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Scanning force microscopy (SFM) was successfully used to study the microstructures of acrylic polymer—
silica nanocomposite surfaces processed by the sol—gel method. We observed excellent flatness of the dip-
coated nanocomposite surfaces (root mean square roughness =0.345nm; mean roughness =0.270 nm),
probably due to the levelling effect of the dipping solution. SFM revealed that acrylic polymer and silica
were hybridized on surfaces, with domain sizes from several to 30 nm, where friction forces between silica
and acrylic polymer against the Si;sN, SFM tip were 35 and 1.6 nN respectively, for a 0.1 nN load. Copyright
© 1996 Elsevier Science Ltd.
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INTRODUCTION

Organic—inorganic hybrid nanocomposites have enor-
mous potential applications since we can design such
materials so that they compensate each other for
unfavourable properties of the other component. For
example, the properties of a gas barrier or weather-
proofing of organic materials will be improved and
flexibility or impact strength will be added to inorganic
materials. There are numerous combinations in selecting
preferential properties of the materials. In addition, it
has been shown that inorganic materials with controlled
pores can be obtained by removing organic polymer
components by using selective solvents or baking at
600°C or higher!. Among these hybrid materials, those
prepared from organic polymers and silicon alkoxides
{mainly tetracthoxysilane [Si(OC,H;s),]} by sol-gel
processing have been widely studied, because the reac-
tion speed is easily controllable. The sol-gel processed
hybrid materials have interpenetrating polymer networks
in the glassy network formed by polymerization®™.
Since the reaction takes place at room temperature, the
process causes no thermal damage to organic molecular
structures.

Structural studies of such hybrid nanocomposites have
been mainly discussed for bulk materials and have shown

* To whom correspondence should be addressed

that they are hybridized on a nanometre to micrometre
scale, which is controllable by choosing solvents, mixing
ratio, processing temperature, etc. However, few reports
have focused on surface structures, probably because
there have not been any suitable methods to observe
nanometre-scale structures on surfaces in a real space,
although it is of great interest to compare surface and
inside structures. Scanning force microscopy (SF M)>7,
followed by the invention of scanning tunnelling micro-
scopy®, enables us to observe surface structural details of
non-conductive materials, together with the distribution
of local mechanical properties that are specific to
individual components® '!. The advantages of the SFM
investigation are high spatial resolution and availability
of topmost surface information, and surface preparation
is not necessary. It has the high potential of becoming a
novel characterization tool in replacement of existing
methods where the beam size limits the spatial resolution
and the beam causes damage to samples.

In the present paper we describe the observation of
microstructural details and characterization of the top-
most surface composition of acrylic polymer—silica
nanocomposite on a nanometre scale by SFM.

EXPERIMENTAL

An acrylic polymer with a molecular weight of ca 11 000
(HEMA/BA/St/MMA/BMA = 37.3/36.3/20.0/4.4/2.0,
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Table 1 Starting solution formula of acrylic polymer-silica nano-
composite

Ingredients Weight (g)
Acrylic polymer 13
2-Propanol 10
2-Butoxyethanol 20
TEOS 30

6N HCI 14

%]

Figure 1 SEM micrograph of the cross-section of the acrylic polymer—
silica nanocomposite film on the slide glass

where HEMA is 2-hydroxyethyl methacrylate, BA is
butyl acrylate, St is styrene, MMA is methyl methacryl-
ate, and BMA is isobutyl methacrylate) and tetraethoxy-
silane [TEOS: Si(OC,Hs)s, >99.9%] were used to
prepare an organic—inorganic nanocomposite film by
the sol-gel method. HEMA plays an important role in
forming molecular-scale compatibility with the matrix
network of the silica by the strong hydrogen bond between
hydroxide groups of HEMA and silanol groups. The
acrylic polymer and TEOS were dissolved in a mixed
solution of 2-propanol (>99.9%) and 2-butoxyethanol
(>99%) at room temperature and then hydrolysed and
polycondensed by lastly adding HCI as catalyst to the
stirred solution. This acrylic polymer and the above
solution preparation were chosen to show no clouding of
the nanocomposite and no sedimentation of the solution'>.
The formula of the solution is summarized in Table I. The
temperature of the solution increased because of the
exothermic reaction. After the solution was cooled down
to room temperature, the nanocomposite films were coated
on to pre-cleaned slide glass substrates (S7213, Matsunami
Glass Industry; contact angle against water ~ 0°) by a dip
coating method at an upward drawing speed of
0.5mms . The coated nanocomposite films were dried
under vacuum (0.5torr) at 120°C for 1h. Some of them
were heated at a heating ratio of 100°Ch~" and kept at
600°C for 2h to eliminate the acrylic polymer (thermal
decomposition) leading to porous silica formation. Films
of pure acrylic polymer and pure silica were also prepared
in the same manner to make a comparison with the
nanocomposite film.

Contact angles against water were measured at room
temperature by the free-standing drop method (~1.8 ul

178 POLYMER Volume 38 Number 1 1997

=
o
k]
= f
glass
NV—MNW\/VWWV\/ nanecomposie
0 1 2 3 4 5 am (o)

Figure 2 AFM topographic images of (a) the slide glass substrate. (b)
the dip-coated acrylic polymer—silica nanocomposite film on 4 scan
area of Spum x 5pm, and (c) their typical one-dimensional topogra-
phies. The z axis is enhanced compared to the x or y axis. and the - scale
in (a) and (b) is 25 nm. The RMS and R, values are 3.19 and 2.60 nm in
(a) and 0.345 and 0.270 nm in (b)

Table 2 Contact angles of nanocomposite, acrylic polymer and silica
against water

Contact angle (degree)

Surface
Nanocomposite 72
Acrylic polymer 86

Silica 36
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per drop) to estimate the macroscopic dispersion of the
composite on surfaces.

SFM measurements were performed using an AFM
instrument (SPA-300, Seiko Instruments Inc.) in the
contact mode at 0.1 nN (calculated using the deflection
of the cantilever) in air. A V-shaped micro-fabricated
SizN, cantilever (Olympus Optics Inc.), with a spring
constant of 0.1 Nm ™' and pyramidal tip of ca 20 nm at
the radius of the apex, was used. The local friction was
measured using a four-segment photodiode system'’
(monitored by detecting the torsion of the cantilever) and
its absolute value was estimated from the dimensions and
the material of the cantilever and the sensitivity of the

detection system, using the formula proposed by Meyer
and Amer'*.

RESULTS AND DISCUSSION

The nanocomposite film obtained was transparent, indi-
cating that the acrylic polymer and silica were hybridized
on a smaller size than the visible wavelength. Figure 1
shows a scanning electron microscope (SEM) micro-
graph of the cross-section of the nanocomposite film on
the slide glass. The thickness was measured to be ca
800nm by a stylus and SEM. Figures 2a and b show
AFM topographic images of the slide glass substrate

Figure 3 (a) AFM topographic image and (b) friction force image obtained simultaneously on a scan area of 30nm x 50nm, and (¢) AFM
topographic image and (d) friction force image obtained simuitaneously on a scan area of 100nm x 100nm of the acrylic polymer-silica
nanocomposite films. In (b) and (d), the bright region corresponds to higher friction (silica) and the dark region to lower friction (acrylic polymer)
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Table 3 Estimated contact radii of acrylic polymer and silica using the
bulk Young's modulus £, and Poisson’s ratio (v;) (AFM tip apex is
estlmdted as a rlgld sphere)

Material E, (GPa ) v, Contact radius (nm)
Acrylic polymer 1-3 0.33 2.56-6.29
Silica 60 0.23 0.14

surface (without coating) and the coated nanocomposite
surface, respectively, and Figure 2¢ shows typical one-
dimensional topographies. The measured root mean
square (RMS) and mean (R,) roughness values for
Spum x 5Spum area were 3.19 and 2.60nm for the slide
glass substrate used here and 0.345 and 0.270 nm for the
nanocomposite. This excellent flatness of the nano-
composite surface is probably due to the levelling
characteristic of the dipping solution with the viscoelastic
property, since surface tension is generally conceded to be
the dominant force causing a liquid solution to level out'

Table 2 summarizes the contact angle results agamst
water to compare the nanocomposite surface with those
of the silica and the acrylic polymer. The data for the
nanocomposite are between those for the acrylic polymer
and the silica, indicating that both components exist on
the surface, although contact angle data do not provide
any information on surface structures. Because our
nanocomposite surface is very flat, Cassie’s law'® on the
smooth surface can be applied to estimate a surface area
coverage macroscopically:

cos @, = A, cos b, + A;cos D, (1)

Here, ®, 1s a measured contact angle on the nano-
composite, ¢, that on pure acrylic polymer, and @, that
on pure silica; A4, is the surface area coverage ratio of
acrylic polymer, and A, that of silica. By applying the
contact angle results in Table 2 to equation (1), the
surface area fraction of acrylic polymer on the nano-
composite surface was estimated to be 67.6% and that of
silica to be 32.4%.

Typical SFM data on the nanocomposite surface are
presented in Figures 3a—d. Figure 3a shows an AFM
topographic image, and Figure 3b is the friction force
image obtained at the same time. Figures 3¢ and d are
another set of AFM topographic and friction force
images taken simultaneously at a different position. Two
types of domain consisting of lower and higher friction
force regions are observed with a size of about 10 nm in
Figure 3b and such domains are distributed in sizes from
several to 30 nm at different positions, as shown in Figure
3d. The bright region corresponds to higher friction and
the dark region to lower friction. Compared to these sets
of images, the domain structures in friction force are not
entirely commensurate with those of the topographic
morphologies. Since the friction force is higher on the
pure silica surface than on the pure acrylic polymer, it is
concluded that the higher friction region corresponds to
silica and the lower friction region to acrylic polymer.
The pure silica surface showed 35 nN friction force while
the pure acrylic polymer surface 1.6nN friction force
under the condition of a loading force of 0.1 nN and a
velocity of 400nms~'. The friction force is mainly
influenced by the increase of contact area (softness of
the material) and interaction between the sample and the
probe material. For the estimation of contact area, the
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Figure 4 D.s.c. scans of (a) the pure acrylic polymer and (b) the
nanocomposite. The glass transition of the acrylic polymer is 23°C as
marked with an arrow. The heating rate was 10°C min~'

contact radii for both materials can be calculated using
Sneddon’s equation!” 18,

Here, E, is Young’s modulus, v, the Poisson ratio of the
substrate material, n the contact radius, F the load, and
R the radius of the AFM tip apex. Table 3 summarizes
the calculated contact radii and the used bulk data™'®. In
this calculation, we employed a larger value for the
loading force F of 90nN because, as Burnham and
Colton suggested®, the extra force of the water meniscus
is virtually dommant in air measurement. The estimated
contact radii of the acrylic polymer and silica were 2.6~
6.3 and 0.14nm, respectively. Although the estimated
contact radius of the acrylic polymer is much larger than
that of silica, the friction force of the acrylic polymer by
SFM is much smaller. We attribute this to the strong
interaction between the SFM tip material of Si;N, and
Si0, surface. Thus, we conclude that the higher friction
force area in Figures 3b and d corresponds to silica, and
that the acrylic polymer and silica are hybridized on the
surfaces in sizes of several to 30 nm. However, the fairly
large contact area of the acrylic polymer (Table 3) cannot
be negligible compared with the domain size, and the
friction force of the acrylic polymer region on the
nanocomposite films would be influenced by the sur-
rounding silica during the scanning. Therefore, we
cannot estimate the accurate surface fraction by SFM.
Here, we compare the result obtained by SFM with
that of differential scanning calorimetry (d.s.c.) measure-
ment'?, which provides the general information on
compatibility with estimated phase-separated domain
size of the structure inside. Figure 4 shows d.s.c. scans on
the pure acrylic polymer (a) and the nanocomposite (b).
D.s.c. revealed a single glass transition temperature (7)

* We u@ed typical values of Es and v, of polymcrs as presemed in Tuble
3. Poisson’s ratio varies only slightly (0 < v, < 1) and the contact area
is appropriate for determining the local Young’s modulus, since the
quantity £,/(1 — 7) is dominated by E,
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Figure 5 AFM topographic images of the acrylic polymer—silica
nanocomposite film on a scan area of 800 nm x 800 nm (a) before and
(b) after baking at 600°C for 2 h. The grey scale for the height in (a) is
1.87 nm and that in (b) is 2.47 nm

of 23°C for the pure acrylic polymer, while the nano-
composite sample did not show a sharp 7, point for the
acrylic polymer. This indicates the homogeneous hybrid
inside the nanocomposite’! estimated by the disappear-
ance of the Tg22 point. The result leads us to conclude
that the acrylic polymer and silica are hybridized with a
size distribution of 2—15nm in diameter inside the bulk
due to the resolution limit of d.s.c. for the detection of
the phase separation®**. This value roughly agrees with
the domain size on the surfaces obtained by SFM, and
also with that on the poly(N-vinylzpyrrolidone)~silica
hybrid surfaces obtained by Saegusa™.

Figures 5a and b show the AFM topographic images of

several - 30 nm

TOPOGRAPHY

RMS =(.354 nm

Ra = 0.271 nm
(a)
600°C thermal treatment
(thermal decomposition of polymer}
TOPOGRAPHY
RMS = 0.430 nm
Ra = 0.346 nm

(h)

Figure 6 Schematic drawing of cross-sectional views of the surface
structure of the acrylic polymer—silica nanocomposite film with the
RMS and R, roughness values (a) before and (b) after the thermal
treatment at 600°C for 2h

the nanocomposite film before and after heat treatment
at 600°C for 2h, respectively. At 600°C, the acrylic
polymer entirely decomposes and leaves porous silica
behind. The contact angle of this heat-treated surface
against water was 36°, which is the same as that of
the pure silica surface (Table 2). Thus, the surface
composition in Figure 5b should be silica alone. The
RMS and R, roughness values for 800 nm x 800 nm area
in Figures 5a and b were measured to be 0.354 and
0.271 nm, and 0.430 and 0.346 nm, respectively, indicating
the slight increase in the surface roughness by the heat
treatment. In addition, in Figure 5b, the silica appears as
particles, and the size is distributed from 20 to 60 nm.
The change in the topography and morphology of the
nanocomposite film due to the thermal treatment is
explained by the following model. Figure 6 shows
schematic drawings of cross-sectional views of the
surface structure of the nanocomposite film before (a)
and after (b) thermal treatment. During the thermal
treatment, the acrylic polymer decomposed and only the
silica network? was left with pores at the positions where
the acrylic polymer existed. The apparent size of the
silica particles after the thermal treatment (Figure 6b) is
about twice as large as that of the silica or acrylic
polymer domain before thermal treatment (Figure 6a).
The pore size in Figure 6b is depicted to be 2—15nm in
diameter as estimated by our d.s.c. data. This heat-
treated surface becomes rough compared with that
before the thermal treatment. Generally, the AFM tip
cannot penetrate into the pores completely due to its
finite size and hence we observe the increase in the
roughness and the appearance of the silica particles after
thermal treatment.
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CONCLUSIONS

We applied SFM techniques to investigate the micro-
structure and microphase separation of acrylic polymer—
silica nanocomposite surfaces, which cannot be observed
by SEM. We found that the acrylic polymer and the silica
on the nanocomposite surface exhibited inhomogeneity
with domain sizes from several to 30 nm, which were in
agreement with the bulk result by d.s.c. The nanocom-
posite surfaces heated at 600°C, which is above the
thermal decomposition temperature of acrylic polymer,
showed an increase in the surface roughness. This
topography change results from uncovered silica parti-
cles 20-60 nm in diameter which were partially buried
under the acrylic polymer. We demonstrated that SFM
will become a new surface characterization tool which is
capable of not only observing microstructures, but also
characterizing different materials on surfaces on the
nanometre scale in air.
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