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Abstract

The surface properties of poly(vinyl methylether) (PVME) homopolymer and blend films are characterized by atomic force
microscopy (AFM) with the film thickness ranging from 5 nm to 400 nm. When the film thickness is less than 200 nm, lateral
force of the PVME films decreases with the decreasing film thickness and has less dependence on the scanning rate. The local
adhesion measurements indicate the adhesion force per unit area increases with the decreasing film thickness. These results are
consistent to each other showing the increased polymer stiffness and decreased polymer chain mobility due to the confinement
in the ultra-thin films. The effects of blending PVME with semicrystalline isotactic polypropylene (i-PP) on the lateral force of
the film have also been investigated. Upon blending, both the scale of the lateral forces and their scanning rate dependences
exhibit great changes. The lateral force of the blend film has a maximum when the fraction of PVME is around 0.8, similar to that
when a polymer goes through the glass-transition. To cite this article: D. Wang, H. Ishida, C. R. Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Les propriétés de surface de films d’homopolymères de poly(vinyl méthyléther) (PVME) et de mélanges sont caractérisées
par microscopie à force atomique (AFM), l’épaisseur des films étant comprise entre 5 et 400 nm. Quand l’épaisseur du film est
inférieure à 200 nm, la force s’exerçant latéralement sur les films de PVME diminue avec l’épaisseur et dépend moins étroite-
ment de la vitesse de déplacement. La mesure locale d’adhésion indique que la force d’adhésion par unité d’aire augmente
lorsque l’épaisseur diminue. Ces résultats sont cohérents avec ceux montrant que la rigidité du polymère augmente et que sa
mobilité moléculaire décroît en raison de son confinement dans des films ultra minces. L’effet de mélange du PVME avec du
polypropylène isotactique semi-cristallin (i-PP) sur la force latérale exercée sur le film a également été étudié. Par mélange, le
niveau des forces latérales ainsi que la dépendance vis-à-vis de la vitesse de déplacement varient fortement. Dans le cas d’un
mélange, la force latérale passe par un maximum lorsque la fraction de PVME est de l’ordre de 0,8 résultat semblable à ce qui est
observé quand le polymère franchit sa température de transition vitreuse. Pour citer cet article : D. Wang, H. Ishida, C. R.
Chimie 9 (2006).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

The probing of the adhesion, tribological proper-
ties, and viscoelastic properties of polymer films have
received great attention in recent years due to the impor-
tance in practical applications such as adhesives, sen-
sors, microelectronics, coating, lubricants and liquid
crystalline display and biomaterials [1]. Tribological
properties of polymeric solids are closely related to the
molecular motions and aggregation state at the surface.
Due to the breaking of symmetry at the air–polymer
interfaces, the polymer chain conformations and mo-
lecular thermodynamic properties could be quite dif-
ferent from those of the bulk polymers. For example,
since the chain end group would preferentially segre-
gate at the polymer/air interface as indicated by neu-
tron reflectivity measurements [2], there should be more
free volume associated with chain ends, and the glass
transition temperature of the surface region should be
less than that of the bulk which was also observed by
Keddie et al. [3] using the ellipsometric measurements
and by Kajiyama et al. [4] using temperature-dependent
X-ray photoelectron spectroscopy (TDXPS) and
angular-dependent XPS (ADXPS). In spite of some
efforts, the detailed and consistent conclusions could
not be reached so far. For example, using near edge
X-ray absorption fine structure (NEXAFS), Liu et al.
[5] found no evidence of enhanced mobility and the
depression of the glass transition. Xie et al. [6] also
drew the similar conclusion based on the positronium
annihilation measurements.

In this paper, an ultra-thin film is defined as the film
having thickness comparable to the radius of gyration,
Rg, of the polymer molecule. The physical and dynamic
properties under such condition could be further
affected due to the molecular confinement in the ultra-
thin films. For example, it has been found that the glass
transition temperature could be significantly lower or
higher than that of the bulk depending on the strength
of substrate-polymer interactions [7]. On the other hand,
many studies have indicated that, the interactions of

the polymer chain with the solid substrate might retard
the chain mobility due to the pinning effect [8,9]. Fur-
thermore, Frank et al. [10,11] studied the crystalliza-
tion behavior of poly(ethylene oxide) (PEO) in the ultra-
thin films by using hot stage AFM, grazing angle
reflection FT-IR spectroscopy and steady-state fluores-
cence spectroscopy. They observed that, the degree of
crystallinity decreases steadily when the film thickness
is less than 200 nm. Taguchi et al. [12,13] found that,
for isotactic polystyrene (i-PS), not only the crystalli-
zation rate decreased greatly in the ultra-thin film but
also the crystal morphology showed great dependence
on the film thickness.

The development of atomic force microscopy (AFM)
has provided a new capability for determining polymer
morphology with nanometer or better spatial resolu-
tion. While AFM undoubtedly yields topographic data
directly and with superior resolution to conventional
optical microscopic methods, it is the characterization
of local properties that AFM-based techniques have
stimulated widespread interests. A wealth of informa-
tion about the surface stiffness [14,15], friction [16,17],
adhesion [18–20], and thermal properties [21], is readily
obtainable. Lateral force microscopy (LFM), which is
sometimes referred to as the frictional force micros-
copy (FFM), could offer insights into friction and wear
properties by measuring the lateral force between a
sample surface and a sliding probe tip on the microme-
ter and nanometer scale [22–24]. It has been demon-
strated to be a powerful tool to investigate the molecu-
lar motions of polymers such as polystyrene (PS)
[25–28], poly(methyl methacrylate) (PMMA) [29,30],
poly(ethylene terephthalate) (PET) [29,30], poly (vinly
alcohol) [29] and poly(vinly acetate) [29,30]. The force-
distance curve measurement could also be carried out
by AFM, which can provide the detailed information
on local elastic and adhesion properties of the sample.

In the present article, we report on the probing of
the surface mechanical properties of PVME usingAFM.
The lateral force and adhesion properties of PVME
films and the dependence on the scanning rate as a func-
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tion of the film thickness are investigated. The correla-
tions among the lateral force, adhesion force and vis-
coelastic properties of PVME in the confined space of
ultra-thin film will be discussed. Furthermore the effects
of blending with isotactic polypropylene (i-PP) on the
lateral force of the film will also be studied.

2. Experimental

2.1. Materials and sample preparation

The poly(vinyl methylether) (PVME) used in this
study was purchased from Scientific Polymer Prod-
ucts, Inc. It has a weight average molecular weight, Mw,
of 90 000. The bulk Tg of the PVME is –24 °C, as mea-
sured by Modulated DSC 2920 (TA Instruments), which
is well below the room temperature. The isotactic
polypropylene (i-PP) with Mw = 250,000 was obtained
from Aldrich Chemical Company.

Thin PVME homopolymer films were prepared by
spin-casting a xylene solution onto a silicon (Si) wafer
with a spinning speed of 3000 rpm. Various desired film
thicknesses were obtained by varying the weight con-
centration of the solution in a range from 0.5% to 10%.
Prior to the spin casting, the wafers were acid cleaned
in a bath of 70/30 volume ratio solution of 96% H2SO4

and 30% H2O2 for 1.5 h at 80 °C, followed by ultra-
sonic cleaning in acetone, in 2-propanol, and in deion-
ized water. The blend films were prepared by dissolv-
ing and mixing i-PP and PVME with different
compositions in xylene at 130 °C for 1.5 h to com-
pletely dissolve the polypropylene, followed by spin-
casting the blend solution onto a silicon wafer at 190 °C.
After spin-casting, the film was dried overnight in a
vacuum oven in order to evaporate the solvent com-
pletely. The thickness of the film was determined using
atomic force microscopy (AFM) by scratching the film
and averaging line profiles perpendicular to the scratch
direction within a rectangular area.

2.2. AFM measurement

The atomic force microscopy measurements were
performed on a commercial system (Explore, Thermo
Microscopes) in contact mode at room temperature. The
cantilever was fabricated from silicon nitride (Si3N4)
and designed in a V-shape with a probe tip integrated

onto the underside of the cantilever. The spring con-
stant of the cantilever is 0.032 N/m. The radius of the
attached tip is about 20 nm according to the manufac-
turer. The deflection and torsion of the cantilever are
measured with a four-segment photo detector using a
laser light irradiating the backside of the free end of the
cantilever, which are used, respectively, to obtain topo-
graphic and lateral force images. The lateral force could
be determined from the difference of the histograms of
the trace and retrace LFM images. Topographic contri-
butions to the overall lateral force were independent of
the scanning direction and thus could be removed by
the subtraction process. In the present work, all LFM
measurements were under the same loading (10 nA).
More explicit descriptions for principles of LFM are
referred to the pioneering works [22–26].

Local adhesion properties of PVME homopolymer
thin films (thickness less than 150 nm) with different
thicknesses were measured by indenting the surface
with a probe tip. The cantilever deflection as a function
of the displacement of the cantilever (dp) (force–
distance curves) during the indentation was recorded.
Here, a silicon probe with a high spring constant
(42 N/m according to the manufacture) was chosen
because of two reasons. Firstly, a high stiffness probe
is needed in order to pull the probe out of the film with-
out defection signal saturation due to the high sticki-
ness of PVME film. Secondly, with high stiffness, the
probe could indent through the whole film so that the
indentation depth could be determined by knowing the
thickness of the film. The variance of the indentation
depth arising from the sample properties and probing
rate changes could be avoided.

3. Results and discussion

3.1. Lateral force of the PVME homopolymer

It has been suggested that the lateral force is depen-
dent on the surface thermal molecular motion. It is
related to the energy required to deform the polymer
by the cantilever tip, while surface viscoelastic prop-
erty of the polymeric material influences the contact
configuration during the scan of the tip and, therefore,
affects the frictional behavior. The lateral force alter-
ation with measuring the temperature and scanning rate
corresponds well to the temperature and frequency
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dependence of the dynamic mechanical properties [25].
The size of the mound formed on a glassy surface is
small because of the high elasticity of the surface. It is
also small on the rubbery surface with small elasticity
because of the fast relaxation of the deformation. The
extent of polymer deformation by the tip is expected to
be the largest when the sample is in the glass-rubber
transition state.

Fig. 1 shows the scanning rate dependence of the
lateral force of PVME film with different thicknesses.
For the 400 nm-thick film, the lateral force increases
with the scanning rate at the low scanning rate region,
and then saturates at a high rate region. This result is
consistent with the rubbery state of the PVME at room
temperature. As the thickness of the film decreases, the
lateral force is less dependent on the scanning rate.
Especially when the thickness is below 15 nm, the lat-
eral force shows almost no dependence on the scan-
ning rate. The lateral force at the scanning rate of
10 µm/s as a function of the film thickness is depicted
in Fig. 2. As could be seen from Fig. 2, the lateral force
decreases greatly with decreasing film thickness when
the film thickness is less than 200 nm. The lateral force
for the 5 nm-thick film is only about one tenth of that
for the bulk film. With low loading applied, the probe
tip should only indent and characterize a few nanom-
eters of the film surface. Therefore, this low scanning
rate dependence and decreasing lateral force in the ultra-
thin film should reflect the surface viscoelastic prop-
erty changes of the polymer film under confinement.

Recently Granick et al. [31–33] have used the sur-
face force apparatus (SFA) measurement to study the
nanorheology of the ultra-thin polymer melts under con-
finement. It was found that when the film thickness was
less than 5-6 times the estimated unperturbed radius of
gyration of the polymer chain (Rg), a transition from
viscous liquid-like to elastic rubber-like response
occurred. The storage shear modulus (G′) increased
with diminishing thickness, and the G′ became much
higher than the loss shear modulus (G″) meaning that
the loss tangent decreased with diminishing thickness.
This phenomenon could be interpreted as the similar
caging effects. For the bulk polymer melts, this is tra-
ditionally referred to as entanglements; polymer chains
can slide by one another but cannot cut across one
another, and chain motions become highly correlated.
Similarly in the ultra-thin films, the motions of the poly-
mer chains might be blocked due to the interaction
between the polymer and the substrate such as the pin-
ning effect. It has also been reported by Tabor et al.
[34] that there is a relationship between the frictional
force under hydrostatic pressure and the dynamic
mechanical properties shown by the following equa-
tion (1):

(1)F = C(G′)–1/3 tan d

where G′, tan d and C are the dynamic storage shear
modulus, loss tangent and constant, respectively.
Assuming that Equation (1) is valid on the nanometer
scale, with G′ increasing and loss tangent decreasing,

Fig. 1. The scanning rate dependence of the lateral force of PVME
film with different thickness.

Fig. 2. The lateral force as a function of the film thickness at the
scanning rate of 10 µm/s.

93D. Wang, H. Ishida / C. R. Chimie 9 (2006) 90–98



the lateral force would surely decrease as the size of the
mound during scanning would be smaller due to the
decreased indent depth of the probe tip. As well, the
energy dissipation becomes much lower due to the
decreased loss tangent of the sample. In this sense,
those results from the surface force apparatus
measurement are consistent with the present lateral
force results.

3.2. The force–distance curve of PVME
homopolymer

The adhesion properties of PVME homopolymer
films with different thicknesses are characterized by the
force-distance measurements. Fig. 3 shows the force-
distance curves for the 20 nm-thick PVME film at prob-
ing rates of 0.5 µm/s. It is likely that the fluctuation of
the baseline in the curves is due to the optical interfer-
ence caused by the He-Ne laser. The horizontal axis
represents the dp, which is the sum of the deflection of
cantilever (dc) and the sample indentation (ds). The con-
sistency of the final curve slope with the spring con-
stant of the cantilever indicates that the probe goes
through the whole film, as dp equals dc in such condi-
tions. The adhesion force is defined as the largest
pull-off force in order to detach the probe from the
sample surface as indicated in Fig. 3.

Fig. 4 shows unloading force-distance curves for the
20 nm-thick PVME film at different probing rates. The
adhesion forces as a function of the probing rate for the

20 nm and 120 nm thick films are plotted in Fig. 5. In
both the 20-nm- and 120-nm-thick films, the adhesion
force increases with increasing probing rates at the low
rate region. This observation is similar to that of the
scanning rate dependence of the lateral force as shown
before, although the 20-nm-thick film seems to show
less probing rate dependence. It is interesting to note
that this probing rate dependence result is opposite from
the behavior of poly(tert-butyl acrylate) (PtBuA) results
observed by Wang et al. [35]. The difference could be
due to the different adhesion failure mechanism. The
interfacial adhesion force between the sample and the

Fig. 3. Force-distance curves for the 20-nm-thick PVME film at pro-
bing rates of 0.5 µm/s.

Fig. 4. The unloading force–distance curves for the 20-nm-thick
PVME film at different probing rates.

Fig. 5. Adhesion forces as a function of the probing rate for the 20-nm-
and 120-nm-thick films.
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tip is proportional to the creep compliance (J(t)) [35],
which is a function of time and temperature and quite
high for PVME at room temperature and low probing
rate. Hence, the interfacial adhesion is much higher than
the cohesive strength of the sample and the fracture
should occur cohesively for the present case. In this
case, theories developed for the adhesion of the elastic
materials cannot be applied here.

It is interesting to study the adhesion force changes
upon decreasing film thickness, which is illustrated in
Fig. 6. Only the adhesion force at low probing rates are
plotted in order to ensure that the sample shows fluid-
like behavior. The indentation deformation is totally
plastic in this condition and the adhesion failure occurs
cohesively. In this case, it is assumed that the adhesion
force is proportional to the contact area between the
probe and the sample. The contact area (A) should be
proportional to ds

1.5 or ds
2, depending on the parabolic

or the conical geometry of the probe, where ds is the
sample indentation depth. In the present study, the maxi-
mum sample indentation depth should equal to the
thickness of the film. By using the adhesion force of
120-nm-thick film at the rate of 0.5 µm/s as the refer-
ence, the adhesion force is proportional to ds

2, which is
illustrated by the dashed line in Fig. 6. It is obvious
from comparing the shape of the dashed line and experi-
mental results that, the adhesion force per unit area
increases with the decreasing film thickness if normal-
ized by the contact area.

Although quantitative results should be based on the
exact measurement of the contact area and the probe
geometry, the present results is interesting in that it is
opposite to that for the ultra-thin PtBuA film observed
by Wang et al. [35] and also apparently opposite to the
lateral force results discussed above. However, such dis-
crepancy could be consistent in reflecting the viscoelas-
tic property changes of the polymers in the ultra-thin
films. Wang et al. [35] found that, in PtBuA ultra-thin
films (less than 20 nm), the interfacial adhesion between
the sample and the tip is greatly suppressed. They inter-
preted it as the existence of the immobile dead poly-
mer layer in immediate vicinity of the substrate. There-
fore, polymer films stiffen in the ultra-thin films, and
the interfacial adhesion between the tip and the sample
(Fad) decreases as Fad ~ 1/E. On the other hand, in the
present study, the adhesion fails cohesively. Hence, it
is reasonable to find the increase of adhesion as the stiff-
ness of the sample increases in the PVME ultra-thin
films while the lateral force decreases at the same time.
In this sense, those results are consistent with each other
suggesting the decreased polymer chain mobility in the
ultra-thin films reported by the recent literatures [8,9],
and the increased modulus and the decreased loss tan-
gent as indicated by the surface force apparatus mea-
surements [31–33]. It should be noted here that the sub-
strate in the ultra-thin film might have great effect on
both the chain mobility and the adhesion measurement
[7]. Studies are currently on going to clarify this point
by comparing results of the same polymer but on dif-
ferent substrate, with well known interfacial interac-
tions with polymer.

3.3. Lateral force measurement of i-PP/PVME
blends

It has been found that when i-PP/PVME blend is
prepared by casting the solution at 190 °C, it shows a
homogeneous morphology [36]. Therefore, it is inter-
esting to study the lateral force of the film upon blend-
ing as the polypropylene is semi-crystalline while the
PVME is amorphous. The lateral force microscopy has
been used to characterize the surface structure of amor-
phous polymer blends [37]. However, to the authors’
knowledge, there is not report using the lateral force
microscopy to characterize the surface structure of a
semicrystalline polymer blend. Fig. 7 shows the scan-
ning rate dependence of the lateral force of i-PP/PVME

Fig. 6. Adhesion force of the PVME thin film as a function of film
thickness under different probing rates, the dashed line illustrates the
adhesion force proportional to ds

2 by using the adhesion force of a
120-nm-thick film at a rate of 0.5 µm/s as the reference.
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blend with different compositions. Firstly, it is interest-
ing to find that, for semi-crystalline polypropylene, the
lateral force decreases with increased scanning rate,
which is opposite to the scanning rate dependence of
PVME homopolymer film. As it has been discussed
before, the scanning rate dependence of the lateral force
is related to the surface molecular motion or the glass
transition. For polypropylene, it is less likely that such
scanning rate dependence relates to the molecular
motion of the amorphous region of i-PP. As the glass
transition of the amorphous phase of i-PP is around
0 °C, which is below room temperature, the lateral force
should increase with increasing scanning rate. We,
therefore, correlate such scanning rate dependence to
disordered crystalline structure of the i-PP surface.
Recently, Androsch et al. [38] used temperature-
modulated DSC (TMDSC) andAFM to show that when
the samples of i-PP is crystallized from the melt at high
cooling rates, the polypropylene crystals at the surface
would have a portion of reversible melting, which starts
from 23 °C till the melting temperature of i-PP. Our
hypothesis could be further supported by the fact that
the lateral force is greatly decreased after the i-PP
sample is annealed at 130 °C for two hours. The lateral
force did not decrease but increased with the increas-
ing scanning rate, which might be due to the effect of
the i-PP surface amorphous phase. It should also be
noted that the lateral force shows little dependence on
the scanning rate for the blend with the fraction of
PVME from 0.2 to 0.7. With the fraction of PVME

around 0.7, the lateral force starts to show a small
increase with the scanning rate increase, which is simi-
lar to that of PVME homopolymer. For i-PP/PVME
blends, as the surface shows a homogenous morphol-
ogy, it is assumed that both the amorphous and disor-
dered crystalline regions should contribute to the lat-
eral force. Those scanning rate dependence results are
reasonable since the scanning rate dependences of lat-
eral force of these two homopolymers at room tempera-
ture are opposite. Even with the addition of a small
amount of PVME, the scanning rate dependence of the
lateral force would not resemble that of i-PP. However,
it should be noted that, as the glass transition of PVME
increases upon blending and the crystalline structure
of i-PP is also greatly disrupted by the addition of
PVME as shown by the previous paper [36], these might
also affect the scanning rate dependence of the lateral
force.

Fig. 8 shows the lateral force of the blend at the scan-
ning rate of 10 µm/s as a function of PVME composi-
tion. As shown in the figure, the lateral force of the
i-PP homopolymer film is smaller than that of the
PVME film, which can be attributed to the high elastic
modulus of the semicrystalline surface structure of i-PP
film. As the PVME concentration increases, the lateral
force increases slowly at first and shows a maximum
when the composition of PVME is around 80%. As
stated before, for these amorphous/semi-crystalline
blends, both the amorphous and crystalline regions con-
tribute to the lateral force measured. As the lateral force

Fig. 7. Scanning-rate dependence of the lateral force of i-PP/PVME
blends with different compositions.

Fig. 8. The lateral force of the i-PP/PVME blends as a function of
PVME composition at the scanning rate of 10 µm/s.
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of the amorphous phase is much higher than that of the
crystalline phase of i-PP, the lateral force should be
attributed mostly to the amorphous region when the
PVME concentration is high. On the other hand, upon
blending with i-PP, the glass transition of PVME phase
increases and is closer to room temperature. In this case,
the dissipation of energy is higher since the formation
of the rim ahead of the probing tip needs high energy
owning to the limited molecular mobility. The relax-
ation time is not short enough to recover the deformed
surface and, hence, the lateral force is higher. There-
fore, it is reasonable to find that the lateral force
increases with the addition of a small amount of i-PP.
However, with the concentration of i-PP further increas-
ing, the fraction of the crystalline region of the blend
sample increases and contributes more to the lateral
force while the fraction of amorphous region decrease;
and therefore, the whole lateral force starts to decrease.
With the further addition of i-PP, the amorphous con-
tent decreases, and, therefore, the lateral force decreases
further. It is interesting to note that similar lateral force
peak is also observed when the polymer material goes
from the rubbery state to the glassy state. However, in
the present study, the peak is not due to the glass tran-
sition of the polymer material, but due to the blending
of amorphous and semicrystalline polymers.

4. Conclusion

In summary, the atomic force microscopy (AFM)
was used in the present article to characterize the sur-
face mechanical properties of the poly(vinyl methyl-
ether) (PVME) homopolymer and blends. The effects
of the confinement in the ultra-thin film and the blend-
ing with semicrystalline isotactic-polypropylene (i-PP)
were discussed. When the thickness of the film is less
than 200 nm, lateral force decreases with the film thick-
ness decrease and shows less dependence on the scan-
ning rates on the basis of lateral force microscopy
(LFM) observations. On the other hand, the adhesion
force per unit area increases with the decreasing thick-
ness on the basis of local adhesion measurements.
Although the lateral force results and adhesion mea-
surement results are seemingly contradictory, they are
consistent in that both reflect the decreasing polymer
chain mobility and the increasing polymer stiffness due
to the confinement in the ultra-thin films. On the other

hand, upon blending with i-PP, both the lateral force
scale and its scanning rate dependence have changed.
Similar to the behavior when the polymer films go
through the glass-transition, the lateral force shows a
maximum when the fraction of PVME is around 0.8,
which could be interpreted by the contributions and
fraction changes from both amorphous and crystalline
regions of the blends. The increase of the lateral force
with the addition of i-PP at low i-PP composition region
is due to the increasing glass transition of the film. And
the decrease of the lateral force with the high i-PP com-
position regions is due to the decreasing amorphous
fraction of the film surface.
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