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Abstract

The large size of the crystallites in poly(L-lactide) and the low growth ratblerdetailed time-
and temperature-dependent X-ray scattering studies of the ordenngsses to be carried out. A
layer located intermediate between crystals and melt-like regions is odsghieh finally takes on
crystalline order. Recrystallization processes during heating changerigete stack structure rather
than the crystallites individually and produce voids in the stacks. Establigtoha new stable struc-
ture after a temperature jump in the melting range can be followed in time. RE&Ziments indicate

times of melting of the order of minutes.



1 Introduction

Poly(L-lactide) (PLLA) is a semi-crystalline polymer [1] bigh crystallinity, with values up to 80%. To
achieve such high values samples have to be kept for a suofficieng time - typically several hours

- at temperatures above 130. On the other hand, a cooling from the melt with standardsrbgaves
PLLA amorphous or produces - at temperatures between(130d the glass transition at 54 - highly
disordered crystallites [2]. Hence, growth rates are galyelow [3]. Directly associated with the slow
structure evolution is the large size of the developingtafiiees. The thicknesses of the crystal lamellae,
which have a high lateral extension, are always above 10rdrgarup to about 25nm at the highest
crystallization temperatures [4][5][6].

In fact, the large crystal size and the low growth rate is athgeous for studies. Details show up
which cannot be grasped in other crystallizing systems. lISangle X-ray scattering (SAXS) experi-
ments end at a resolution of 1-2nm - then microscopic eladiensity fluctuations begin to affect the
scattering curve - and have (under lab conditions) a timeluéen of the order of minutes. For SAXS
studies of PLLA this is still sufficient. We present in thisntgbution time- and temperature dependent
experiments which provide insight into ordering procesgebe surfaces of the crystallites and follow
the kinetics of recrystallization processes. Wide angleXscattering (WAXS) patterns which were
registered simultaneously with the SAXS curves were araly® a simple new technique which detects
deviations from a purely two-phase crystalline-amorphsiusctural development. We find clear indica-
tions for the participation of an additionally involved tthistate of order. Additionally conducted DSC
experiments allowed a time resolution of the melting prec@se unusual length scale of the crystalline-
amorphous structure of PLLA is also favorable for an imadiggatomic force microscopy (AFM), as

will be shown by high temperature scans of the PLLA structiter recrystallizations.



2 Experimental section

2.1 Sample

We prepared PLLA following the standard route as descrifeeedxample, in ref.[4]. Tin(Il) 2-ethylhexanoate
initiator was dissolved in dichloromethane and then dispéiin molten L-lactide with a molar ratio of
1:10000. This mixture was kept under argon in a tightly calpglass vial for 4 hours at 18Q for poly-
merization. To purify the polymer it was dissolved in gentigrm chloroform, precipitated in methanol,
filtered, and then dried under vacuum for several days. THecular weights measured by gel perme-
ation chromatography using PS standards age=B¥700 and N]=19200. Samples for X-ray scattering
experiments were prepared by a rapid cooling of the melt@@0Since the thermal stability of PLLA

is low - decomposition begins already at 28(7] - we kept the annealing time in the melt always short.

2.2 Small angle X-ray scattering

SAXS experiments were carried out with the aid of a Kratkgreea attached to a conventional GuK-

ray source, employing a temperature controlled samplesholdsing a position-sensitive detector (PSD),
scattering curves were usually registered within a few meswwounting time. After a deconvolution of
the slit-smeared data, scattering curves were obtaindsivlate values, as differential cross sections per
unit volumeX(g). With a knowledge ob(¢) the one-dimensional electron density correlation fumctio
K (z) can be directly calculated by applying the Fourier relafjn

oo

K(z) = %/cos(27rs)477522(s)d3 . 1)
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Here, s denotes the scattering vector= 2sinfp /) (05: Bragg scattering angle); is the classical
electron radius.

A useful parameter in kinetical measurements is the Porefficent P. It generally describes for

two-phase systems the asymptotic behavior of the scagtetrve as

lim ¥(s) =r— . (2
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The Porod coefficient is directly related to the interfacsagser unit volumep,., by

1

P=_— - 2
871'3 Oac (pe,c pe,a) (3)

wherep, . andp. , denote the electron densities of the crystals and the flladghespectively. This rela-
tion is generally valid, for homogeneous as well as hetaregas structures and therefore, for example,

also if spherulites fill a sample only partially.

2.3 Wideangle X-ray scattering

Simultaneous with the SAXS curves WAXS patterns were reggsk For this purpose the Kratky camera
was complemented by a second camera with an own PSD . It nesabigrscattering in the angular range
20 = 18° —26° (product of Co. Hecus & Braun, Graz, Austria).

Usually it is assumed that WAXS curves measured during ahésmal crystallization represent a
superposition of the scattering functioffy s) of the crystals and®(s) of the melt with weights given
by the crystallinityg,, i.e.:

I(s) = ¢cI®(s) + (1 = ¢c)I%(s) (4)
I*(s) is a smooth function with a maximum at the position of the hafds) is dominated by the Bragg
reflections of the crystal, but has also non-negligible Gbuations of diffuse scattering between the re-
flections due to disorder and thermal motions. It is posstdheck in simple manner, if a crystallization
can really be described by a change in the volume fraetioand (1 — ¢.) of crystals and melt-like re-
gions only. One chooses two locations s», for example one at a reflection maximum and the other in

a range of purely diffuse scattering. The intensities,oédnds, are according to Eq.4
I(s1) = ¢cI®(s1) + (1 — ¢c)I?(s1) (5)
I(s2) = ¢el®(s2) + (1 — ¢c)I*(s2) .

Differentiation with regard t@. gives

— I°(s1) — I*(s1) (6)
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= IC(82>7Ia(82) .

Asking about the relationship between changed (isy) and I(s2) one can plot/(s;) versusI(ss)
including values from all curves registered during the @Wization. If Eq.6 is valid, i.e., crystal and
melt are the only phases involved in the crystallizatiorcpss, a linear relationship betwegfs;) and

I(s2) is expected, with a slope given by

Al(sy) _ 1(s2) = I*(s2) _
dI(s1) B I¢(s1) — I?(s1) a t "

Deviations are indicative for the participation of statéeraer which differ from both the crystal and the

melt.

2.4 DSC and AFM

The X-ray scattering experiments were complemented by D86 and AFM imaging. We used a
Perkin-Elmer DSC7. AFM pictures were obtained with a Piog®¥Molecular Imaging Co) in the tapping
mode. Height- and phase-contrast images were recordesiptbbing the viscoelastic properties of the
surface of film samples placed on a glass substrate. Empglayihot stage, temperature dependent
experiments could be carried out in-situ. Samples weregoeebin the molten state between two glass

slides by pressing and removing the upper slide. Thickisessee in the range of 1-10n.

3 Resaultsand Discussion

3.1 Surfaceordering duringisothermal crystallization

Figures 1, 2 and 3 present the results of a time-dependenSS#a WAXS experiment, carried out
during an isothermal crystallization at 145 Figure 1 shows the variation of the WAXS pattern in
the lower part of the angular range covered by the detectothe ranges around the two strongest

Bragg-reflectionsik!=203 and 015) the intensity increases with time, outsidsehienited ranges one



observes a decrease. We compared the changes at the twateddpositions:s; in the center of the
203-reflection and, which is outside of all reflections. The intensitysat I(s;), is dominated by the
crystals, the intensity(s2) is mostly determined by the amorphous parts in the sampirir&i2 shows
this comparison in a plot of(s;) versusi(s;). For some of the points the respective times are given.
From the beginning up to 13500s one finds a linear relatignsisiit is expected when crystals grow out
of a melt. Interestingly, this linearity ends in the final &meriod between 13500 and 61500s. Here,
points deviate from the initial line. Obviously the ordeyiprocess then changes its character.

The nature of the change becomes apparent in the electraitydearrelation functiond<(z) de-
duced from SAXS curves registered during the crystallaratiSome of them are shown in Fig. 3, and
they mostly refer to the time period between 13500 and 585Udithin this late time range both the
long spacingL and the inner surfac@,., being given by the initial slope ok(z), remain constant.
One observes, however, changes in the shape of the curves ase region between 5nm and 15nm.
According to the constant values bfandO,. the stack formation is completed, but ordering processes
still proceed in the intermediate range between the lalererystallites and the melt-like intercrystalline
layers. The correlation function measured at the end ofty&allization process indicates the presence
of crystals with a thicknes. = 14nm, layers with melt-like structure with a thicknegs= 5nm and an
intermediate zone on both sides of the crystals with a thtekhess of 2nm. The long spacing amounts
to L=21nm. At an earlier time, 13500s, the intermediate regiomiich expanded, amounting to 5nm
altogether, i.e., 2.5nm on each side. Figure 4 presentslisisge in a schematic drawing. The short
linear section fromx=7.5nm to 10nm ink (z) given by the broken line in Fig. 3 relates to an interme-
diate layer. Its slope indicates, when compared to thealrstope of K'(z), a density change between
the crystals and the intermediate layer in the order of 25%etlensity difference between crystals and
the melt. This ratio is included in the sketch. It means thatibhtermediate layer is much more crystal-
than melt-like. With increasing time the inner part with stalline order further expands into the region

of the intermediate layer, and this surface ordering iscaigid in Fig. 4. It implies a decrease in the free



energy, i.e., a stabilization of the crystallites.

In our view polymer crystallites do not form directly out bt melt, but use a pathway which includes
a transient mesomorphic phase [9]. Based on this view ondateatify the non-crystalline intermediate
layer with remainings of the mesomorphic phase. Crystaitiravould then proceed as is indicated in
the sketch in Fig. 5. A region with a mesomorphic structurenfobetween the lateral crystal face and
the melt, stabilized by epitaxial forces. A high inner mapibllows a spontaneous thickening up to a
critical value where the core region crystallizes, whickegplace under formation of a block. In the
last step, the surface region of this block which remaingsit ifi the mesomorphic phase, takes on the
crystalline order. Itis this last step which shows up in tkpeziment.

There were similar observations for an isothermal cryigitibn at 158C, as is shown by the
SWAXS results presented in Figs. 6, 7, 8 and 9. Figure 6 deplie time dependence of the Porod
coefficientP and of the intensity (s;) at the 203-Bragg reflection. According to the dependep(e
stack formation is finished at 8003s. In contrast to that the crystallinity still increases,taghe end
of the experiment by additional 15%.

Figure 7 displays three correlation functions derived fritvea SAXS curves during this late stage.
Their change has the same character as the change of th&atomréunctions in Fig. 3. Shapes are
again indicative for a transition zone between crystaliad melt-like layers, which is at first rather
extended and then decreases in thickness. The thicknebge ofi¢lt-like layer is comparable to that
found in the first measurement. The long spacing has inade@s24nm at this higher crystallization
temperature. The correlation function measured at<iii8s indicates a total thickness of the non-
crystalline intermediate layer oi2nm. Within the time period of the experiment it becomes cedu
to 2x2.5nm. The ordering process might still go on, but needs a&Bry long time to come to an end.

Figure 8 presents the development of the WAXS curves, and®rgalyses the changes in a plot of
I(s1) versus (s2). The relationship shows no longer an extended linear rafgece, the transformation

cannot be described just by a formation of crystallites duhe melt; the participation of an additional



state of order is obvious. The slope of the dotted line agnettsthat of the line in Fig. 2. The final
structure can therefore be described as being composedtadmdecrystallites only. In time ranges with
a steeper slope of thEs1)/I(s2) curve the melt is partly transferred into a mesomorphicemathan

a crystalline state. On the other hand, in ranges with a leepslope crystals form not only from the

melt, but also out of a mesomorphic, i.e., amorphous but redt-like phase.

3.2 Recrystallization during heating

Figure 10 presents the result of a temperature dependenS®Xperiment. A sample was isothermally
crystallized at 14%5C and then heated in stepwise manner, at first with step8@fthen 3 C and finally
2°C. The figure shows the electron density correlation funetigz) derived from the scattering curves.
The correlation function at the beginning is identical witfat obtained at the end of the isothermal
crystallization at 14%5C given in Fig. 3. No changes occur up to 260 i.e., the initial structure remains
stable over 15K. Then recrystallization processes set athBne of the subsequent temperature steps
leads to an increase of the crystal thickness and the longrgpaThis continues up to 176 where
the final melting begins. It is completed at 280 The curves include a characteristic feature. In
the initial stateK (z) is horizontal in the base region betwees5nm and 14nm as it is expected for
a stack of lamellar crystallites [8]. This property changath the onset of recrystallization processes.
From thereon the line in this range gets more and more irtlirduch a modification of the curve
shape is indicative for the existence of the voids in theksta& removal of single crystals from the
stack in statistical manner leads in the scattering cumd,therefore also in the correlation function,
to a superposition of a single crystallite scattering- are@ation-function. The correlation function of
a single crystal is a triangle with a base length correspanth the crystal thickness. The observed
inclination is a consequence of this additional contritti

In fact, AFM images of the structure produced by the rectljzédion process show voids within the

stack, and Fig. 11 presents an example. The picture on the bbeth images were obtained with the



aid of the tapping technique - shows the structure resuftimg an isothermal crystallization at 1240.
One observes regularly packed lamellae with a constarkrnbgs and a large lateral extension. The
image picked up a domain with edge-on orientation. The parity agrees with the long spacing in the
SAXS scattering patterns. The image on the right shows thetste after heating to a temperature in
the recrystallization range. One observes again a stadnuwdllae but it now includes many voids. The
periodicity in the image is larger than the long spacing abse the orientation of the stack here is not
edge-on but inclined. Obviously recrystallization leadsatcomplete reorganization of the stack as a
whole. The result of the reorganization is a new stack whahdgain well defined structural properties,
i.e., certain values of the crystal thickness and the lorsgisg. As it appears, individual crystals do not
retain their identity. Recrystallization is a cooperatpeenomenon which concerns the whole stack at
once.

In spite of the complexity of the process, recrystallizatafter temperature steps of some degrees
is completed within short time. It obviously takes placetguapidly. There exist, however, situations
where the establishment of the new equilibrium after a teatpes jump is slow so that it can be observed
in real time. This is the case if a sample is directly transi@from the crystallization temperature into
the temperature range of final melting, and Figs. 12 and 18iggcan example. A sample initially
crystallized at 138C was transferred as quickly as possible to a temperaturedsfl #igure 12 depicts
a series of SAXS curves measured one by one at this temperathere is first a shift in the position
of the long spacing reflection which is then followed by arentity increase. The second maximum in
the scattering curve whose position is determined by botfaérystalline and intercrystalline properties,
shows a continuous shift. The structural background ohallchanges shows up in the electron density
correlation function, and the deduced cur¥é§z) are given in Fig. 13. The location of the minimum
gives the crystal thicknesd,, the following maximum relates to the long spacihg One observes a
change fromd,=13nm to 19nm and fronk=21nm to L=30nm. Important to note, stability is reached

within about?2 - 103s. One therefore observes here the kinetics of the estaidishof a new stable



structure taking place under isothermal conditions. Thectiral changes observed within this time are
only possible if the crystallites in the structure are ndtfppeed, i.e., possess sufficient inner mobility.

One might speculate that during this time period the cor@regf the crystallites has not yet reached
that thickness which blocks any reformation. Support farhsa view is given by the changing shape
of the correlation function betweern=0 and thed.-determined minimum. As long as the structure is
unstable this part of the curve shows a continuous bendihigs dpparently changes at later times. In
the then measured curves existence of a melt-like layertkriessi, ~5nm is showing up more and

more clearly. Hence, in the non-stable state the profile eftthnsition zone between crystal and the

melt-like regions is diffuse, which changes when the stmeesolidifies.

3.3 Kinetics of melting

Melting processes are always rapid compared to the timagreshjfor the crystallization, so that it is
usually impossible to follow in experiments the melting gess in real time. PLLA presents an excep-
tional case. Crystallites grown at higher temperaturesiausually thick with values up to 25nm. For
such crystals the separation of chain sequences from #ienal faces requires an unusually long time.
Itis still not long enough to enable the melting process téollewed in real-time scattering experiments
under lab conditions, however, in the DSC clear time depeinéffects show up during melting. One
observes a pronounced superheating and Fig. 14 gives arpkxdirincludes two melting curves, mea-
sured after an isothermal crystallization at 1€¢0 As can be seen, an increase of the heating rate from
1K/min to 10K/min results in an upward temperature shift Kf $he superheating effect indicates that
the melting needs a measurable time. Figure 15 providesandexxample. The sample, isothermally
crystallized at 140C was heated into the melting range to 1?0 Experiments show the time depen-
dence of melting at 17@. Keeping the sample at 170 leads within the first 5 minutes to a reduction
of the amplitude of the high temperature endotherm assatiaith the melting of the remaining crys-

tallites. For longer times of storage melting is followeddpew crystallization, as shown by the again

10



increasing peak amplitude. Rather than directly contigtire heating after the storage at 1@0sam-
ples were first rapidly cooled back to 140. The low temperature endotherm in the shown thermograms
relates to the melting of crystallites formed during thelswp Comparing the curves for Omin, 1min and
5min time of residence at 17Q, this first peak increases in amplitude while the second peakeases.
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Figure 11: PLLA, crystallized at 14Q (left) and heated to 17@ (right): AFM tapping mode phase

contrast images obtained after cooling to room temperature
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Figure 15: PLLA, crystallized at 14@, heated to 170C, annealed for O - 125 min, rapidly cooled to
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