon probe

Figure 1. (a) Scheme of the structural and mechanical analyses of the surfactant-silica mesostructured monolithic film prepared by the
supramolecular templating method using the surfactants (CTAC and TBC (n = 20 and m = 70 for P123 and n = 106 and m = 70 for F127)) and
TEOS and (b) the photographs of the monolithic films with the different templates (scale bar: 5 mm).
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mounted on a cantilever (SII Micro Cantilever SI-AF01, SII
Investments, Inc.) was employed. The surface roughness (Rrms) was
calculated by the root mean squares in the Z-range images.
The force curves43,44 were measured at the scan rate of 30 nm/s and

displacement sensitivity of 40 mV/nm. The schemes of the force curve
measurement as a function of the distance between the probe tip and
sample surfaces and the interfacial interactive structures are shown in
Scheme 1. At a large separation in Scheme 1I, the interactions between

the tip and sample surface are negligible as such that the spring
cantilever remains in an undeflected state. As the sample approaches
the tip, the interactions between the tip and sample surfaces at a
certain separation cause a deflection of the spring cantilever upward or
downward, depending on the nature of the force. With a further
approach to each other in Scheme 1II, the interfacial forces increase in
magnitude until the cantilever irreversibly jumps and contacts the
sample surface. From this point onward, the cantilever and sample
move together until reaching its set upward limit. The decline in the
saturated region in the approaching curve was calculated in order to
understand the nanomechanical properties. The tip−sample stiffness,
S, can be represented by eq 1.48

= Δ Δ −S F x k( / ) (1)

where k is the spring constant of the cantilever and is considered to be
0.2 nN/nm. ΔF is the modulated force, and Δx is the amplitude of the
tip on the sample. The decline of the region in the curves is shown in
Scheme 1. Furthermore, S can be also represented by eq 2.48,49

= *S aE2 (2)

where a is the contact radius onto the monolithic film, which is
estimated to be ca. 20 nm according to the tip radius used in this

study. On the basis of eqs 1 and 2, E*, which is the Young’s modulus
of the monolithic film, was also calculated. The sample subsequently
retracts back in Scheme 1III. If there is an adhesion force (Fad)
between the tip and the sample, the sample will pull the tip downward
as it retracts until the restoring force of the cantilever spring exceeds
the adhesion force at which time the cantilever jumps back to its
normal position as shown in Scheme 1IV. The Fad in the curve was
defined along the force axis as shown in Scheme 1. The value for the
CTAC/TEOS film was calculated only by the approaching curve due
to the plastic deformation behavior, and those for the other surfaces by
the retracting curve. As a result, one force probing cycle is completed.

All the measurements were repeatedly conducted five times to
obtain the average values. The statistical analysis of all the
measurements was evaluated using the student’s t test.

3. RESULTS AND DISCUSSION

As shown in Figure 1b, the surfactant−silica monolithic films
with the different templates were in a transparent and self-
standing state with a length up to several centimeters while
preserving the vessel shape, whereas TEOS alone was in a the
fragmented state, suggesting that the nanocomposite structures
by the silica frameworks combined with the surfactant
functional groups enhance and stabilize the interfacial
interactions. The monolithic films have thicknesses of several
hundred micrometers (TEOS ca. 250 μm, CTAC/TEOS ca.
180 μm, P123/TEOS ca. 200 μm, F127/TEOS ca. 250 μm)
and transparency, and the total transmittance of the F127/
TEOS is almost the same as that of TEOS alone as shown in
the Table 1, indicating the ordered structures at a nanoscale to
reduce the visible-light scattering. Thus, the macroscopic
properties of the monolithic films significantly depended on
the templating surfactants.
Figure S1 shows the FT-IR spectra of the monolithic films

with the different templates (see the Supporting Information).
In all the spectra, the characteristic bands at around 1070 and
1225 cm−1 that originated from the SiOSi asymmetric and
symmetric stretching and the bands at around 960 cm−1

assigned to the SiOH stretching were clearly observed.
Furthermore, the surfactant−silica monolithic films indicated
that the several bands at around 2850−2950 cm−1 can be
assigned to the CH bending of the surfactant molecules,
indicating the formation of the surfactant−silica nanocomp-
sotite phases. The existence of the surfactants inside the
nanochannels could not prevent a capillary-adsorption of the
remaining water molecules. As shown in Table 1, the surface
wettability of the TBC-templated silicas is higher than those of
the TEOS and CTAC/TEOS, indicating that the poly-
(propylene) hydrophobic block would be partially segregated
on the silica surfaces to reduce the surface free energy. In
contrast, the water-interactive parts (e.g., cationic group and 
SiO−) would be functionalized on the TEOS and CTAC/
TEOS near-surfaces at the higher density. Therefore, the
transparent surfactant−silica monolithic films were successfully
prepared.

Scheme 1. Scheme of the Force Curves As a Function of the
Distance between the Probe Tip and Sample Surface, Which
Indicates the Different Interfacial Interactions at the
Position I−IV as described in the Experimental Section

Table 1. Surface Properties (Total Transmittance, Contact Angle, Roughness (Rrms), Stiffness (S), Adhesive Force (Fad)) of the
Monolithic Films

sample total transmittance (%) contact angle (degree) Rrms (nm) S (nN/nm) Fad (nN)

TEOS 62.6 10.1 ± 3.21 0.291 ± 0.050 1.31 ± 0.030 3.30 ± 0.230
CTAC/TEOS 21.2 14.1 ± 3.23 17.8 ± 4.43
P123/TEOS 42.3 31.5 ± 2.51 3.36 ± 0.87 1.71 ± 0.060 4.76 ± 0.390
F127/TEOS 53.9 34.3 ± 4.54 2.37 ± 1.21 5.63 ± 0.390 21.0 ± 4.36
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Figure 2a shows the FE-SEM images of the monolithic films
with the different templates. TEOS alone showed winding

surfaces with the period of several tens of micrometers that
were formed by the stress during the dry process, while the
CTAC/TEOS showed a particulate morphology with the size
of several micrometers. In the TBC, there is little to distinguish
P123 from F127; the cross-sectional images indicated the
layered structures as shown in the P123/TEOS, and the near-
surfaces of the monolithic films exhibited the scale-like
morphologies with the period of several tens of micrometers
and had flat surfaces as shown in the F127/TEOS. Therefore,
the different morphologies depending on the templates were
observed, which would be attributed to the interfacial
surfactant−silica interactions.
Figure 2b shows the XRD patterns of the monolithic films

with the different templates. TEOS alone did not exhibit the
ordered arrangements. In the surfactant−silica monolithic films,
the significant diffraction peaks at the lower angles before and
after the calcination are observed. With the calcination, the
diffraction patterns were shifted to the higher angles due to the
silica framework contraction. The apparent diffraction of the
TBC/TEOS was detected by the calcination, indicating the
TBC−silica mesostructures with larger periodic sizes. In the
wide-angle range, there are no detectable diffractions due to any
impurities (e.g., surfactant phases). These results indicated the
successful formation of the surfactant−silica mesostructures in
the monolithc films. Furthermore, the nitrogen adsorption/
desorption isotherms of the monolithic films after the
calcination showed the BET surface areas of 675, 519, and
614 m2/g silica for the CTAC/TEOS, P123/TEOS, and F127/
TEOS, respectively. These isotherms are classed as type IV,
indicating the presence of mesopores after the calcination.
Moreover, the pore sizes of 2.6, 5.0, and 5.7 nm for the CTAC/

TEOS, P123/TEOS, and F127/TEOS were confirmed by the
pore size distribution derived from the nitrogen adsorption
isotherms. According to these results, the silica wall widths and
the assembled surfactant sizes confined by the walls of the as-
prepared monolithic films are approximately 0.5−1 and 2−3
nm for CTAC/TEOS and 1−2 and 5−6 nm for TBC/TEOS.
Thus, it was suggested that the templated surfactants in the
silica frameworks combined with the functional groups of the
surfactants to rearrange the Si−O−Si network and form the
ordered mesostructures.
Figure 3 show the AFM topographic and phase-shift images

of the monolithic films with the different templates at the

observation area of 1 μm × 1 μm. The TEOS alone showed
nanoparticulate surfaces that were flat surface structure (Rrms =
0.291 ± 0.050 nm). The CTAC/TEOS that was focused and
taken on the particulate surface showed a rough surface (Rrms =
17.8 ± 4.43 nm) had the inhomogeneous domains with wider
size distribution. The TBC/TEOS had flat surfaces with the
Rrms values of 3.36 ± 0.87 nm for P123/TEOS and 2.37 ± 1.21
nm for F127/TEOS and the phase-shift images of the TBC/
TEOS surfaces were also of uniform brightness, indicating the

Figure 2. (a) FE-SEM images of the monolithic films with the
different templates and (b) the XRD patterns at a lower angle: (solid
lines) as-prepared, (dashed lines) after the calcination of the as-
prepared samples.

Figure 3. AFM (a−d) topographic and (e−h) phase-shift images of
the monolithic films of (a, e) TEOS, (b, f) CTAC/TEOS, (c, g) P123/
TEOS, and (d, h) F127/TEOS.
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formation of homogeneous nanostructures by the TBC−silica
nanocomposites.
Figure 4 shows the force curves for the monolithic film

surfaces with the different templates. As shown in the

Supporting Information, Figure S2, the marks measured in
the force curves are indicated in the AFM topographic images.
Typical tip−sample interactive behaviors for the TEOS and
TBC/TEOS were observed as shown in Figure 4, whereas the
CTAC/TEOS exhibited a plastic deformation behavior as
shown in Supporting Information Figure S3. The nano-
composite structure of CTAC/TEOS was stabilized by both
the electrostatic interactions between ammonium ion and
silanol group and the hydrophobic interactions among
alkylchains. The assembled micelle structure would be easily
broken by the initial approaching interactions to enhance the
alkylchains interactions. These results indicate the significant
templating effect on the surface viscoelasticity. During the
initial stage, there is a measurable attraction between the two at
the separation distance below 10 nm; a slight attractive force
between the tip and the sample during the approaching process
is observed, which is attributed to the interactions between the
tip and surfactant−silica. In particular, this strongly appears in
the CTAC/TEOS (see Supporting Information Figure S3
inset), suggesting that the cationic CTAC surfactant strongly
adsorbs on the SiO2 probe tip surface.
Subsequently, a repulsion force between the tip and the

sample is evident, starting at the distance of around a few
nanometers. This is attributed to the overlap of the electric
double layers around the two surfaces between the tip and
sample surfaces. The S values of the surfactant−silica
nanocomposite surfaces are higher than that of the TEOS

alone, and the F127/TEOS surface is highest of all the surfaces
(Table 1), indicating the importance of the surfactant
templating for the mechanical properties. Furthermore, the
E* values of the monolithic films were 33, 35, and 136 MPa for
the TEOS, P1223/TEOS, and F127/TEOS, respectively, which
approximately corresponds to the polymer materials (e.g.,
poly(dimethylsiloxane) and poly(urethane)). In the approach-
ing curve of CTAC/TEOS, the S and E* values were 2.52 ±
0.350 nN/nm and 63 MPa, respectively.
At a separation distance of around a few nanometers in the

retracting process, the tip jumps inward and subsequently a
maximum Fad is observed. Therefore, it is reasonable to
conclude that the monolithic film surfaces interacted with the
fragmented surfaces after the insert of the tip, and the Fad of
F127/TEOS is the highest of all the surfaces as shown in Table
1, suggesting the favorable interactions (e.g., hydrogen bonding,
electrostatic interactions) of the SiO2 tip surfaces with sample
surfaces of both the F127 and TEOS. In the approaching curve
of the CTAC/TEOS, the Fad was observed to be the value of
15.1 ± 3.39 nN, indicating that the SiO2 tip surface strongly
interact with the sample surfaces, which would induce the
structural rearrangement.
It has been known that two different mechanisms are

suggested for the formation process of the mesostructures. In
true liquid-crystal templating, the concentration of the
surfactant is so high that under the prevailing conditions
(temperature, pH), a lyotropic liquid-crystalline phase is
formed without requiring the presence of the precursor
siliceous framework materials.26 On the other hand, it is also
possible that this phase forms even at lower concentrations of
the surfactant molecules, for example, when there is a
cooperative self-assembly of the structure-directing agents and
the already added siliceous species, in which case, a liquid-
crystal phase with ordered arrangements (hexagonal, cubic, or
laminar) can develop.27 In this study, the templated surfactants
are cooperatively assembled in the silica framework with well-
defined voids of less than ca, 10-nm diameter based on the
XRD results, suggesting the occurrence of the surfactant−silica
interfacial interactions to form the ordered arrangements.
The organization of the TBC-templated mesostructures

depended on the TBC weight fraction to silica.47 For the lower
weight fraction, the nonordered structures were formed due to
a relatively strong interaction of the siloxane frameworks
forming the siliceous skeleton with both the PEO and PPO
blocks. The strong interactions extend the hybrid interactions,
hindering PPO segregation. For the higher weight fraction, the
PPO/PPO attractions take over the interactions between 
SiO− and PPO, and microsegregation takes place, resulting
in a mesostructural order. In all the cases, it is noted that strong
interactions are observed between the PEO block and the
siliceous networks, so that the end groups (e.g., SiO−, 
SiOSi) of the siliceous networks thought to be
completely integrated into the PEO block to form the three-
phases along the interfaces as shown in Scheme 2. These
interfacial interactions for the TBC/TEOS would effectively
affect the physicochemical properties. In particular, the stiffness
of the TBC/TEOS is significantly higher, and that of F127/
TEOS is the highest in the monolithic films. Thus, these results
indicate that the higher molecular weight of the PEO and PPO
phases and the ratio of PEO to PPO of F127 enhanced the
integration of TEOS into the PEO block and the phase
segregation due to the higher solubility differences between
both blocks to consolidate the interfacial interactions, even

Figure 4. Force curves (• approaching, ○ retracting) of the
monolithic film surfaces of (a) TEOS, (b) P123/TEOS, and (d)
F127/TEOS. (inset) Magnified retracting curves in the adhesive areas.
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though the hydrophilic/lipophilic balance and shape are
changed by the polymerization degree.50 Furthermore, F127/
TEOS has many entanglements due to the copolymer with
higher molecular weight to be stabilized by the shorter
molecular weight between entanglements. On the other hand,
the ordered micelle structure of CTAC/TEOS, which electro-
statically interacts with the end groups as shown in Scheme 2,
has a little entanglement and fluid property due to liquid
crystallinity to easily rearrange the structure by the external
force and enhance the hydrophobic interactions among the
alkylchains. Therefore, the important advantage and availability
of the F127-templating mesostructures as compared to the
ordinary cationic surfactant are successfully elucidated based on
the surface nanostructural and nanomechanical properties of
the monolithic films.

4. CONCLUSIONS

The effect of the templating in the monolithic films on the
interfacial interactions was investigated using the AFM
techniques combined with other surface analyses. The
mesostructured surfactant−silica monolithic films were pre-
pared by templating the different supramolecular surfactants to
obtain transparent and self-standing states with a thickness of
the several hundred micrometers. The template effect on the
interfacial interactions in the monolithic films was successfully
evaluated and elucidated. TBC/TEOS significantly exhibits
nanoparticulate flat surfaces with ordered nanostructures and
higher stiffness values, whereas the CTAC/TEOS has a rough
surface and a plastic deformation behavior. These differences
were attributed to the surfactant ability as well as the interfacial
interactions between the surfactant and silica. It was suggested
that the siliceous networks were strongly integrated into the
PEO block of TBC to form the strongly interactive phase to
consolidate the surfactant−silica interfacial interactions. There-
fore, the different surface structural and mechanical properties
attributed to the interfacial interaction patterns were success-
fully clarified, which will be valuable for the application of the
mesostructured monolithic films.
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(36) Huo, Q.; Feng, J.; Schüth, F.; Stucky, G. D. Chem. Mater. 1997,
9, 14−17.
(37) Bruishman, P. J.; Kim, A. Y.; Liu, J.; Baskaran, S. Chem. Mater.
1997, 9, 2507−2512.
(38) Huo, Q.; Zhao, D.; Feng, J.; Weston, K.; Buratto, S. K.; Stucky,
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