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Abstract

Surface crystalline structure in isotactic polypropylene (iPP) films was explored by in-plane grazing incidence X-ray diffraction
measurement. Apparent crystallinity in the surface region was lower than the bulk one. After an etching treatment with a droplet of potassium
permanganate solution, a clear crater was formed at the surface, and the step height between etched and intact regions was approximately
3 nm. This means that the iPP surface was covered with 3 nm thick amorphous layer. Then, surface molecular motion in the iPP films was
examined by lateral force microscopy. Surface a,-relaxation process arisen from the segmental motion was observed at about 250 K, and its
apparent activation energy was 230410 kJ mol~'. The both were lower than the corresponding bulk values, indicating that surface
molecular motion is more active than the bulk one even in the semi-crystalline iPP films. An iPP film with 1.5 nm thick surface amorphous
layer was prepared. In this case, the enhanced mobility was still observed at the surface, but the extent of the enhancement was not
remarkable as that for the iPP film with 3 nm thick surface amorphous layer. These results imply that surface mobility is affected by the

presence of underneath crystalline phase, if the surface amorphous layer is thin enough.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Surfaces of polymeric materials play an important role in
many technological applications. To design highly functio-
nalized polymeric materials, the systematical understanding
of structure and physical properties in the vicinity of
surface, which are impossible to be deduced only by
extrapolating its bulk ones, is of pivotal importance as the
first benchmark. So far, many experimental techniques have
been already established for surface structure, and knowl-
edge emerged has been utilized in designs for liquid
repellency, biocompatibility, adhesion, and so forth [1,2].
However, this is not the case for surface physical properties
of polymers, because the field has been just opened recently.

In the last decade, surface molecular motion in
amorphous polymer films has been studied with the advent

* Corresponding authors. Tel.: +81 92 642 3560 (K. Tanaka); +81 92
642 2100 (T. Kajiyama); fax: +81 92 651 5606.
E-mail addresses: k-tanaka@cstf kyushu-u.ac.jp (K. Tanaka),
kajiyama@cstf.kyushu-u.ac.jp (T. Kajiyama).

0032-3861/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymer.2004.11.021

of modern experimental techniques. Consequently, major
conclusion emerged so far is that surface mobility is more
enhanced than the internal bulk one [3-18], although some
contradict arguments have been going on [19-21]. To
understand precisely how surface mobility differs from the
bulk one, systematic studies are necessary. In addition, it
should be confirmed whether a notion of the enhanced
surface mobility is universal even for semi-crystalline
polymers.

Considering a mass consumption of polymers in
industry, semi-crystalline polyolefin can be regarded as
one of most important polymers due to its excellent cost
performance [22]. Surface aggregation states in films of
isotactic polypropylene (iPP) and low and high density
polyethylene (LDPE and HDPE) have been studied by
scanning force microscopy (SFM) [23-25] and surface
sensitive scattering techniques [26-28]. Of the scattering
methods, grazing incidence X-ray diffraction (GIXD)
measurement enables us to gain direct access to crystalline
structure such as crystallinity, orientation and packing
structure, in the surface region [29,30]. To date, many
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discrepancies of crystalline structure between surface and
bulk have been reported for iPP, LDPE and HDPE [26-28],
provided that specimens used were mostly compression-
molded to decrease surface roughness [26,27]. On the other
hand, a little information has been known on surface
molecular motion in semi-crystalline polymer films for the
moment. Gracias et al. have examined glass transition
temperature (T) at the iPP surface by SFM in conjunction
with sum-frequency vibrational spectroscopy, and con-
cluded that there is no appreciable T, difference between
surface and bulk [31]. Uedono et al., using positron
annihilation spectroscopy, have also claimed that molecular
motion in the sub-surface region of iPP films is frozen
unless temperature goes beyond the bulk 7, [32]. However,
since this experiment analyzed the depth region of 200 nm,
which was much deeper than usual surface sensitive
techniques, it is no wonder that they have not seen any
signatures of enhanced mobility in the sub-surface region.
In contrast, Kawamoto and co-workers have tried to extract
surface molecular motion in compression-molded iPP films
with different surface crystallinity on the basis of dynamic
mechanical analysis, and successfully presented that the
segmental motion in the surface region is thermally
vigorous compared with that in the bulk [33]. As seen in
the above reports, there exist controversial arguments for
surface mobility in semi-crystalline polymers as well. Thus,
more experimental data should be collected to clarify the
issue.

The objective of this study is to reveal aggregation
structure and molecular motion in the surface region of iPP
films by GIXD measurement and lateral force microscopy,
and to combine them. Information so obtained is compared
with what we have learned from the surface of amorphous
polymers [5]. This would be quite helpful to perceive
characteristics of polymer surfaces.

2. Experimental section
2.1. Materials and film preparation

Sample used in this study was an additive free iPP
(MFR=10 g (10 min) "), which was kindly supplied by
Japan Polychem Corporation. Films with the thickness of
approximately 170 nm and 1 mm were prepared on Si
wafers with a native oxide layer, as follows. Since our goal
has been to understand characteristics of pristine polymer
surface, we restricted ourselves to not use compression-
molded samples, although it was better to be used in terms
of decreasing surface roughness. The thin film was prepared
by a spin-coating method from 1.6 wt% p-xylene solution.
The solution used was heated up to the boiling temperature
of p-xylene under N, atmosphere, and was cast onto the
substrate kept to be 393 K. In the case of the thick film, iPP
powders were simply melted on the substrate at approxi-
mately 473 K in vacuo. Finally, both thin and thick films

were melted at 473 K under N, atmosphere and quenched to
273 K using iced water. Root-mean-square (RMS) rough-
ness of the thin and thick films was about 3 and 10 nm,
respectively. The bulk T, (Té’) of the thick film was
determined to be 267 K by dynamic mechanical analysis,
and the bulk crystallinity was 53% by wide angle X-ray
diffraction (WAXD) measurement. In addition, an iPP film
was prepared by a different procedure as described below.
First, iPP powders were cast on a Si wafer, and were melted
at 473 K under N, atmosphere. Then, a NaCl crystal with
cleaved fresh surface was put on it. Finally, it was
immediately immersed into an iced water bath to dissolve
NaCl as well as to quench the film. Hereafter, the film
obtained is abbreviated as iPP-NaCl. WAXD measurement
revealed that the bulk crystallinity of the iPP-NaCl film was
the same as that of the iPP film within our experimental
accuracy.

2.2. Surface structure

When the surface crystalline structure is examined by in-
plane measurement of GIXD, the sample surface should be
as flat as possible because an angle at which X-rays undergo
total external reflection is dependent on the surface rough-
ness. Thus, the 170 nm thick iPP film with the roughness
less than that of the thick one was used. A graphite-
monochromatic Cu Ka. radiation (A=0.1542 nm) was used
as the incident beam, generated by an RU-300 X-ray
generator (Rigaku Ltd, Co.) at 50 kV and 250 mA. The
sample was placed on the stage of a four-axis diffractometer
(RINT in-plane goniometer, Rigaku Ltd, Co.). When the
incident angle («;) of X-rays to the sample surface is equal
to, or smaller than, the critical angle («.), the incident X-
rays undergo total external reflection and penetrate into the
sample as evanescent waves. The penetration depth of
evanescent X-rays changes, from a few nanometers to
several micrometers, depending on the ¢; [29]. The « value
is given by

a. = (AroN/m)"? (1)

where A is wavelength of X-rays, r. is classical electron
radius and N is electron density per unit volume of
materials. The «. of iPP was calculated to be 0.148° for
A=0.1542 nm. Hence, the measurements were made at o; =
0.13 and 0.20° for surface and bulk, respectively, in this
study. The penetration depth (dp) of evanescent waves can
be expressed by the following equations depending on
whether the «; is larger or smaller than the ..

1
dP = 12 (ai < ac)
\/ik{\/(ag —a?)? + 482 +a? — af}
2.1
dy =5 (> ) 2.2)
u
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where k is wave vector, ( is defined as uA/47 and u is linear
absorption coefficient. The ideal d,, at ;=0.13 and 0.20°
were 10 nm and 9.6 um, respectively. Reflection from
crystalline planes in the samples was detected with a
scintillation counter scanned in the in-plane direction. In
such, scattering vector can be regarded as parallel to the
sample surface. The time for the data collection was 300 s
per a step, and the angular interval between steps was 0.02°.

Amorphous phase in the surface region was tried to strip off
by putting a droplet of potassium permanganate (KMnO,)
solution onto the film. KMnO, solution has been widely
accepted to be effective to dissolve selectively amorphous
region [34]. The etching solution was prepared by dissolving
KMnQO, into a mixed solution of phosphoric acid, sulfuric acid
and water. To change the strength of the solution, the mixing
ratio was adequately changed. Table 1 shows the weight ratio
of ingredients in the KMnO, etchants. Surface morphology of
the iPP films was observed by atomic force microscopy (AFM,
SPA 300, Seiko Instruments Industry Co., Ltd) with an SPI
3700 controller. The calibration for a piezoelectric scanner was
made using both silicon gratings with the height difference of
22 nm and silicon crystalline (111) plane with 0.31 nm step. A
cantilever with a bending spring constant of 0.11 +0.02 N m ™/,
of which both sides were coated by gold, was used. Radius
of curvature of tips was 42.8 2.6 nm.

2.3. Surface molecular motion

Surface relaxation behavior in the iPP films was
examined by lateral force microscopy (LFM, SPA 300
HV, Seiko Instruments Industry Co., Ltd) with an SPI 3800
controller. LFM measurements were carried out at the
heating rate of 0.4 K min~' in vacuum so as to avoid the
surface oxidation and the capillary force effect induced by
surface-adsorbed water. It has been pre-confirmed by AFM
that the surface was not damaged under this experimental
condition. Molecular motion of a bulk iPP sample was also
measured using Rheovibron (DDVOI-FP, Orientec Co.,

Ltd) at the heating rate of 1 K min ',

3. Results and discussion

3.1. Surface aggregation structure

First of all, surface crystalline structure in a 170 nm thick
iPP film was examined by in-plane GIXD measurement.

Fig. 1 shows diffraction patterns for the iPP film, acquired at
«;=0.13 and 0.20°. Since the ideal penetration depths with
;=0.13 and 0.20° were 10 nm and 9.6 um, respectively,
the measurements at «;=0.13 and 0.20° could reveal
crystalline structure in the surface and bulk regions.
Diffraction patterns obtained from both surface and bulk
regions were typical ones as the a-form of the iPP crystal.
The profiles were dissolved into five diffraction peaks and a
diffuse scattering come up with amorphous phase, as shown
in Fig. 1, and then, crystallinity was calculated on the basis
of Natta’s method [35]. The value obtained at o;;=0.13° was
43.6%, which was smaller than the corresponding bulk
value of 51.0% at o;=0.20°. In the GIXD measurement,
scattering vector was along the direction parallel to the
surface, meaning that the crystalline lattice plane normal to
the surface was monitored. Hence, it should be careful that
crystallinity obtained by this method was not necessarily
real but apparent, although the essential discussion about the
depressed crystallinity in the surface region would not be
altered. This conclusion was in qualitative agreement with
independent reports by Kawamoto et al. [26] and Nishino et
al. [27] using compression molded iPP films.

Based on the GIXD results, it is clear that the surface
fraction of amorphous phase is higher than the bulk one. To
address how the amorphous phases distribute in the surface
region, a droplet of KMnQ, solution was put onto iPP films
with the thickness of approximately 1 mm [36]. After a
given time, the droplet was taken away and the surface was
carefully washed with a large amount of pure water. Fig. 2
shows surface morphology for the iPP film, especially
focusing on the boundary between intact and etched regions,
and height profile along the line in the topographic image.
For this observation, etchant B was used, and 30 min was
allowed to dissolve surface amorphous phase. The area
treated by the etchant, corresponding to the left-hand side in
the AFM image, was lower than the intact region in height.
Actually, a crater was formed at the surface after the etching
treatment. This result makes it clear that the surface in the
iPP film was mostly covered with an amorphous layer.
When an etching solution with adequate oxidation ability is
used, the surface amorphous layer will be well removed.
However, if the etching condition is ill-chosen, underneath
crystalline phase is in part corroded, or the surface
amorphous phase is left, resulting in an incorrect estimation
of the thickness of the surface amorphous layer. Hence, the
solution concentration and the etching time were system-
atically varied to find an optimized etching condition. Fig. 3

Table 1

Weight ratio of ingredients in KMnO, etchants

Etchant H;PO4 H,SO, H,0 KMnO,
A 30 20 50 0.25

B 40 27 33 0.33

C 45 30 25 0.38

D 23 63 14 1.00
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Fig. 1. In-plane GIXD profiles from surface and bulk in the iPP film.

shows the etching time dependence of height difference
between etched and intact regions on the iPP film using
various etchants. As a weak condition was chosen, the
surface oxidation was not detectable. This was the case for
etchants A, B and C for short time within a few minutes.
When these etchants were used for 5 min, the surface was
definitely etched and the height difference became to be in
the range of 2.5-3 nm. In the case of the etching treatment
for a time longer than 10 min, the height difference
remained an almost constant of approximately 3 nm.
These results show that the amorphous phase was gradually
removed from the surface by the permanganate solution
until it was completely taken away. Postulating that the
height difference between the two regions corresponds to
the thickness of the surface amorphous layer, the value was
estimated to be 3.3 £0.4 nm. Once the etchant D being the
strongest in this study was used for 60 min., the crystalline
phase beneath the amorphous layer was partially eroded.
Then, the surface layer thickness was overestimated to be
about 8 nm.

For the sake of completeness for our discussion about
surface aggregation states in the iPP films, the results
obtained after the etching treatment are compared with the
GIXD results. As mentioned before, the ideal penetration
depth of evanescent waves, which would correspond to the
analytical depth, for GIXD was 10 nm for the grazing angle
of 0.13°. In that case, the crystallinity obtained was 43.6%.
We now assume a simple bilayer-like structure in the
surface region, in which the amorphous layer is present on
the bulk phase with the crystallinity of 51.0%. Taking into

Relative height \ nm
w

oY R N BN S B
0 1 2 3 4 5

Distance / um

Fig. 2. (a) Topographic image for the iPP film surface, which was partially
oxidized by permanganate solution, and (b) height profile along the line in
the image.
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Fig. 3. Height difference at the boundary between etched and intact regions
as a function of etching time using various etchants.
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account that evanescent waves are exponentially attenuated
from the outermost surface, the ideal thickness of the
surface amorphous layer could be calculated. The value so
obtained was 1.6 nm, and was approximately a half of the
experimental result from the surface etching treatment. This
means that in the real experiment, the analytical depth for
GIXD was deeper than the calculation due to the surface
roughness, although the essential discussion after the GIXD
measurements will not be altered.

The iPP films used here were melt-quenched, as stated in
Section 2. In general, annealing of crystalline polymers at a
temperature slightly lower than the melting point, so-called
isothermal crystallization, induces thickening of crystalline
lamellae. If the lamellae beneath the surface amorphous
layer become thicker, the surface amorphous layer might get
thinner. Hence, it was examined how the thickness of the
surface amorphous layer changes after isothermal crystal-
lization at various temperatures for 24 h. Fig. 4 shows the
result. The thickness slightly decreased with increasing
crystallization temperature, and reached a constant value of
2.740.7 nm after 413 K. This indicates that the film surface
even for the iPP, being in a quasi-equilibrium state, is
covered with the amorphous phase.

3.2. Surface molecular motion

We now turn to surface dynamics in the iPP films using
LFM. The origin of lateral force is closely related to energy
dissipation during tip sliding [37,38]. Hence, the relation
between temperature and lateral force can be regarded as
temperature dependence of loss modulus (E”) at the surface.
At first, the difference of surface molecular motion between
the intact and etched regions in the iPP thick film [39] was
discussed. Fig. 5 shows the temperature dependence of
lateral force for the iPP film, which was in part treated by the
permanganate solution. In the case of the intact region, a
significant lateral force peak arisen from a relaxation
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Fig. 4. Height difference at the boundary between etched and intact regions
after various isothermal crystallizations. The curve was drawn to guide the
eye.
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Fig. 5. Temperature dependence of lateral force for intact and etched
regions in the iPP film. The measurements were made at the scanning rate
of I pms™

process was observed at about 250 K. On the other hand,
in the case of the etched region, lateral force was almost
invariant with respect to measuring temperature. What is the
difference between the two is whether the surface
amorphous layer is existed. Thus, it can be envisaged that
the relaxation peak observed in the intact region is
originated from the surface amorphous layer. We define
this surface o,-relaxation process.

Then, the surface mobility is compared with the bulk one.
Fig. 6 shows the temperature dependences of lateral force
and bulk E”. LFM data presented was obtained from the
intact surface region, being imported from Fig. 5. The
scanning rate for the measurement was 1 um s~ '. Since this
value was simply converted to the frequency of 78 Hz [37],
the LFM data can be directly compared with the bulk data at
70 Hz. On the temperature-bulk E” curve, the a,-absorption
peak corresponding to the segmental motion in the

100
I~ 1. o Surface i
2. m Bulk
F -80
3
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180 200 220 240 260 280 300 320

Temperature / K

Fig. 6. Temperature dependences of lateral force and bulk E” for the iPP
film. The lateral force data was adapted from Fig. 5. The bulk data was
acquired at the frequency of 70 Hz.
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amorphous region was discernibly observed at approxi-
mately 285 K. A similar peak was also observed at the
surface, but the observed temperature was approximately
250 K, which was much lower than the corresponding bulk
value. Fig. 7 shows the temperature dependences of lateral
force and bulk E” as a function of frequency (f) for the iPP.
The peak was observed for all frequencies and was shifted to
the higher temperature side with increasing frequency. This
inclination was seen for the surface as well as the bulk. In
the case of the bulk measurement with lower frequencies, an
additional relaxation process was observed at a higher
temperature side. This has been widely accepted as a
crystalline relaxation process [40]. However, it could be
hardly concluded whether the crystalline relaxation process
was present at the surface. This was because once measuring
temperature went beyond the surface o,-relaxation tem-
perature, the surface became so sticky, resulting in
truncation of the measurement, as seen in Fig. 7.

Invoking that the relation between frequency and
reciprocal number of peak temperature (7,,.x) is Arrhenius-
type, apparent activation energy (AH®) for the relaxation
process can be obtained by the following equation

AH* = —R{d(In f)/d(T,,)} ©)

where R is the gas constant. Fig. 8 shows such the plots. The
relation between 1/Ty,,x and In f was apparently linear for
both. The AH* values for the surface and bulk relaxation
processes were estimated on the basis of the slopes as 230 +
10 and 380420 kJ mol ', respectively.

For the iPP, the observed surface AH* value was lower
than the corresponding bulk value. In addition, the surface
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2.028Hz  Tmax ; 2 gaZHZ
3.0 78 Hz :
4.w 200 Hz + 3.0 MHZ - Tigy
5.4 420 Hz 4m3SHz oy
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4 6.4 110Hz o o
@ L o °w
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T T
w
%
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Fig. 7. Temperature dependences of lateral force and bulk E” as a function
of frequency for the iPP film.
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relaxation temperature was lower than the corresponding
bulk one, as shown in Fig. 6. These results make it clear that
surface mobility is much more enhanced than the bulk one
even in the semi-crystalline iPP film. This conclusion is the
same as what we have seen for surface molecular motion in
amorphous atactic PP films [41], and is in good accordance
with simulation results [42,43].

3.3. Film with thinner surface amorphous layer

So far, we have successfully presented how surface
mobility differs from the bulk one for the iPP films.
However, we have not seen any features that the sample is in
a semi-crystalline state. This might be because the surface
amorphous layer is quite thick as 3.3 nm. If we are able to
prepare an iPP film with a thinner surface amorphous layer,
surface mobility might be restricted by the underneath
crystalline phase. Thus, the iPP-NaCl film was prepared.

The thickness of the surface amorphous layer in the iPP-
NaCl film was examined by the same procedure, as
mentioned above. To do so, the etchant solution B was
used and was allowed to oxidize the surface for 30 min. This
should be the most appropriate condition to strip only the
surface amorphous layer off from the iPP film. The part (a)
of Fig. 9 shows the optical micrograph of the iPP-NaCl film
on which a droplet of the etchant solution was put. The
darker area on the left-hand side corresponds to the droplet.
After the droplet was taken away, the surface was
thoroughly washed with pure water, and was observed by
AFM. The part (b) of Fig. 9 is the surface topographic
image. The height difference between etched and intact
regions was observed, as indicated by arrows, although it
was not so easy to identify. This was because the height
difference formed after the etching treatment was lower than
other steps, which was transcribed from surface steps of the
NaCl crystal. Since we, using a CCD camera, monitored
where the droplet was, the border between etched and intact
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Fig. 9. (a) Optical microscopic image of the iPP-NaCl film on which a
droplet of the etchant was put, (b) topographic image at the boundary
between etched and intact regions, and (c) height profile along the line in

(b).

regions could be addressed. Fig. 9(c) illustrates the height
profile along the line drawn in the AFM image. The step
height between the two regions was 1.5+0.4 nm, which
was approximately a half of the surface layer in the iPP films
prepared without NaCl. On the film preparation process, the
iPP melt was contacted with the NaCl crystal. Hence,
possibilities of transcrystallization and/or epitaxial growth
of iPP chains at the interface were here considered. The
lattice spacing of (001) face for the NaCl crystal is
0.563 nm. Although this does not match to any spacing
for the iPP crystal with the o form, some examples of
epitaxial growth of the iPP chains on the NaCl crystal from a
dilute solution was reported by Koutsky et al. [44].
However, they also pointed out that epitaxial growth of
the iPP chains was much more difficult than other polymers.
In fact, no features of crystalline structure were observed at
the iPP-NaCl film surface, as shown in Fig. 9(b). Thus, it
seems reasonable to assume that the difference of surface
structure between the iPP and iPP-NaCl films is only the
thickness of the surface amorphous layer. In addition, the
iPP-NaCl film was dried at room temperature, which was far
above Tg, for an approximately week. Thus, even if the
surface was stressed upon the film preparation process with
NaCl, it must be fully relaxed.

We finally come to thermal molecular motion at the
surface in the iPP-NaCl film. Fig. 10 shows the temperature
dependence of lateral force for the iPP-NaCl film. For a
comparison, the data for the iPP film, which was already
presented in Fig. 5 [45], was also shown. A clear lateral
force peak was similarly observed even in the iPP-NaCl
film. However, the peak temperature was shifted to higher
by about 10 K, although the value was still lower than the

1. ® PP film
I~ 2.0 iPP-NaCl
¢

Lateral force / a.u.

S
2 5% gﬁﬁg%@#%

180 200 220 240
Temperature / K

T R
260 280

Fig. 10. Temperature dependence of lateral force for the iPP-NaCl film. For
a comparison, the same relation for the iPP film is also presented by
adapting from Fig. 5.
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corresponding bulk one. In other words, mobility at the
surface in the iPP-NaCl film was enhanced in comparison
with that in the bulk, but the extent was not as much as the
iPP film surface. This implies that molecular motion in the
surface amorphous phase of the iPP-NaCl film is restricted
by the underneath crystalline phase. So far, the character-
istic length scale of cooperative segmental motion has been
extensively studied. Consequently, the value near the
transition temperature seems to be a few of nanometers
[46,47]. If this is the case, the surface amorphous layer in
the iPP-NaCl film is supposed to be thinner than the
characteristic length, meaning that surface mobility in the
iPP-NaCl film is interfered by the underneath crystalline
phase. In a sense, this experiment might enable us to discuss
about the characteristic length scale for the cooperative
segmental motion.

4. Conclusions

Semi-crystalline films of iPP were prepared by a melt-
quenching method. Apparent crystallinity in the surface
region was lower than that in the bulk. The iPP surface was
covered with the 3 nm thick amorphous layer. Surface o,-
relaxation process was observed at about 250 K, and its
apparent activation energy was 230+ 10 kJ mol~'. Both
were lower than the corresponding bulk values. When the
surface amorphous layer became thinner, the surface «,-
relaxation temperature increased due probably to an effect
of underneath crystalline phase.
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