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The mechanisms of polymer crystallization at the nanometer scale have been investigated with a hot-
stage scanning probe microscope (SPM). The processes of lamellar perfection, e.g., lamellar thickening
and merging of lamellar fragments, are revealed during the secondary crystallization stage. It is shown
that the information contained in SPM images can be comparable to that of time-resolved small-angle
x-ray scattering (SAXS). In addition, SPM opens the way to examine subtle structural changes that
would certainly be overlooked in the global morphological parameters obtained from a simple SAXS

correlation function analysis.

PACS numbers: 61.41.+e, 64.70.Dv, 81.10.Aj

The crystallization of chainlike molecules has attracted
the attention of physicists already for several decades
[1-4]. It is now well documented that, upon crystalliza-
tion, the polymer chains arranged in random coils in the
melt undergo a process of self-assembly. This typically re-
sults in a hierarchical semicrystalline structure composed,
at its basic level, of polymer crystals in the form of thin
sheets (crystalline lamellae) interleaved with amorphous
layers. The extreme complexity of the semicrystalline
structure is already determined by the fact that the polymer
ordering spans over several orders of magnitude from
interatomic to macroscopic distances. Experimentally, the
semicrystalline morphology and crystallization kinetics
can be assessed by numerous conventional techniques
ranging from small-angle x-ray scattering (SAXS) to
transmission electron microscopy (TEM). However, none
of them can provide a detailed time-resolved pattern of
processes taking place at the nanometer scale, which is of
primary concern for researchers, as it corresponds to the
characteristic crystal thickness. Thus, on the one hand,
TEM can provide the required spatial resolution, but it is
incapable of following the evolution of the structure due
to the destructive character of the sample preparation and
of the beam damage. On the other hand, SAXS can in
principle provide both the sufficient spatial sensitivity and
the time resolution. However, a typically high disorder
in lamellar stacking resulting in poor diffraction patterns
limits the SAXS data analysis to very simple structural
models. In addition, the inherent interpretation problem
of SAXS originating from the Babinet principle leads
in some instances to an ambiguity in the attribution of
the two main characteristic distances of a semicrystalline
structure: the crystalline lamellar thickness (L.) and the
amorphous layer thickness (L,). This presents a serious
problem for polymers and blends with linear crystallinity
(¢cain = L¢/[Le + L)) close to 0.5.

The recent development of scanning probe microscopes
(SPM) equipped with a hot- or cooling-stage accessory is
promising for the in situ studies of polymer surface phase
transitions. The main advantage of SPM is the combina-
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tion of the high spatial resolution with its nondestructive
character. The dynamic SPM studies have been carried out
on a number of semicrystalline polymers and blends [5]
(e.g., PEO, PEO/PMMA, PDES, and PEEK/PEI). How-
ever, the analysis of crystallization patterns recorded by
SPM remains essentially descriptive so far. In the present
Letter, we explore the principal possibilities of time-
resolved SPM to provide quantitative information on
the evolution of the semicrystalline structure and on the
mechanisms of crystallization. The image analysis is
performed with a novel method combining direct- and
reciprocal-space approaches, which allows one to circum-
vent the discussed limitations of SAXS. To illustrate the
potential of SPM in this field, we have chosen for our
study a binary semicrystalline-amorphous blend of PCL
[poly(e-caprolactone)] with PVC [poly(vinyl chloride)]
[6—8], which presents a difficult object for SAXS studies
due to its linear crystallinity varying around 0.5 and to the
electron density contrast becoming faint at certain extents
of interlamellar inclusion of PVC.

The samples of poly(e-caprolactone) and poly(vinyl
chloride) were obtained from SOLVAY S.A. (Solvic®
grades CAPA® 650 and 258RD). The molecular weights
M, and polydispersity indices, as determined by gel
permeation chromatography (GPC), are 85400, 1.55 and
34600, 1.87, respectively. The samples for SPM studies
were prepared by casting the blend solutions in THF
on freshly cleaved mica to obtain films of ca. 10 um
thickness. The melt crystallization was recorded with a
commercial SPM equipped with a hot-stage setup. The
reproducibility of the resulting semicrystalline morpholo-
gies (e.g., the primary nucleation density) was improved
by applying a self-seeding technique [9]. All the experi-
ments were carried out in light and moderate tapping
mode (TM).

We report here one typical session corresponding to the
PCL/PVC 75/25 (wt./wt.) blend crystallization at 40 °C.
One of the problems encountered in the measurements was
related to the varying orientation of lamellae with respect
to the image plane. It is known that medium and high
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molecular weight PCL’s often display banded spherulite
structure [6,8] due to the helicoidal crystal orientation. In
order to simplify the image processing, we considered only
the image sequences with nearly edge-on lamellar orienta-
tion. Since the latter could not have been predicted from
the beginning of the session, the choice of the image size
was a compromise between the precision and the efficiency
of the method. In our case, the half period of the crystal
twist (i.e., the distance between the bands visualized by po-
larized optical microscopy) was 4.4 pwm. This results, for
the square (1.0 X 1.0 um?) images, in an overestimation
of the average morphological parameters by 2.2%—9.8%.
Since the exact inclination of the crystals is unknown, the
distances found from SPM measurements will be called in
the following “apparent.”

Three representative phase images of the crystallization
session are displayed in Fig. 1. It can be seen that crys-
talline lamellae are marked with higher phase response
(i.e., they appear white in the images) than the surrounding
amorphous zones, which is in line with the observations
reported by others [10,11]. Similarly, the lamellar edges
are higher in the corresponding topography images (not
presented here). These systematic differences between the
crystal and amorphous regions allowed us to perform the
following quantitative analyses.

Morphological characterization of the TM SPM images
in direct space was carried out by automatic analysis of
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FIG. 1. (a)—(c) 1 X 1 um? square TM SPM phase images
recorded during isothermal crystallization of a PCL/PVC 75/25
(wt./wt.) blend at 40 °C. Elapsed times are 0 (a), 541 s (b),
and 2931 s (c¢). All the images of the session were successively
recorded on the same surface area: The film defect noticeable in
the upper right part of the images was used as a reference. The
image (b) roughly corresponds to the completion of the rapid
crystallization stage. The full gray-scale is 16°. (d) Volume
crystallinity computed from the SPM images of the session (see
text for more detail).
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particles encircled by the contour lines traced at a chosen
value of the phase signal. The initial threshold was
determined to lie between the maxima of a bimodal phase
image histogram. This value was slightly adjusted further
on by optimizing the contour line fuzziness [12]. The
values of volume crystallinity were calculated as the
surface fraction above the threshold. The apparent crystal
thickness, L., was computed for each particle as 25/P,
where S is the surface and P the perimeter of a particle.
This formula provides sufficient precision for lamellarlike
objects with a high persistence length (curvature radius)
of the contours. Accordingly, the particles were sorted
with regard to their circularity parameter, P, = P2/
47rS, and a small fraction of more round objects was
excluded from consideration. The thickness distribution
functions were computed using the L. values weighted by
the particle’s area. The results of such statistical treatment
showing the time evolution of crystallinity and crystal
size are reported in Figs. 1(d) and 2. It is clear that
the blend’s crystallinity [Fig. 1(d)] rapidly increases at
the beginning of crystallization (linear growth regime),
whereas the crystallization rate significantly slows
down later (secondary crystallization). The continuation
of crystallization is still detectable after about 1 h of
annealing. Since the imaging conditions do not allow a
detailed observation of the rapid stage, we concentrate
here on the processes operating at a slower pace. Thus, the
occurrence of a very slight lamellar thickening is detected
upon crystallization, as shown in Fig. 2(a). Associated
to this thickening, another type of lamellar perfection is
also observed, which can be quantified in terms of the
surface-averaged crystal length. For example, the fraction
of the longest lamellae [13], as determined by the counting
statistics of our SPM images, is steadily increasing over
time [Fig. 2(a)]. This trend was interpreted as being due
to the merging of the initially microfragmented crystals to
form longer objects. The detailed inspection of the images
also revealed lamellar insertion consisting in the crystal
growth in between the already existing lamellae. In order
to analyze the impact of the secondary crystallization on
the crystal thickness distribution, we compared the final
L. distribution [Fig. 2(b)] with that corresponding to the
end of the rapid crystallization stage [Fig. 2(c)]. One can
notice that the secondary crystallization brings about only
a shift of the whole thickness distribution towards higher
L.’s. Since no population of thin crystals emerged in the
differential L. distribution [Fig. 2(c)], the insertion mode
does not produce thinner (more imperfect) crystals than
the primary ones.

The morphological parameters and order in the semi-
crystalline structure were further examined by reciprocal-
space analysis conducted similarly to the classical
treatment of SAXS data [14]. The analog of the SAXS in-
tensity, which is given in our case by the one-dimensional
power spectral density [P (s)], was computed as follows:

Pi(s) = @ms)”! [ PsH8(s| - s)ds'. (1)
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FIG. 2. (a) Morphological parameters of semicrystalline struc-
ture determined from the direct-space analysis of the TM SPM
images. The standard deviations of the L. distributions are
shown with error bars; the lines are guides to the eye. The
final (b) and differential (c) surface-weighted L, distributions.
The histogram (c) was calculated by subtracting the distribution
corresponding to 7, = 541 s from (b).

In (1) s stands for the norm of the 2D reciprocal-space
vector s and P5(s) denotes the corresponding two-
dimensional power spectral density. The P(s) functions
defined as

Ps) = 5 | [ wowexpCis - r) s

where A denotes the area of the image, were calculated
directly from the SPM images [u(r)] up to the critical,
or Nyquist, frequency depending upon the experimental
sampling interval. These functions were subsequently nor-
malized according to Parseval’s identity. In the computa-
tions we used standard window functions W(r) and fast
Fourier transform algorithms described elsewhere [15]. Fi-
nally, the one-dimensional SAXS correlation function (CF)
denoted here as y(l), was computed as the real part of the
Fourier transform of the corrected P, (s):

7(1) = Re{F[Pi(s)s expdm’s’0®) ] = yo(l).  (3)
The following corrections of the 2 (s) function have been
introduced in (3): (a) Lorentz correction (multiplication
by s), which accounts for the intensity scattered in re-
ciprocal space by an isotropic two-dimensional structure;
(b) correction for the presence of the crystal/amorphous
transition layers (TL) with a thickness o [16], and
(c) correction for pure amorphous “scattering,” which is
performed by subtracting the CF corresponding to the
time 0, yo(!). The apparent long period, Lg, (Bragg peak

2

. (2

in reciprocal space) was determined from the location
of the first subsidiary maximum of the CF. The L.
was calculated from the CF’s by using the standard
approximate relationship [17]: ro = @¢1in(1 — ©c.1in) L5,
where rg is the intercept of the tangent to the linear part
of the correlation function in the self-correlation triangle
with the abscissa [y(l) = 0].

The treatment of topography and phase TM images
followed similar procedures, however, the preliminary cor-
rections were somewhat more involved for topography. In-
deed, topography provides only an indirect information
about the material properties and, hence, alone it cannot
warrant a correct phase identification. In the SPM im-
ages, the height-height correlations between the crystalline
lamellae were superposed on the long-range correlations
typically present on a polymer surface (“blobby” texture).
Moreover, the spectral “strength” of these long-range cor-
relations was much higher than that of the lamellae, for
the crystals protruded the surface for only 1-2 nm. One
of the possibilities to selectively filter out these extraneous
correlations was found in the use of the self-affine surface
model. The isotropic one-dimensional height-height corre-
lation function ¢(R) = [{u(r)u(r + R)),]a pertinent to
a self-affine surface [18] can be written as

c¢(R) = o? exp[—(%)w}, 4)

where & denotes the cutoff length, o the rms roughness,
and H the Hurst parameter. Practically, c(R) can be
readily computed from the corresponding spectral den-
sity as c(R) = f(o)c f(z)” Py (s) exp(2arisR cosp)sd sd .
The ¢ integration in the above equation corresponds
to the averaging of height-height correlations over all
directions. It was found that (4) provides a satisfactory
description of our experimental c¢(R) functions. The
self-affine background was accordingly removed from
the data, and the corrected (/) functions were recom-
puted, based on the interrelation between both functions:
y(I) = Refdnw? [[c(R)RsJy(2msR) exp(2misl)d Rd s}
with Jy being the zero-order Bessel function.

The results of such reciprocal-space analysis are shown
in Fig. 3. One can see that the CF’s reveal a very broad first
subsidiary maximum [Fig. 3(a)] at small crystallization
times t.. This reflects a relatively high disorder of lamel-
lar stacking at the beginning of crystallization. However,
this peak significantly sharpens after the completion of the
rapid crystallization stage at . = 500 s indicating a more
ordered crystal growth. The first crystallization stage also
brings about some decrease in a long period. By contrast,
virtually no variation of Lg can be observed during the sec-
ondary crystallization stage. The values of L. found from
the CF analysis of the phase images are shown in Fig. 3(b).
It should be specifically noted that L. was chosen as the
smallest distance throughout, according to the results of the
previous section. The observed increase of L. qualitatively
supports our previous findings, however, the calculated
L.’s are about 5%—15% higher than those obtained from
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FIG. 3. (a) One-dimensional correlation functions computed
from the TM phase images after correction for amorphous “scat-
tering” and transition layers. The curves from bottom to top
correspond to the elapsed times equal to 0, 270, 541, 811, and
2931 s, respectively. The curves are vertically offset for clar-
ity. (b) Apparent Lg, L., and o values determined from the
CF’s. Filled symbols—phase; open symbols—topography im-
ages. The lines are guides to the eye.

the direct-space analysis. This discrepancy is probably due
to the imprecision of the simple SAXS CF analysis, which
is further enhanced for ¢ jin close to 0.5. By contrast, Ly
values could be considered with more confidence. They are
in quantitative agreement with the values reported by Stein
et al. [6,7], while they are higher than those reported by
Chen et al. [8]. The fits of the final slopes of P (s) to gen-
eralized Porod’s law result in a rather invariable TL thick-
ness of about 3 nm [Fig. 3(b)], which is independent from
the type of signal (e.g., phase or topography). The val-
ues of o agree with the literature data [6,7] (1.5-3.0 nm)
obtained from the analysis of SAXS curves in a similar
s range. However, the physical meaning of the TL deter-
mined by scattering techniques and by SPM is very dif-
ferent (i.e., variation of electron density vs locally probed
material properties). The spatial resolution of SPM consti-
tutes a difficult issue since it depends on many factors such
as the tip-surface contact area, surface topography, elastic
modulus, etc. Hence, further experiments are required to
understand this agreement between SAXS and SPM.

In conclusion, we have shown that the combined direct-
and reciprocal-space analyses of SPM images can provide
statistically significant information on the time evolution
of polymer semicrystalline structure on crystallization.
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