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Abstract

Time- and temperature-dependent SAXS and WAXS experiments on poly(L-lactide) were used (i) to establish the relationships between the

crystallization temperature, the crystal thickness and the melting point, (ii) to follow recrystallization processes during heating, and (iii) to detect

perturbations of the crystalline order. The studies showed several peculiarities: (i) although no solid state thickening occurs during a

crystallization, crystal thicknesses are with values between 11 and 20 nm very large (ii) crystal thicknesses and long spacings have a minimum at

120 8C and increase for both higher and lower crystallization temperatures. The anomalous behavior at low crystallization temperatures is to be

related with a disordering of the crystal lattice (iii) there exists an extended temperature range where crystal thicknesses change in controlled

manner by recrystallization processes (iv) as it appears, a triple point where the fluid, the crystalline and a mesomorphic phase coexist is located

near to normal pressure and a temperature of 190 8C.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(L-lactide) (PLLA) is a biodegradable semi-crystalline

polymer widely investigated in view of biomedical appli-

cations and possible uses as a compostable commodity

material. Degradation can be achieved by chemical or

enzymatic hydrolysis (compare [1] and the references cited

therein). The structure of the crystals forming from the melt

was first determined by De Santis and Kovacs [2] as being set-

up of left-handed 103-helices packed in quasi-hexagonal

manner into an orthorhombic unit cell. Later, more detailed

works including analysis by vibrational spectroscopy pointed

at slight distortions of the basic helical conformation due to

interchain forces [3,4]. Being semi-crystal, the mechanical

properties of PLLA depend on the details of the crystalline–

amorphous structure, which vary as always with the crystal-

lization conditions. An overview about crystallinities and

crystal thicknesses after crystallizations from the melt for both

PLLA and related statistical copolymers was provided by Runt

and coworkers [5–7]. It shows that the crystallinity is high,
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more than 50%, and crystal thickesses as well as long spacings

are large, usually above 10 and 20 nm, respectively.

Time- and temperature-dependent SAXS experiments

carried out during the last years for various crystallizing

polymers-polyethylene, i- and s-polypropylene, poly(3-capro-

lactone)[8], poly(1-butene)[9], i-polystyrene [10]—showed us

that the relationships between crystallization temperature,

crystal thickness and melting points can be exactly established

and provide insights into the mechanism of polymer crystal-

lization. The results contradicted basic assumptions of

conventional views and led us to a novel model [11]. We

now carried out analogous SAXS experiments for PLLA, and

obtained again unexpected results. In particular, the thickness

of the crystals developing at low temperatures near to Tg is with

13 nm much higher than for all cold crystallized systems

investigated so far. We relate this to a peculiarity in the

crystallization behavior of PLLA: crystals remain imperfect,

when they grow at low temperatures [12].
2. Experimental section

2.1. Samples

Experiments were carried out on samples of a poly(L-lactide)

produced by Sigma-Aldrich. The molar mass was MwZ101.000

(Mw/MnZ1.7).
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2.2. Simultaneous small and wide angle X-ray scattering

Small angle and wide angle X-ray scattering experiments

were conducted simultaneously with the aid of a twin camera

produced by Hecus and Braun, Graz, Austria. In this device a

Kratky small angle camera is complemented by a second

camera which registers the X-ray scattering in the angular

range 2qZ19K268 (q: Bragg scattering angle). Small angle

and wide angle X-ray scattering curves are registered

separately, employing two one-dimensional position-sensitive

wire detectors. The intensity data obtained are stored and

further evaluated in a PC. We used a Cu anode, fabricated by

Bruker AXS, Karlsruhe, Germany, as X-ray source, together

with a Ni-filter to extract the Ka radiation.
2.2.1. Evaluation of SAXS data

Having determined the primary beam intensity with the aid

of a moving slit system, desmeared scattering curves were

obtained in absolute values, as differential cross sections per

unit volume S(q). With a knowledge of S(q), the one-

dimensional electron density auto-correlation function K(z)

and its second derivative K 00(z), which gives the interface

distance distribution function [13,14], can be directly calcu-

lated by applying the Fourier relations
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Fig. 1. A spherulite of PLLA growing at 130 8C as
2.2.2. WAXS reflection linewidths

Line widths were measured for the 203-Bragg reflection, the

strongest reflection in the registered part of the WAXS curve.

In order to determine the coherence length, Dhkl a Gaussian

function
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was adjusted to the profile of the reflection after its separation

from the background (DqZqKqhkl). Dhkl then followed from

the Scherrer equation [15] as
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p
s is the integral width of the reflection.
2.3. Temperature-dependent WAXS and DSC

Additional WAXS curves which extended over a large

angular range and their changes during heating were registered

in temperature-dependent measurements with a Siemens D500

diffractometer.

DSC experiments were carried out using a Perkin–Elmer

DSC-7.
3. Results

Wefirstpresenthere inafewfiguresanumberofcharacteristic

observations known from the literature, since they provide the

basis of understanding of the new SAXS experiments. The latter

are reported in the second part of this section.
3.1. Characteristic general observations

Figs. 1–3 show a collection of typical images which appear

when the crystallization of PLLA is observed in a polarizing
observed in a polarizing optical microscope.



Fig. 2. Observations in a POM when running a temperature program with step-wise temperature rises. The sample was kept for 600 s at each temperature.

Fig. 3. Structure evolution at 82 8C coming from the glassy state as observed in

a POM.
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optical microscope. At high crystallization temperatures, i.e.

temperatures above 130 8C, the number of nuclei is usually

very low. One observes as a consequence only a few

spherulites which can grow to macroscopic sizes in the order

of several 100 mm. Fig. 1 shows as an example the growth of an

individual spherulite which takes place with a constant growth

rate of typically several microns per minute. The spherulites

have a negative birefringence, with the a-axis of the

orthorhombic unit cell being oriented in radial direction [16].

Crystallization temperatures and melting points are generally

related, in the sense that an increase in the crystallization

temperature leads also to an increase in the melting point.

Fig. 2 demonstrates this dependence for PLLA in a nice

manner. During the crystallization process the sample was kept

at a sequence of step-like increasing temperatures, at each

temperature for a period of 600 s. The crystallization process

began with a cooling from the melt to the initial crystallization

temperature, TcZ130 8C, and then continued with several

temperature steps. The two spherulites shown in the images

grow until a temperature of 155 8C is reached, and from

thereon keep a constant size; growth rates for the even higher

temperatures were obviously too low to be recorded. Of

interest are the subsequent melting processes. Melting starts at

174 8C where the first inner part grown at 130 8C disappears. At

176 8C those parts of the spherulite which have grown up to

140 8C also melt, and at 180 8C those which have developed at

the highest temperature with crystal growth, 155 8C, vanish.

The appearance completely changes if a low crystallization

temperature is chosen, for example TcZ82 8C, as is depicted in
Fig. 3. In this case, the sample was at first quenched to the glassy

state and then set at the crystallization temperature. The

nucleation density is now extremely high; even at the end of

the crystallization processes it is impossible to resolve in

the microscope individual spherulites. This strong increase

in the nucleation density is, however, not the only change taking

place at low crystallization temperatures. This becomes

apparent in the WAXS patterns, in a comparison of the results

of high temperature crystallizations with low temperature
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Fig. 4. WAXS curves obtained after isothermal crystallizations at different Tcs

indicating a change in the crystalline order. Assignments of the reflections in

the ordered orthorhombic phase.
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crystallizations [12,17]. Such a series of patterns is depicted in

Fig. 4. As is obvious, several of the Bragg reflections which

show up at high Tcs disappear when the crystallization is carried

out a low temperatures. The pattern measured after a crystal-

lization at 85 8C shows no longer the 015-reflection, and several

other reflections have also disappeared. On the other hand, the

main reflection with the strongest intensity, which includes

contributions of both, the 110- and the 200-reflection of the

orthorhombic lattice, still exists. The change in the crystal

structure indicated by the modification of the scattering pattern

is associated with a decrease in the interchain distance on

increasing the crystallization temperature. This change, as

derived from the reflection position, is depicted in Fig. 5. The

conclusions which can be drawn from the changing WAXS

pattern are obvious, and they agree with conclusions to be drawn

from corresponding changes of the IR-spectra [12]. While the

crystals which form at crystallization temperatures above

130 8C are well ordered, this is no longer the case for the low

Tcs. The chains are still packed in quasi-hexagonal manner,

however, the rotational and longitudinal ordering is highly

perturbed. This relates in particular to the formation of dipole–

dipole bridges between the CH3 and CZ0 groups on adjacent

chains. Therefore, not only the less dense packing but also the

reduction of specific interactions between neighboring chains

lead to a decrease in the cohesive energy of the crystal. This

decrease shows up in a drop of the heat of fusion, by an amount

of 20 J gK1 as is shown in Fig. 6.

The decreasing crystalline order shows also up in an

anomaly in the temperature dependence of the growth if the

spherulites. After a first maximum is passed at around 130 8C,

the rate increases again at around 120 8C, then reaching a

second, higher maximum around 115 8C [18,19]. Formation of

less perfect crystals thus takes place more rapidly, which

appears conceivable.

One may ask whether or not full order can be introduced

into an initially disordered crystal by an annealing at
temperatures above 130 8C. Fig. 7 shows that this is not the

case; higher temperatures are necessary to achieve an ordering.

Heating perturbed crystals obtained by a crystallization at

80 8C leads only at temperatures above 155 8C to the

appearance of the characteristic 015-reflection. This retarded

onset of ordering is also confirmed by the DSC run for the at

80 8C crystallized sample, as depicted in Fig. 8. One finds an

exothermal contribution in the heat flow around 160 8C which

is to be associated with the formation of perfect crystals [20].
3.2. SAXS experiments: temperature dependent variations

in the lamellar structure

At first we employed SAXS experiments in studies of the

lamellar structure formed by the perfect crystals which develop

at crystallization temperatures above 130 8C. Fig. 9 depicts a

typical result, showing the interface distance distribution

functions derived from measured SAXS curves during an

isothermal crystallization at 143 8C (upper figure) and during a

subsequent heating (lower figure). The time dependent part

related to the isothermal crystallization indicates a growth of

crystals with a thickness dcZ16 nm, amorphous intercrystal-

line layers with a thickness daZ6 nm and a long spacing, i.e. a

distance between the centers of adjacent crystallites of dacZ
22 nm. No thickening takes place during the crystallization
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process. The values of dc and dac are remarkably large,

much larger than the ones found for all other polymer

systems investigated so far—polypropylene, poly(ethylene-

co-octene)s, polystyrene, poly(3-caprolactone) and

poly(1-butene). The crystallinity is also rather high, with a

value of the linear crystallinity

fl Z
dc

dac

Z 0:7

The value agrees with that given by the heat of fusion

fc Z
DH

DH0

Z 0:73

choosing DH0Z106 J gK1 [21]. The IDFs indicate that this

structure remains stable up to a temperature of 162 8C. Then

recrystallization processes set in, resulting in an increase in

both, the crystal thickness dc and the long spacing dac. The

temperature 170 8C marks the melting point as announced by a

sharp decrease of all amplitudes. At the melting point crystals

have reached a thickness of 20 nm, and the long spacing has

increased to 28 nm.

Fig. 10 collects all the crystal thickness values obtained in

such time- and temperature-dependent experiments, in plots of

the inverse thickness, dK1
c , versus the temperature. Experiments
100 120 140 160 180 200
–1

0

1

2

3

4

5

he
at

 fl
ow

 / 
m

W
/g

   
E

nd
o

T/ ˚C 

Fig. 8. DSC thermogram measured after an isothermal crystallization at 80 8C.
were carried out for temperatures of isothermal crystallization

TcZ125, 130, 140 and 143 8C. In addition, the result of a

measurement for TcZ160 8C is included. At this highest

temperature we used self-seeding to start crystal growth. The

initial values measured at the end of the crystallization

processes at the different temperatures are all located on a

line. As in all the previous works we address it as the

‘crystallization line’. The pairs of final values in the heating

runs giving the melting point and the associated crystal
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Fig. 10. Results of temperature dependent SAXS experiments: variation of the

inverse crystal thickness, dK1
c , during heating runs subsequent to isothermal

crystallizations at 125, 130, 140 and 143 8C. The first values in each run are

located on the crystallization line, the last values lie on the melting line. The

values in the temperature range of recrystallization follow a third line.
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Fig. 13. PLLA, crystallized at 80 8C from the glassy state. SAXS curves

measured during a heating–cooling cycle with a maximum temperature of

145 8C.
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thickness establish the Gibbs–Thomson melting line. As an

additional feature, experiments point at the existence of a

‘recrystallization line’. It determines the onset of recrystalliza-

tion processes—quite clearly for the series following for TcZ
140 and 143 8C—and then describe also the successive points.

As it appears, all three lines, i.e. the crystallization line, the

recrystallization line and the melting line commonly extrap-

olate for dK1
c /N, i.e. for macroscopic crystals to a

temperature of 190 8C.

All these results refer to the properties of the perfect crystals

growing from the melt at temperatures above 130 8C. Quite

different results are obtained in the other range, i.e. for

crystallization processes at temperatures below 130 8C. These

are better reached coming from the glassy state. In fact, it

turned out as irrelevant whether the crystallization temperature

was reached from the melt or the glassy state, of importance is

Tc only. Fig. 11 collects values obtained for the long spacing

both for the high and the low temperature range. All the filled

points in the figure were measured at the end of isothermal

crystallization processes which varied between 75 and 143 8C.

Long spacings found in the high temperature region are again

located on a line. Those found in the low temperature range no

longer follow this line, but deviate towards larger long

spacings. As can be seen, the long spacing here increases

with decreasing Tc. Such a behavior is peculiar and is found

here for the first time. The value observed at the lowest

temperature, 75 8C, is with 22 nm unusually large. We are not

aware of any system, which would produce such thick lamellar

crystallites shortly above the glass transition temperature.

Important to note, the coherence length derived from the line

width of the 203-reflection changes in equivalent manner. As

shown in Fig. 12, D203 has a minimum of 125 8C and increases

for both higher and lower Tcs. Fig. 11 includes also the results

of heating runs, at first once again, subsequent to isothermal

crystallizations at Tcs above 130 8C, and then in addition, for

the structure formed at 75 8C. The temperature dependent

WAXS patterns shown in Fig. 7 indicated that the crystals

remain imperfect up to a temperature of 155 8C. The SAXS

values of the long spacing show now that dac remains stable up
to a similar temperature. Together or slightly after the

perfectioning a total reorganization of the lamellar structure

sets in. It leads through the same sequence of reorganized

crystal structures as in the case of crystals which have been

perfect from the very beginning.

Hence, as long as the temperature remains below 155 8C, no

structure changes take place in the cold crystallized sample,

either within the crystals as a perfectioning or for the whole

structure in the sense of a thickening and long spacing increase.

Fig. 13 depicts scattering curves measured in a heating–cooling

cycle between 100 and 145 8C. Scattering curves remain

invariant in their shape and just change their intensity. The

intensity change is obviously due to an increase in the electron

density difference between the (imperfect) crystals and the melt

only. At low temperatures the density difference virtually

vanishes, which prevents a SAXS analysis. It was possible to

derive from the SAXS curve measured at the highest

temperature, 145 8C, the electron density correlation function
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K(z), and it is presented in Fig. 14. As the result shows, the

structure formed at 80 8C is set up of crystallites with a

thickness dcx13.5 nm at a distance of 21.5 nm.
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Fig. 15. Gibbs free energies per monomer as a function of the inverse layer

thickness (difference to the melt value ga at some fixed temperature). Lines

refer to layers with mesomorphic (dotted), perfect-crystalline (dashed) and

perturbed-crystalline (dash–dotted) order. Minimum thickness of the meso-

morphic layer (1), points of transition into a perfect (2a) or an imperfect (2b)

crystal.
4. Discussion

The Gibbs–Thomson melting line is well determined by the

dc values measured at the various melting points at the end of

heating scans after crystallizations at different Tcs. The starting

point at dK1
c Z0 represents the equilibrium melting point which

has the value TN
f Z190 8C. For polymers which exhibit an

extensive recrystallization before melting, temperature depen-

dent SAXS experiments indeed present the only way for a

reliable determination of TN
f . The remaining uncertainty is that

of the linear extrapolation, which here amounts to some

degrees. Interesting to note, the same extrapolated value

follows from a plot of melting temperatures versus the inverse

long spacings measured at the points of fusion. The

corresponding line, shown in Fig. 11, also ends at 190 8C.

The strict relation between the two lines is due to an invariance

of the linear crystallinity fl through all temperatures.

As for all other studied crystallizing polymers, we find a

linear relationship also between the inverse crystal thickness

and the crystallization temperature, with the restriction that this

relationship holds here only for the range of higher

temperatures, TcR130 8C. Different from the other systems,

the crystallization line ends, when linearly extrapolated, at the

same temperature as the melting line, i.e. at the equilibrium

melting point TN
f . Actually, one cannot be sure if this is strictly

valid, but the two limiting temperatures certainly are near to

each other.

For the low temperature range, Tc!130 8C, crystal

thicknesses no longer follow the crystallization line. Indeed,

thicknesses and also long spacings here increase when the

crystallization temperature is lowered. The lateral coherence

length D203 shows according to Fig. 12 the same tendency. In

our understanding crystal thicknesses are selected by a size

dependent phase transition [11]. The entrance step during

growth is always the formation of a mesomorphic block with

minimum size at the growth front. This block spontaneously

expands until that size is reached where the transition into the
crystalline phase occurs. In PLLA crystal blocks are very large,

always larger than 103 nm3. For sure, blocks of this size cannot

form directly by a fluctuation out of the melt. A selection of the

crystal thickness by this phase transition implies that the

crystallization line extrapolates in the macroscopic limit to the

coexistence temperature TN
mc between the mesomorphic and the

crystalline phase. For PLLA our results would indicate a

location of TN
mc near to the equilibrium melting point at 190 8C.

This, however, would mean that 190 8C not only represents the

melting point but is, even more, a triple point where the

mesomorphic, the amorphous and the crystalline phase coexist.

We do not think that this is strictly true, because a coexistence

exactly at normal pressure is highly improbable, but the triple

point could well be located close to it, i.e. at a slightly different

temperature and a slightly different external pressure.

How would the block sizes change when at lower

crystallization temperatures crystals are no longer perfect but

show more and more disorder? The sketch in Fig. 15 is meant

to give an answer. The dotted line describes the change in the

Gibbs free energy per monomer when the mesomorphic block

expands at Tc. It forms with a minimum size at point 1 which

includes an activation step for the necessary density fluctuation

in the melt. At high temperatures, where perfect crystals form,

the transition takes place at point 2a where the Gibbs free

energies of the mesomorphic layer and perfect crystalline

layers (dashed line) coincide. If at lower temperatures only

imperfect crystals form, their Gibbs free energy is enhanced

with a regard to the perfect crystals. This leads to an upward

shift of the associated free energy line (dash–dotted).

Coincidence of the free energy with that of the mesomorphic

layer is now only reached after a further expansion, at point 2b.

The WAXS patterns in Fig. 4 indicate a continuous increase in

the disorder of the crystals. Hence, one has to expect a

continuous shift of the transition points to larger values of dc.

The largest values are reached at the lowest Tcs, since here the

disordering is maximal.

In our model, this first formation of crystalline blocks out of

the mesophase is always followed by a stabilization process

resulting from some surface reorganization. The existence of

such a step becomes apparent in the extended temperature
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range with a constant block size, which is always found when

heating an isothermally crystallized sample. For the perfect

crystals this holds up to some temperature which is well

defined for TcZ140 and 143 8C. Here, the system enters on

heating a range of continuous recrystallization processes.

Recrystallization occurs at a nearly constant crystallinity—is

therefore barely visible in DSC scans—and it obviously takes

place very rapidly establishing at each actual temperature a

new thickness. Interesting to note, also in the range of

continuous recrystallization one finds a linear dependence

between the thickness and the actual temperature, and, as

indicated by the results in Fig. 11, this ‘recrystallization line’

also extrapolates to 190 8C. Since not only the thickness but

also the long spacing L changes simultaneously we encounter

here a total reorganization of the structure. In our view, it is a

short transition step into the mesophase rather than a short

melting which enables the system to reorganize so rapidly. In

fact, the proposed thermodynamic scheme predicts such a

process [11]. A recent work of Fujita and Doi [22] shows the

recrystallization of PLLA directly in in situ AFM observations.

Temperature steps are accompanied by step-like increases in

the thickness of a single crystal. The process is very rapid, and

retains the crystal shape, as it is to be expected for a short

transition of blocks into a mesophase. Blocks can indeed be

seen at the crystal edges after a recrystallization, with a size of

about 20 nm as is indicated by the WAXS line width.

For TcZ143 8C, the ongoing recrystallization ends at

around 170 8C. Here now, the crystals indeed melt, as is

indicated by a simultaneous drop of both the WAXS and SAXS

intensities. We have presently no answer to the question about

the reason for the ending of the recrystallization at this point.

Also disordered crystallites exhibit an extended stability

range. For TcZ80 8C it is going up to 155 8C. The transition

into the ordered crystal structure then takes place abruptly

rather than continuously. Hence, it is probable that also this

transition uses a passage through the mesophase. When the

ordered crystal blocks have formed they have the same
properties as those which directly developed at high Tcs.

A recrystallization sets in at the same temperature.

Hence, our model can explain the observations. Of course,

this does not represent a proof, however, gives more support.
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