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Abstract A sample containing different regions with poly(e-caprolactone) (PCL), oriented polyethylene (PE), and oriented isotactic
polypropylene (iPP) films in contact with glass slide has been prepared to be observed in the same view field in an optical microscope and
the crystallization of PCL in different regions during cooling from 80 °C down to room temperature at a rate of 1 °C-min~! was studied.
The results showed that the crystallization of PCL started first at the PE surface and then at the /PP surface, while its bulk crystallization
occured much later. This indicates that though both PE and /PP are active in nucleating PCL, the nucleation ability of PE is stronger than
that of /PP. This was due to a better lattice matching between PCL and PE than that between PCL and /PP. Moreover, since lattice
matching existed between every (4k0) lattice planes of both PCL and PE but only between the (100)pcL and (010):pp lattice planes, the
uniaxial orientation feature of the used PE and /PP films resulted in the existence of much more active nucleation sites of PCL on PE than
on iPP. This led to the fact that the nucleation density of PCL at PE surface was so high that the crystallization of PCL at PE surface took
place in a way like the film developing process with PCL microcrystallites happened everywhere with crystallization proceeding
simultaneously. On the other hand, even though iPP also enhanced the nucleation density of PCL evidently, the crystallization of PCL at

iPP surface included still a nucleation and crystal growth processes similar to that of its bulk crystallization.
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INTRODUCTION

Heterogeneous nucleation is not only a commonly encoun-
tered phenomenon of polymer crystallization, but also fun-
damentally important for understanding the polymer crystalli-
zation, which shows great influence on the morphology and
consequently the mechanical property of semicrystalline po-
lymers.['"®] Therefore, it has been intensively studied for a
long time, which leads to a great progress towards a better
understanding of it. As a typical heterogeneous nucleation
system, surface-induced polymer crystallization has attracted
considerable attention in the past several decades. The
research in this field concerns mostly the influence of a
foreign surface (the substrate) on the crystal modification of
a polymer (the overgrowth polymer) as well as its nucleation
mechanism and efficiency. The nucleation efficiency is frequ-
ently characterized by comparing the nucleation density of
the polymer in bulk or at the surface of a substrate through
optical microscopy observation equipped with a hot stage. As
an example, for the fiber reinforced polymer composite
systems,[’~%1 through counting the nucleus number of a poly-
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mer formed at fiber surface, the fibers have been classified
into three categories with respect to their nucleation effi-
ciency, i.e., active, moderate, and inactive ones. It should
be pointed out that this method gives only a qualitative
description of the heterogencous nucleation behavior at
relatively low supercooling, since the counting of nucleus
number is hardly achieved at high supercoolings. Therefore,
a quantitative way for characterizing the nucleation efficie-
ncy was established in 1993.1'%!] Tt is measured by the
quantity 100 X (Tca — Tc1)/(Te2 — Te1) expressed in form of
percentage. Here, Tc1 and 7Tca are the peak crystallization
temperatures of the polymer in bulk and at the substrate
surface in the cooling process at a rate of 10 °C-min’,
respectively. Tc2 is the optimal self-nucleating crystallization
temperature and determined by first heating the neat polymer
up to a temperature ca. 20 °C above its equilibrium melting
point for erasing previous thermal history and cooling down
to room temperature for a complete crystallization. The sam-
ple was subsequently heated up to the desired temperature
and cooled down at a rate of 10 °C-min~!. The highest peak
crystallization temperature in the second cooling process is
then used as Tc2.

It should be noted here that in the aforementioned ways
for comparing the nucleation efficiency, either qualitatively
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or quantitatively, separate experiments are needed for differ-
ent crystallization processes. In this way, changes in experi-
mental parameters, such as sample thickness, molten status
of the polymer, temperature etc., may be expected. This will
unambiguously influence the obtained results. Taking this in-
to account, if a sample contains different regions with a poly-
mer in contact to varied substrates in the same view field, as
illustrated in Fig. 1, then the polymer in different regions
will be crystallized under exactly the same conditions. Con-
sequently, the above-mentioned uncertainty in the experi-
mental procedure can be avoided.
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Fig. 1 A sketch depicting a sample with the testing polymer in
contact with varied substrates in the same optical microscope view
field

In the present work, the crystallization behavior of poly(e-
caprolactone) (PCL) system in bulk and at the surface of an
oriented polyethylene (PE) or an oriented isotactic polypro-
pylene (iPP) film was taken as an example system. Emphas-
is was given to a direct comparison of the nucleation ability
of PE and iPP toward PCL under exactly the same experi-
mental condition.

EXPERIMENTAL

Materials

Polyethylene (PE) used in this work was Lupolen 6021DX
from BASF company, Germany. Isotactic polypropylene
(iPP) was GB2401, with the melting flow index of 2.5 g/
10min and the melting temperature of 170 °C, produced by
Yanshan Petroleum and Chemical Company, China. Poly(e-
caprolactone) (PCL), with a weight-average molecular weight
of 6.5 x 10* g-mol™!, polydispersity of 1.53, and a melting
temperature of 60 °C, was purchased from Aldrich Company.

Preparation

As presented in Fig. 2, the sample was prepared by first
placing an oriented thin /PP film on a glass slide in the way
that half of the glass slide has been covered by iPP (see part
I), then transferring a thin PCL layer onto the surface of /PP
and the glass slide uncovered with /PP (see part II), and
finally depositing an oriented thin PE layer on the PCL

surface in a way illustrated in part III. In this way, the sample
was divided into four regions in the same view field under an
optical microscope, which correspond to neat PCL (region
1), PCL/iPP (region 2), PE/PCL (region 3), and PE/PCL/iPP
sandwich (region 4). Therefore, the crystallization behavior
of PCL in bulk, at the surface of /PP or PE, and even sand-
wiched between /PP and PE could be compared directly
during the melt-recrystallization of PCL under different
conditions.

M ) peii s

View field

Fig. 2 A sketch showing the procedure of sample preparation

The used /PP and PE oriented thin films were prepared ac-
cording to a melt-draw technique introduced by Petermann
and Gohill'2] and Gohil et al.['3] According to this method, a
small amount of a 0.5 wt% solution of PE or /PP in xylene
was poured and spread uniformly on a preheated glass plate.
The xylene solvent was allowed to evaporate at the prepara-
tion temperature of ca. 125 °C for PE and 140 °C for iPP, re-
spectively. The remaining thin PE or ;PP molten layer was
then picked up by a motor-drive cylinder with a drawing
speed of about 2 cm's™!. The thickness of the prepared film
was around 50 nm, which was too thin to give any birefrin-
gence under optical microscope.

The used PCL thin film was prepared by dipping a clean
glass slide into a 2 wt% PCL/chloroform solution. After the
evaporation of chloroform, a PCL layer with the thickness of
around 10 um was then detached from the glass slide.

Characterization

The optical microimages were obtained by using the
Axioskop 40A Pol optical microscope (Carl Zeiss) combined
with a Linkam THMS600 temperature controller stage under
crossed polarizers. For transmission electron microscopy
(TEM) observation, a JEOL JEM-2100 TEM operated at
200 kV was used in this study. Phase contrast bright-field
(BF) electron micrographs were obtained by defocus of the
objective lens. In order to minimize the radiation damage by
electron beam, the focusing was carried out on an area; then
the specimen film was transferred to an adjacent undamaged
area for recording the images immediately. AFM was con-
ducted on a ScanAsyst (Bruker Co. Ltd.) instrument with a
Dimension FastScan operated at room temperature in air.
Measurements in the tapping mode were performed with
OTESPA cantilevers (resonance frequency ~ 318—339 kHz,
spring constant = 12—103 N-m!, scan rate = 3.92 Hz).
Differential scanning calorimetry (DSC) measurements were
conducted on a Q-2000 TA Instrumental DSC equipment

with the cooling rate of 1 °C-min.
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RESULTS AND DISCUSSION

Morphology of Melt-drawn PE and iPP Oriented Thin
Films

The morphology of melt-drawn oriented thin films of
iPP and PE has been frequently described in different lite-
rature.['726] For a better view to readers, the phase contrast
bright field (BF) electron micrographs and the related ele-
ctron diffraction patterns (insets) of the used PE and /PP
melt-drawn films are presented in Fig. 3. The BF images of
both PE and /PP melt-drawn thin films showed highly
oriented lamellar structure, indicating the high degree of
orientation. This was further confirmed by the electron
diffraction patterns with sharp and well-defined reflection
spots. It should be noted that a series of (4k0) diffraction
spots appeared in the meridian direction for both PE and PP,
for instance, the (110), (200), and (020) for PE as well as the
(110), (040), (130), and (060) for iPP. This demonstrated the
fiber orientation of the melt-drawn PE and /PP thin films,
that is to say, a sort of uniaxial orientation with the molecular
chain direction (i.e., the crystallographic c-axis) along with
the drawing direction whereas the a- and b-axes rotating
randomly about the c-axis.[?]
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Fig. 3  Phase contrast BF electron micrographs and related
electron diffraction patterns (insets) of highly oriented melt-drawn
(a) PE and (b) /PP thin films. The arrows in the images indicate
drawing direction of the films.

Morphology of PCL Crystallized at the Surfaces of
Oriented PE and iPP Thin Films

Fig. 4 shows the AFM phase images of PCL crystallized
at the surfaces of oriented PE and /PP thin films. From
Fig. 4(a), it can be seen that the parallel-aligned edge-on
lamellae of PCL were aligned perpendicularly to the mole-
cular chain direction of PE, confirming the occurrence of
parallel chain epitaxy of PCL on PE substrate. On the other
hand, the crystallization of PCL on iPP substrate led to the
formation of a cross-hatched lamellar structure with PCL
edge-on lamellae oriented in the direction +40° apart from
the chain direction of /PP. In other words, PCL and iPP

Fig. 4 Phase images of PCL crystallized on highly oriented melt-
drawn (a) PE and (b) PP thin films. The arrows in the pictures
indicate molecular directions of the PE and iPP films, respectively.
The thermal history of the samples were heat-treated at 80 °C for
10 min and then cooled naturally down to room temperature.

chains were +50° apart from each other. These results in-
dicated that both PE and /PP exhibited strong nucleation
ability toward PCL and could initiate epitaxial crystallization
of PCL, even though they had different orientations. They
were in good agreement with the early literature report,!>8-32
and therefore were not the scope of this work. We here focus
mainly on the comparison of nucleation efficiency of PE and
iPP toward PCL.

Comparison on the Nucleation Efficiency of PE and /PP
Toward PCL

As mentioned in the introduction part, a nucleation efficien-
cy parameter based on the peak crystallization temperatures
of a polymer in bulk, with nucleation agent, and by self-
seeding has been established to characterize quantitatively
the nucleation efficiency of a nucleation agent on the poly-
mer. Therefore, the crystallization DSC curves of PCL in
bulk or at the surfaces of PE and /PP films are compared
initially. As can be seen in Fig. 5, the peak crystallization tem-
perature of PCL in bulk with the cooling rate of 1 °C-min™!
was estimated as 38.5 °C. /PP and PE have evidently en-
hanced the peak crystallization temperature of PCL. While
the peak crystallization temperature of PCL at the /PP sur-
face was elevated to 40.5 °C, PE led to the crystallization of
PCL at peak temperature of 42.4 °C. These results clearly
demonstrated the nucleation ability of /PP and PE on PCL.
The nucleation efficiencies of iPP and PE toward PCL were,
however, different. We recalled the nucleation efficiency
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Fig. 5 DSC curves of PCL in (a) bulk, or at the surfaces of (b) iPP

and (c) PE oriented thin films taken during the cooling from 80 °C

down to 25 °C at a rate of 1 °C-min”!
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parameter 100 X (Tca — Tc1)/(Tc2 — Ter1). In the present case,
the difference between the peak crystallization temperatures
of PCL/iPP and PCL is 2, while that between PCL/PE and
PCL is 3.9. This means that the nucleation efficiency of PE
toward PCL was about 2 times greater than that of /PP.
Besides, if the onset crystallization temperatures (Zonset) are
considered, the results were then quite different. Tonsets of
PCL in bulk, at the surfaces of /PP, and PE were approxi-
mately 44.5, 45.6, and 51.7 °C, respectively. When using
Tonsets instead of Tcas, the nucleation efficiency of PE toward
PCL was then ca. 6.5 times higher than that of /PP.

From the above DSC results, a higher nucleation effi-
ciency of PE than that of /PP toward PCL was unambigu-
ously identified. This could be originated from either an
early incidence of nucleation or an increased nucleation
density, and the nucleation density depended on the active
nucleation sites. In the present case, epitaxial crystallization
of PCL took place on both iPP and PE substrates. Epitaxial
crystallization is generally believed to occur when some lat-
tice matchings are fulfilled between the substrate and the
overgrowth polymer.[33-351 The crystal structure of PCL has
been well studied.l36391 It is generally accepted that the PCL
chains with all-trans conformation pack in an orthorhombic
unit cell with parameters of @ = 0.748 nm, » = 0.498 nm, and
¢=1.726 nm.13¢] The PE planar zig-zag chains also pack in an
orthorhombic unit cell but with parameters of a = 0.74 nm,
b = 0.493 nm, and ¢ = 0.2534 nm.37:40] The almost identical
unit cell parameters of PCL and PE along both a- and b-axes
led to the existence of excellent matching between the inter-
plane distance of every (%#40) lattice plane. For example, the
mismatching between (100) and (010) lattice planes of them
is only 1%. This implies that all of the PE lattice planes were
active in nucleating PCL for epitaxial crystallization. On the
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other hand, the epitaxial crystallization of PCL on iPP has
been explained in terms of the alignment of PCL zig-zag
chain segments in the (100) lattice plane (d = 0.498 nm)
along the methyl group rows in the (010) lattice plane of a-
iPP (d = 0.505 nm) with a chain-row matching (mismatch-
ing is ca. 1.4%).[2935] This means that only the (010) lattice
planes of a-iPP can serve as active nucleation sites for PCL.
We recalled that the melt-drawn PE and /PP films exhibited
only a uniaxial orientation with molecular chains aligned in
the same direction while the a- and b-axes rotated randomly
about the c-axis. Taking this into account, the nucleation of
PCL on melt-drawn iPP films could only happen at places
where (010) lattice planes were exposed, whereas the nucle-
ation of PCL on melt-drawn PE films occured at any ex-
posed lattice planes. Therefore, much higher nucleation
density of PCL on PE substrate than on /PP substrate was ex-
pected. In this case, when the sensitivity of DSC instrument
was considered, the crystallization of PCL on PE would be
certainly detected earlier than that on /PP substrate. If this is
true, then the DSC result could not reflect the nucleation
ability of iPP and PE toward PCL exactly. To avoid the pos-
sible misleading result, we observed directly the whole crys-
tallization process of PCL in bulk as well as at the surfaces
of /PP and PE substrates simultaneously.

Fig. 6 shows a series of optical micrographs of PCL taken
during cooling at a rate of 1 °C-min~!. With the help of ex-
perimental setup shown in Fig. 1, the crystallization of PCL
in bulk as well as at the surfaces of /PP and PE substrates has
been revealed simultaneously in the same view field. To
eliminate the previous thermal history of PCL sample, the
sample was first heated up to 80 °C for 10 min and then
cooled at a rate of 1 °C-min! to room temperature. As
presented in Fig. 6(a), the sample shows no birefringence at

Fig. 6 Optical micrographs of PCL in bulk and at the surfaces of ;PP and PE substrate films taken during the cooling process.
The sample was first heated up to 80 °C for 10 min and then cooled at a rate of 1 °C-min~! down to room temperature. The images
were recorded at temperatures of (a) 80 °C, (b) 46 °C, (c) 44 °C, (d) 41 °C, (e) 39 °C, and (f) 37 °C. The dashed white lines trace
out the boundaries of PE and iPP substrates, which have divided the sample into four regions as indicated. The white arrows
labelled with PE and /PP indicate the molecular chain directions of PE and iPP, respectively. The yellow arrows with “polarizer”

and “analyzer” describe the crossed polarization directions.
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80 °C, indicating that the PCL was in amorphous molten
state and the /PP and PE substrates were too thin to show bi-
refringence. For clarity, the boundaries of /PP and PE sub-
strate films are indicated by the dashed white lines. From
Fig. 6(b), it can be seen that weak birefringence appears fist
in the PCL/PE and iPP/PCL/PE regions. The birefringence in
these regions became stronger and stronger with further
cooling the sample and reached the maximum at ca. 44 °C
(Fig. 6¢), reflecting the complete crystallization of PCL. The
crystallization of PCL in bulk and /PP/PCL regions, how-
ever, did not take place at 44 °C. This meant that PE was
more active in initiating the crystallization of PCL and the
crystallization of PCL in both PCL/PE and iPP/PCL/PE re-
gions was triggered by PE. When the temperature reached
41 °C (Fig. 6d), the crystallization of PCL in the iPP/PCL re-
gion has been initiated, while the crystallization of PCL in
bulk did not occur at all. This indicated that ;PP also exhib-
ited nucleation ability toward PCL even though less pro-
nounced as the PE. The crystallization of PCL at /PP surface
finished at around 39 °C (Fig. 6¢) and meanwhile the crystal-
lization of PCL in bulk started. The crystallization of bulk
PCL did not complete even when the sample was cooled to
37 °C (Fig. 6f). Fig. 7 shows the optical micrographs of the
same sample as in Fig. 6 after cooled down to room temper-
ature. It can be seen from Fig. 7(a) that the crystallization of
PCL in all the regions was completed at that temperature.
Due to the parallel alignment of PCL lamellae on the PE sub-
strate through parallel chain epitaxy, light extinction in the
area with PE substrate occured when the sample was rotated
around the light beam axis for 45°, as seen in Fig. 7(b). The
fully light extinction in the regions with PE, e.g. the PCL/PE
and iPP/PCL/PE regions, indicated again that PCL crystal-
lized on the PE side in the iPP/PCL/PE region.
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Fig. 7 Optical micrographs of PCL in bulk and at the surfaces of
iPP and PE substrate films taken after cooling the sample from 80 °C
down to room temperature. Part (b) is taken in the same area with
part (a) but rotates 45° around the light beam axis. The white arrows
in part (a) indicate the transcrystallization of PCL at the boundary of
both PE and /PP. The black arrow labelled with PE indicates the
molecular chain direction of oriented PE substrate.

According to the above experimental results, several as-
pects will be discussed in this section. First, in the cooling
process at a rate of 1 °C-min™!, the crystallization of PCL in
contact with PE substrate started at a temperature above
46 °C while PCL in the PCL/iPP region started at a tempera-
ture near 41 °C. This was principally in agreement with the
DSC results when possible time lag between visible birefrin-
gence and detectable exothermal is considered. Second, from
Fig. 6, the crystallization of PCL at the PE and /PP surfaces
completed at around 44 and 39 °C, respectively. Therefore,
the difference between (7., — T;;) for PCL/PE and PCL/iPP
systems was about 5. It implied that the nucleation effi-
ciency of PE toward PCL was 5 times higher than that of /PP
when cooling at a rate of 1 °C-min"!. Third, except for an
early beginning of PCL crystallization at PE surface than that
at PP surface, the crystallization process of PCL at PE sur-
face was completely different from those in bulk and at ;PP
surface. The crystallization of PCL on /PP surface was simil-
ar to the normal bulk crystallization process including nucle-
ation and crystal growth. However, the nucleation of PCL on
iPP took place earlier and the greater nucleation ability of
iPP toward PCL enhanced the nucleation density of PCL
compared with its bulk crystallization. The nucleation abil-
ity of iPP toward PCL has been well reflected by the appear-
ance of transcrystalline zone at the boundary areas of PCL
bulk and iPP/PCL regions as indicated by a white arrow.
Consequently, microcrystallites with unique orientation due
to epitaxy instead of spherulites were observed. On the con-
trary, the crystallization of PCL on PE substrate as a film de-
veloping process with weak birefringence first appeared at
everywhere and then became stronger and stronger. This
demonstrated that the active nucleation site of PCL on PE
was indeed much higher than that on /PP. It is understand-
able since excellent matching fulfils between interplane dis-
tances of every (hk0) lattice plane of PCL and PE. In other
words, the matching between both polymers is indeed very
important for the heterogeneous nucleation between poly-
mers. Fourth, except for the more active nucleation sites of
PE toward PCL than that of i{PP, which resulted in a much
higher nucleation density of PCL on PE than on /PP, the nuc-
leation of PCL occured also much earlier on PE than that on
iPP. The greater nucleation ability of PE toward PCL than
that of /PP has also evidently been reflected by the appear-
ance of transcrystalline zone at the boundary area between
the PCL/PE/iPP and PCL/iPP regions (see Fig. 7b). This
might again demonstrate the importance of matching in initi-
ating the epitaxial crystallization since the mismatching
between PCL and iPP was somewhat larger than that
between PCL and PE (1.4% versus 1%). Fifth, it should be
noted that the above-mentioned crystallization behavior of
PCL in different regions was reproducible during re-melting
and recrystallization. Upon heating the sample as shown in
Fig. 7 again up to 80 °C, PCL crystals in all the areas melted
and the whole view field became dark again due to the disap-
pearance of birefringence. During the cooling process, PCL
melt-recrystallized almost in exactly the same way as de-
scribed above. Therefore, such a method to compare the nuc-
leating ability had a good reproducibility and provided reli-
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able results. Moreover, the developed method for character-
izing the nucleating ability of different substrates toward a
polymer was an improvement over the mere use of nucle-
ation densities.

CONCLUSIONS

A new method for characterizing the nucleating ability of
different substrates toward a polymer under exactly the same
thermal conditions has been presented in this study. It was
based on the simultaneous optical microscopy observation of
the polymer in bulk as well as at different substrates in the
same view field. The developed method has been used to
check the nucleation ability of PE and iPP toward PCL.
Through in situ observation of PCL crystallization during
cooling from 80 °C to room temperature in bulk as well as at
the PE and PP surfaces, conclusions can be drawn as
follows.

(i) Both PE and iPP exhibited heterogeneous nucleation
ability toward PCL, resulting in the epitaxial crystallization
of PCL on PE and /PP. However, the nucleation ability of PE
toward PCL was higher than that of iPP.

(i) The higher nucleation ability of PE toward PCL was
related to more active nucleation sites since the matching
between the interplane distances of PE and PCL could be
realized for every (/k0) lattice plane of both polymers ow-
ing to the identical unit cell parameters of them along a- and
b-axes. On the contrary, a chain-row matching fulfiled only
between the interchain distance of PCL in (100) lattice plane
and the interrow distance of the out-sticking methyl groups
in the (010) lattice plane of a-iPP. Taking the uniaxial orient-
ation of both used PE and /PP substrate films into account,
the nucleation of PCL on /PP substrate could take place only
at places where the (010) lattice planes of a-iPP were ex-
posed. As a result, less active nucleation sites for PCL exis-
ted on the uniaxially oriented ;PP substrate. The difference in
active nucleation sites resulted in different crystallization be-
havior of PCL on PE and iPP substrates. While a film devel-
oping process was observed for PCL crystallized on PE, PCL
crystallized on /PP substrate through a traditional nucleation
and crystal growth process, even though with higher nucle-
ation density compared with that of its bulk crystallization.

(ii1) Except for a higher nucleation density of PCL on PE
than that on /PP, the nucleation of PCL took place much
earlier on PE than that on /PP. This might imply that the
matching condition was also important for initiating the epi-
taxial crystallization since the mismatching between PCL
and iPP was somewhat larger than that between PCL and PE.

(iv) The reported results in this work were reproducible
during repeated melting and recrystallization processes. This
meant that the results produced by the used method were re-
liable, which was an improvement over the mere use of nuc-
leation densities.
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