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ABSTRACT: The spectrum of PLLA is analyzed in order to investigate its crystallinity and crystalline
morphologies. The carbonyl and ester bands of PLLA have been analyzed, and individual components have been
successfully assigned. Nucleation always proceeds through curved lamellar crystals, this crystalline morphology
being exclusive for low crystallization temperatures. At higher crystallization temperatures, a transition from
curved crystals to flat lozenge-shaped lamellae is observed. Curved crystals with edge-on orientation and flat
crystals with flat-on orientation affect the intensity of spectral bands. The total crystallinity has been obtained
from a skeletal band at 955 crh In addition, intensity changes observed in the@ stretching region during
crystallization provide a simple procedure to obtain the relative population of the two crystalline morphologies.
As crystallization temperature increases, the relative population of curved edge-on crystals is observed to decrease,
but their population remains important even at the higher crystallization temperatures=thetfetching region

shows a complex profile that can be fully explained assuming intramolecular through bond coupling and factor
group splitting. The latter is also affected by crystalline perfection; hence, the observed crystalline components
strongly depend on the crystallization temperature. In tsGtretching region, perfectly flat crystals give two
narrow components at 1767 and 1758 @énCurved crystals obtained at low crystallization temperatures give a
broader band located at 1760 chmattributed to factor group splitting averaged over the different curvatures
shown by this crystalline morphology. This contribution is expected to depend on crystallization temperature
according to theoretical considerations (larger nuclei sizes). DSC melting shows a shoulder at lower temperature
attributed to the presence of the less stable edge-on crystalline morphology. Finally, the-eGtestr€tching

region also shows factor group splitting in both the perpendicular (spltlt0 cnmt) and parallel (split~ 18

cm1) components.

Introduction intensities do not depend on concentration, interassociation and

Polylactides (PLA) are environment friendly attractive ma- inter.mollecular interactio.ns can be disc'aréiéiﬂherefore, split-.
terials that have focused much research effort in recent years. tind in diacyl peroxides is attributed to intramolecular coupling
The success of these materials can be attributed to their®f the C=O stretching motions, giving two coupled modes
interesting properties: biodegradable nature, synthesis fromXNown as symmetric and asymmetric stretching. Because the
renewable sources, thermoplastic manufacturing, and goodMolecular structure betweer= groups of diacyl peroxides
mechanical properties. Polylactides have found applications in IS Similar to that of PLLA, intramolecular coupling should be
the medical industry to produce biocompatible implant materials @lS0 expected for the latter.

that can be eliminated through metabolic mechani&fighey Nevertheless, a higher coupling interaction can be expected
also have found industrial applications in the production of in diacyl peroxides compared to PLLA because the former
plastic parts, films, and fibers® contain two oxygen atoms between adjacertCC groupst?

The study of these materials has become a very active field. Hence, it seems necessary to look for additional model
Most of the studies on solid-state PLA deal with its crystalline compounds matching the chemical structure of the main chain
structure, but many other aspects regarding solid-state PLAof PLLA. The best low molecular weight model compound
remain unexplored. For example, Kister et performed general ~ should beL-lactide, the cyclic dimer of PLLA, but a visual
assignments for the bands observed in the IR spectrum ofinspection of the IR spectrum oflactide does not readily reveal
polylactides. They reported splitting in several bands (including splitting in the G=0 stretching regioA? However, a careful
the G=0 stretching band), attributed to some conformational study based on ab initio calculations and virtual circular
sensitivity of unknown origin. The spectral features of PLA have dichroism (VCD) spectra revealed two bands located at 1786
been later discussed in recent papers, but there is no agreemendnd 1771 cm! according to Tam et &f They also noted that
between the different explanations given by different authdfs.  splitting is difficult to observe because the symmetric stretching

We have recently published a paper in which the@ band (higher wavenumbers) shows small relative intensity
stretching region of polytlactide) is explained following a  (nearly 20 times lower) due to <€0 groups being only
different hypothesis based on the occurrence of splitting in the somewnhat deviated from a collinear geometry. The splitting of
carbonyl spectral region of low molecular weight compounds 15 cnv? reported by Tam et al. allows us to apply Miyazawas
of similar chemical structure to that of PLLA.Specifically, first-order perturbation theok6 to L-lactide, leading to a
diacyl peroxides show two bands in the=O stretching region, perturbation parametdd; = 15 cntl. This result is in very
spaced about 25 ch.'2 Because their frequencies and relative  good agreement with the value reported by us for PLLA (13.9

cm~1),1 supporting the same origin for the splitting observed

* Corresponding author. E-mail: jr.sarasua@ehu.es. in both systems. In addition, we would want to mention another
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model compound for which splitting is easily observed: butyl (tt), 5; (tg), 1% (gt), and 4 (gg) helixes, respectively, that were
butyryllactate (CAS # 7492-70-8). The IR spectrum of this built using a software packadélt was found that for tt, tg,
compound (Aldrich library) shows clearly two components as and gt conformers carbonyl groups are nearly perpendicular to
in diacyl peroxided? but because of the weaker interaction, the helical chain. Hence, the total transition moment corre-
the symmetric stretching band is less resolved and appears as aponding to these conformers is perpendicular to the helical
shoulder. Hence, splitting of the=€D band forL-lactide and chain and shows a nonzero value only for the coupled vibrational
butyl butyryllactate confirms that a coupling interaction similar modes with a phase angle

to that of diacyl peroxides also occurs in compounds with the

skeletal structure of PLLA{CO—C—0—CO-). 6= 27a (1)

Coupling interactions have been studied mainly in polypep- H
tides, leading to the identification of three coupling pathways:
through valence bond, through hydrogen bond, and through
space coupling=2° (the latter arising from electrostatic dipele
dipole interactions, also known as transition dipole coupling),
but there has been some disagreement as to the relativ
importance of each pathwa§.In recent works, the problem

(where¢ is the phase angle ard is the number of repetitive
units contained ira turns). In the case of gg conformers, the
individual transition moments orient nearly parallel to the helical
chain; hence, only the coupled vibrational mode witi 0° is
bserved. An important result is that each PLLA conformer

h ingle band in the=& stretchi ion, instead of
has been revised in polypeptides labeled to achieve increase Ows a sing'e hand in SIrerctiing region, ns'ead o

. he two possible contributions, enormously simplifying this
17—-20
resolutions: It has been found that through valence bqnd spectral region. It was possible to obtain the conformer

0population of amorphous PLLA at different temperatures.
However, we did not deal with the quantitative analysis of the
gcarbonyl stretching region of crystalline PLLA because ad-
ditional complicating factors were suspected. In this paper the
analysis of the IR spectrum of PLLA is extended to crystalline

explain spectral results, while transition dipole coupling (TDC)
interactions are necessary to account for the observed couplin
interactions betweeA®C labels at larger separations. These
pathways were also considered in our paper dealing with the

carbonyl band of polylactides. These polymers do not Show g5 hies The carbonyl and ester stretching regions are discussed,

hydrogen bonding; hence, through hydrogen bond coupling 5, changes observed in the IR spectra are explained considering
can be discarded. Regarding TDC interactions, the|ndependen§ntramcﬂecu|;jlr coupling, factor group splitting, and crystal

nature of the spectral shape of diacyl peroxide; with concentra- yjentation. These three factors can explain all the spectral
tion!? clearly proves that intermolecular TDC interactions are features observed in crystalline PLLA. In addition, the crystal-

not the responsible for the splitting in these compounds linity of the samples is obtained from the IR spectra.
(probably they could account for secondary spectral changes,

such as slight shifting or bandwidth changes). Hence, it seemsgxperimental Part

also straightforward to neglect intramolecular TDC interactions . . . . -

N . . . A. Starting Materials. Optically pure poly(-lactide) containing

in diacyl peroxides, just because the distance between carbony‘ess than 0.01% of residual solvent and less than 0.1% residual
groups of different molecules is of the same order of magnitude ,onomer was supplied by PURAC BIOCHEM (The Netherlands).
than the distance between carbonyl groups within the samets specific rotation in chloroform at 20C was —157.3. The
molecule. Also, recent studies on the noncoincidence effect molecular weight of poly(-lactide) was measured viscometrically
(NCE) of dicarbonyl compounds have reported low NCE values in a Ubbelohde-type viscometer in chloroform at<&L) using the
(about 1 cm?), supporting the weak nature of intramolecular relatior?”

TDC interactions in these compourfdn conclusion, the main

splitting observed in PLLA cannot be attributed to TDC [7] =5.45% 10 *M,>"® (dL/g) (2)
interactions, but we agree that these could be present as a

second-order effect, shifting slightly the split bands or modifying A value M, = 3.2 x 10° g/mol was obtained.

their width. Hence, it is concluded that the main coupling  B-Infrared Spectroscopy.Infrared spectra of PLLA films were
pathway responsible for the observed splitting in the carbonyl recorded on a Nicolet AVATAR 370 Fourier transform infrared

. . . - : : spectrophotometer (FTIR) purged with dry air. Typical samples
\S/ggggéngc:ﬁglzgfmgcyl peroxides or polylactides is through were prepared by pouring two drops of a 0.8 wt % PLLA solution

on CHCE over KBr pellets with a Pasteur pipet. The solution is

In our previous pap€e we obtained an equation based on immediately spread over the KBr pellet and allowed to evaporate
the simple coupled oscillator (SCO) model, useful for the atroom temperature followed by vacuum drying at’&0for 48 h,
simulation of the IR spectrum of through valence bond coupled resulting in an absorbance of 0450.2 units. Isothermal crystal-
vibrational modes of helical polymers. The formalism is similar lizations were recorded in a temperature cell accessory controlled
to that of Snyder et af3-26 who studied mechanical coupling within an accuracy oft1 °C. Cold crystallizations were carried

. - . : . ] : out in the temperature range 8000 °C. Samples were heated at
n pollyrgerlc fhami' Itis basetdhln tr_‘e alnaly5|s Iofda me(':”ha:mcatl)ly 20 °C/min to the desired temperature and isothermally crystallized
coupled system (, nown as the simple coupled oscillator) by ¢, o hour. Spectra were collected after 1 min intervals by coadding
means of Newton’s laws of motion. The fundamental assump- eight scanstza 2 cnm! resolution, and samples were then allowed

tion of this model is harmonic motion for the COUpled oscillator to cool to room temperature to obtain room temperature Spectra_
set, so that the coupling interaction can be modeled with springsMelt crystallization was studied in the temperature range—140
connecting directly the interacting groups. As infrared vibrations 165 °C. Samples were heated at 20/min to 200°C, allowed to

are considered harmonic in the first-order approximation, the melt (complete melting was monitored by inspection of the IR
model can be extended to any harmonically coupled system everspectrum of the ester C&D stretching band), and held for 1 min

if mechanical coupling is not the molecular coupling mechanism. Prior to cooling at 5°C/min to the desired temperatures. Since
. ) PLLA is prone to thermal degradation, this step was carefully
The SCO model was applied to the carbonyl stretching mode rgpeateds IR spectra were collected after 10 min intervals by

of amorphous PLLA! The conformational energy map of  coadding eight scang a 2 cnt* resolution during the isothermal
PLLA shows four minima, and only four distinct conformers crystallizations for 15 h. Second derivatives of the spectra were
termed tt, tg, gt, and gg are stable. These conformers farm 2 smoothed with quartic 9- and 13-point Savitzkgolay smoothingCDV
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Figure 1. Schematic structures for limiting structures expected in ]
PLLA thin films. (a) Cross view of PLLA film containing flat-on
lamellae stacks and (b) top view of PLLA film containing edge-on 0.2-
lamellae.
filters29:3%in the case of the €0 and ester €0 stretching regions, T
respectively. Care was taken on the degree of distortion introduced
by the smoothing algorithm, checked according to the procedure 0 . . : : :
reported elsewher€. 1790 1780 1770 1760 1750 1740 1730

C. Film Thickness Measurement.50 drops of the 0.8 wt %
PLLA solution were evaporated over a Petri dish and dried under
vacuum. The mean weight of polymer contained in two drops of Figure 2. Carbonyl stretching region of PLLA and second derivatives
the polymer solution was 0.13 mg. Considering the diameter of recorded during isothermal crystallization at 80. The spectra of
the KBr pellets (13 mm), the molar volume of the repetitive unit @morphous PLLA are highlighted with a dotted line.
of PLLA (53.3 cn¥/mol),3* and its molecular weight (72 g/mol), a

Wavenumber (cm'1)

mean thickness of 0.72m is obtained. lozenge-shaped lamellae that grow until mutual impingerffent.
D. DSC Analysis.Thermal analysis was carried out on a DSC As their thickness is about 10 nm, several layers can be expected
from TA Instruments, model DSC 2920. Approximately B0 mg in the ~700 nm thick films studied in this work. The limit

of polymer was weighted and sealed in an aluminum pan. Samplesstructures for both cold and melt crystallized samples are shown
were crystallized following similar heating ramps to that used in in Figure 1. Finally, the formation of molecular order in the
FTIR measurements. For cold crystallization studies, they were amorphous regions between the lamellar stacks of Figure la
heated at 20C/min to the desired temperatures and maintained has been well documented for polymers with stiff ch&fng?

for an hour. Sample crystallinity was obtained in the consecutive In our previous paper on the FTIR spectrum of PLLA, we

scan at 20C/min, after slow cooling to room temperature. In melt b d bands f tall i hich
crystallization studies, they were first heated to Z@ at 20 observed narrow bands for noncrystalline components, whic
were attributed to such semiordered structdtes.

°C/min, maintained for 1 min, and then cooled to the desired > ! ;
temperatures at &/min and allowed to crystallize for 15 h. Finally, A. The C=O Stretching Region. Figure 2 shows the
it was slowly cooled at 2°C/min to room temperature, and Spectrum of PLLA crystallized from the melt at 16G for 15

crystallinity was obtained from the DSC curve recorded in the h. These crystallization conditions are spectroscopycally favor-

subsequent scan at a heating rate of@min. able over those of ref 11 because they lead to enhanced spectral
. . changes during crystallization (arising mainly from longer
Results and Discussion crystallization times and a favorable crystal orientation). The

Considering the thickness of the FTIR films studied in this second-derivative spectrum shows four components at about
work (below 1um, see Experimental Part), crystalline mor- 1749, 1758, 1767, and 1776 ch which were assigned to tt,
phologies similar to those observed in thin films are expe@ed. gt, tg, and gg conformers, respectively. These assignments are
Atomic force microscopy (AFM) studies on thin films of PLLA  strongly supported from a experimental point of view because
crystallized from the melt show that S-shaped edge-on lamellae (i) they fit the dispersion curve corresponding to intramolecular
are formed during nucleation and the initial stages of crystal- coupling, giving an interaction parameter similar to that obtained
lization3* As the crystals grow, a transition from edge-on to for L-lactide O; = 13.9 cnt!in PLLA vs D; = 15 cntlin
flat-on crystals is observed; afterward, crystallization proceeds L-lactide; see introduction); (i) components assigned to tt, gt,
only through flat-on crystals. A negligible influence of film and gg conformers were also observed in the spectrum of
thickness on the lamellar orientation is found, and the orientation amorphous PLLA! showing similar contributions to those of
is derived from the airpolymer interface rather than the effect Figure 2; and (iii) they are also observed in the ATR spectra of
of substraté” In the case of the cold crystallized samples studied amorphous samples. But in light of Figure 2, we find difficult
in this work, the same nucleation morphology can be expected,to assign the contribution observed at 1767 &mnly to tg
but because cold crystallizations proceed very fast, we do notconformers. The main objection is the increase of absorption
expect a transition from edge-on to flat-on crystals. Experimental observed during crystallization, suggesting a crystalline contri-
evidence of this assumption is found by observing the similitude bution instead of a amorphous one. In addition, the population
of Figure 4a from ref 9 (obtained from a sample cold crystallized measured for tg conformers in amorphous PLLA was small (they
at 80°C) and Figure 1c from ref 36. The “fibrillar crystallites”  were not even discerned in the second-derivative speétaay
obtained in the former closely resemble edge-on lamellar it seems difficult to assign all the absorption at this location to
crystals. Regarding the structure of melt crystallized films, flat the most unstable conformers.
on lamellar crystals can be expected to be dominant in films  The increase of absorption at 1767 ¢rduring crystallization
crystallized at the higher temperatures. These crystals form can be attributed to factor group splitting (also called correla&%\/
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sensitive to crystalline ordé#;2°and observing the AFM images

of edge-on crystal%} different curvatures can be observed for
the different edge-on crystals. Larger factor group splitting can
be expected for the more rectilinear crystals and lower splitting
for the more curved ones. Hence, the crystalline band at 1760
cmt is attributed to factor group splitting averaged over the
distribution of different crystal shapes observed for edge-on
crystals. Table 1 compiles the spectral components that can be
found in the G=O stretching region of the PLLA samples
studied in this work.

There is also another interesting result if Figure 3 that needs
to be considered. Comparison with Figure 2 reveals that the
amorphous conformers of cold crystallized samples do not show
narrow peaks, suggesting that they retain their initial disordered
arrangement. In addition, the decrease of absorption at 1777
cm! (gg conformers) is clearly smaller than that observed in
the 1746-1760 cnt! range (corresponding to gt and tt
o conformers), suggesting a preferred consumption for the latter.

1790' i '17'80' o '17'70' i '17'60' T '17'50' T '17'40' o '1730 Probably, thls behavpr is related to the high viscosity of the

B sample during crystallization at lower temperatures, where the

Wavenumber (cm~) most crowded conformers find increased difficulties to orient

Figure 3. Carbonyl stretching region of PLLA and second derivatives and pack in the lamellae. Hence, another conclusion must be
recorded during isothermal crystallization at 0. The spectra of  drawn: the amorphous phase can be considered disordered
amorphous PLLA are highlighted with a dotted line. (because of the width of the spectral bands) but not completely
random because it does show the same population distribution

field splitting or Daqulov leiFﬁng?‘&ag Factor group splitting_ as the initial amorphous phase (in other words, it does not obey
occurs due to lateral interaction between the chains contamedthe same Boltzmann statistics) '

in the unit cell, splitting the absorption in a number of o
components identical to the number of chains contained in the "€ progress of crystallization has been followed by the
unit cell. In the case of the orthorhombic unit cell of PLLA, intensity change ratidH; — Ho)/(H.. — Ho), whereHo, Hy, and
the transition moments of the two adjacent PLLA chains can He represent the peak height of the original sample, crystallized
couple in phase or out of phase, splitting the IR absorption in for @ time t, and after completion of the crystallization,
two bands. According to this simple description of the factor espectively. The intensity change ratio as a function of
group splitting phenomenon, the new bands should be centereccTystallization time is plotted in Figure 4a, based on data
in the location of the unperturbed absorption (similarly to the ©btained from the band at 1182 cin(attributed to G-O
splitting in a symmetric and an asymmetric stretching band stretthng). As can .be seen, cold crystalllzatlon proceeds very
found in dicarbonyl compounds), but this is not actually _fast; in _fa_c_t, crysta_lllzanon can be conS|de_red almost complete
observed and repulsive potentials have been claimed to expiain? the initial 5 min for samples crystallized above 9C.
shifting to higher wavenumbef8. The most representative ~ However, for melt-crystallized samples (Figure 4b) longer

0,8

0,6

Absorbance (cm'1)

0,4

0,2

example of factor group splitting is found in the gkbcking crystallization times (from 2a 5 h depending on temperature)
mode of polyethylene. The spectrum of amorphous polyethylene &€ necessary to complete primary crystallization, and afterward
shows a broad peak-0 cn?) at about 723 crmt, which after a slowly progressing secondary crystallization can be observed.

crystallization splits in two new narrow peaks at 730 and 722 Nevertheless, according to Figure 4ab complete primary
cm™1, associated with factor group splittidgThese peaks can  Crystallizations can be assumed for both cold and melt crystal-
be used to obtain the crystallinity of polyethylene samples by lizéd samples. Finally, we want to note that cold crystallization
means of a curve-fitting procedure because the amorphous and@mples have shown final crystallinity contents much lower that
crystalline peaks at 723 and 722 chare highly overlappet? samples crystallized from the melt, but in spite of this, cold
The actual splitting proposed in this paper for PLLA closely Ccrystallized crystals remain imperfect. This peculiar crystalliza-
resembles that observed for the Didcking mode in polyeth-  tion behavior has been reported in recent papéts.
ylene. We suggest that the crystalline absorption of the carbonyl  Another interesting difference between cold and melt crystal-
stretching band of PLLA splits in two components located at lized samples is the intensity change observed in theOC
1758 and 1767 cmi, the former being highly overlapped with  stretching band during the crystallization process (readily
the contribution of gt conformers corresponding to the semi- observed by comparing Figures 2 and 3). Areas obtained after
ordered interphase. We will also show in this paper that a very the crystallization process are listed in Table 2 and have been
similar behavior is also observed in the ester-(@) stretching plotted in Figure 5. Cold crystallization leads to a decrease of
region. the total area of the €0 stretching band about 9% irrespective
Figure 3 shows the spectra obtained in the@ stretching of the crystallization temperature. The decrease of area is
region during the cold crystallization process of PLLA at 90 attributed to the change of orientation from an amorphous
°C, indicating important structural differences with melt- sample to a edge-on crystalline sample (see Appendix). On the
crystallized samples. A single crystalline peak located at 1760 other hand, crystallization from the melt leads to an increase of
cmtis observed instead of the pair of peaks at 1758 and 1767 area depending on the crystallization temperature. As crystal-
cm! that were observed in samples crystallized from the melt. linity degrees for melt crystallized samples are similar (Table
In addition, the second derivative of a completely amorphous 2), the observed variation should be explained assuming a
sample reveals that the location corresponding to gt conformersincreased population of flat-on crystals relative to edge-on
is 1758 cntl. It is known that factor group splitting is highly  crystals as temperature increases. CDV
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Table 1. Spectral Contributions Observed in Amorphous, Cold Crystallized, and Melt Crystallized PLLA Samples

wavenumber (cm?) assignment comments
noncrystalline 1777 ag present in all PLLA samples; the band at 1767 &ns weak (higher energy
components 1767 tg conformers); in samples crystallized from the melt, these bands show
175% ag narrow profiles, attributed to a semiordered interphase between lamellae
1749 tt stacks
crystalline 1760 gt (FG%av) present in all crystalline samples; as crystallization temperature increases,
components this component may shift/split due to higher crystlline perfection
1758 ot (split) only present in samples crystallized from the melt
1767 gt (split)

a According to the second derivative of amorphous samples, 1758 should be more appropriate. Because 1 tis a small difference, the accepted
mean value is adopte8 FGS refers to factor group splitting.

-~ 1 Table 2. Area of the C=0 Stretching Band after Isothermal
T Crystallizations; Crystallinities (X¢) Calculated from the Band at
T 955 cnt! and Eq 3; Crystallinities Corresponding to Edge-On Kco)
= 0,8 and Flat-On Crystals (X¢f) According to Eq 7; and Crystallinities
T Obtained by DSC for Samples with Similar Thermal Histories
z 06 cold crystallized samples
e final area of
crystallization C=0 stretching Xe (%) Xc (%)
04 temp (K) band IR DSC
’ 80 90.9 36 26
90 91.1 35 28
0,2 100 90.9 35 25
melt crystallized samples
o final area of
10 20 30 40 50 60 crystallization C=O0 stretching Xc (%) Xee(%) Xef (%) X (%)
time (m) temp (K) band IR IR IR DSC
a) 140 105.9 50 26 24 52
145 108.3 56 26 30
;° 150 112.1 60 24 36 55
' 155 115.2 62 21 41
s 160 118.0 65 19 46 59
;a 165 117.6 62 18 44
:':- aMeasured between 1600 and 1900émAll the spectra have been

normalized setting the area for the initial amorphous spectrum to 100
arbitrary units? Calculated using a melting enthalgyH; = 106 J/g for
100% crystalline PLLA'

B. Crystallinity of PLLA Films. The simplest way to obtain
the crystallinity of PLLA samples relies on the area of an
amorphous band at 955 cih During crystallization, the
intensity of this band decreases and a new band appears at 921
cm™1, characteristic ofx crystals (see Figure 6). According to
2D correlation analysis, the decrease of area of the band at 955
cm~1is synchronized with the increase of area of the band at
921 cnTl’” Both bands are well resolved, and a quantitative
determination of crystallinity is easy from the percent area loss

. - . ) of the band at 955 cn:
Figure 4. Crystallization progress followed by the intensity change
ratio for (a) isothermal cold crystallization ab) 80, (J) 90, and ©) =
100 °C and (b) isothermal melt crystallization ab) 140, (0) 150, X, = o f
and ©) 160 °C. lg

"800
time (m)

" 400 " 600

b)

x 100 3)

In addition, the data in Figure 5 allow the determination of From the area of the band at 955 chin the initial amorphous
the transition temperatures between crystallization regimes.sample [p) and the area measured after crystallizatidd, (
According to the crystallization theory of Lauritzen and Hoff- crystallinity degrees have been obtained for the samples studied
man? the crystallization range of a polymer is divided into in this work (Table 2). The crystallinity of cold crystallized
three regions or regimes that are dictated by the rates of twosamples is about 35%, slightly higher than the values obtained
processes, namely secondary nucleation and lateral spreadingpy DSC. For samples crystallized from the melt, there is a

or growth. The rates of these processes are represenitemds

reasonable agreement between results obtained by DSC and

g, respectively. In this paper, cold crystallization has been FTIR. In this case, as crystallization of PLLA samples strongly

studied in regime Il1i(> g), and the transition to regime Ii (
comparable t@) is found to occur at 116C, in good agreement
with the value reported in the literature (about 11%).44 In
addition, the transition to regime ¢ & i) is suggested to occur
at about 160°C (experimental value is 163C) .4

depends on melting conditioADSC and FTIR results should
be compared with caution because identical thermal histories
cannot be assured.

The crystallinity degree can be also calculated from the

changes of area observed for the=Q stretching bandCDV
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120 coefficients for the amorphous and crystalline phases is reason-

] o able from a theoretical point of view because the refractive index
115.] change accompanying a crystallization process has only a subtle
] effect on the absorptivity and orientation effects are fully

] excluded in the preceding absorptivity ratio. Hence, the change
1104 of area of the &0 stretching band can be also considered to

] monitor the crystallinity of PLLA samples.
1051 The crystallinity differences observed by FTIR and DSC for

] cold crystallized samples are beyond experimental error. In our

] opinion, DSC values are probably underestimated because they
1007 are calculated using a melting enthalpyH), = 106 J/g’6

] corresponding to a perfect infinite crystal. This value gives good

954 correlation between crystallinity values obtained by WAXS and
] DSC for highly crystalline PLLA samplesyd{ = 70%)5>?
] However, cold crystallized samples consist mainly on imperfect

907 crystals that may show a different thermal behavior compared
] to that of the perfect crystal. In fact, in a recent paper, Mano et
854 al53 have measured by WAXS the crystallinity of cold crystal-
] lized PLLA samples, obtaining values around-&5%, in good
] agreement with our FTIR results. They also observed that the
Q7T T T T best agreement with DSC crystallinities was obtained choosing
60 80 10 120 140 160 180 smaller values for the enthalpy of fusion of the perfect crystal.
Temperature (* C) However, only a single value can be attributed to the perfect
Figure 5. Area of the carbonyl stretching region of PLLA between Crystal, and the better correlation obtained with smaller values
1600 and 1900 cnt, after isothermal crystallization at the indicated  for AH% suggests additional contributions to the measured
temperatures. All areas were measured at room temperature, and 10Q,6|ting enthalpies of cold crystallized samples, such as higher
arbitrary units were assigned to the initial amorphous spectrum. . . - ’
interfacial energies.

Areas obtained in the €0 stretching region can be also

applied to obtain the crystallinity of samples crystallized from
the melt, leading to interesting results. According to AFM
studies®* both edge-on and flat-on crystals can be expected,
the former being located in crystal nuclei. Because the change
of area upon crystallization strongly depends on the crystal-
lization temperature (Figure 5), larger amounts of edge-on
crystals can be expected for the samples crystallized at lower
160°C temperatures. The presence of a significant amount of edge-on

Area (arbitrary units)

150° C crystals_ even for the samples crysta_llized at the higher temper-
atures is supported by the contribution at 1200 Eisee next

140° C section). Considering the coefficients obtained in the Appendix,

complete crystallization of an amorphous sample to flat-on

90v°C crystals should lead to an increase of area of 50% for the
carbonyl stretching band. Hence, for samples crystallized form
amorphous the melt, the following set of equations can be written:

970 960 950 940 930 920 910 900 890 0.5 = 0.25¢,, = AA ©)
Wavenumber (cm™) X = Xee T X (6)
Figure 6. Spectra in the 898970 cnt? region for samples crystallized

at different temperatures, normalized using the initial areas0C ~ WhereX is the crystallinity degree corresponding to flat-on
stretching band. Crystallinities have been calculated from the area losscrystals,Xce is the crystallinity degree corresponding to edge-

for the band at 955 cn according to eq 3. on crystals, and\A is the percent area variation of the=O

stretching band. Hence
Considering the coefficients obtained in the Appendix, complete

crystallization of an amorphous sample to edge-on crystals X.+4(AAN)
should lead to a decrease of area of 25% for the carbonyl = 3 (7)
stretching band. The experimental area decreases about 9%;
hence, crystallinity can be calculated from Using X, values obtained from the band at 955 ¢nand the
changes of area measured for the=@ stretching band, it is
X = % area decrease 9 % 100= 36% (4) possible to quantify the percentages of edge-on and flat-on
¢ 25 25 crystals. Results are summarized in Table 2. As can be seen,

the population of edge-on crystals is comparable to that of flat-
This result is in good agreement with that obtained from the on crystals for samples crystallized at 140, but as crystal-
band at 955 cm!. There are two relevant assumptions in this lization temperature increases, the population of edge-on crystals
calculation: first, all the crystals are considered perfectly decreases. However, the contribution of edge-on crystals does
vertical; secondsc/ea = 1.0. Assuming similar molar extinction  not become negligible even at the higher crystallization t(&rB-V
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Figure 8. Spectra of PLLA at room temperature after different thermal
—— T T T T T treatments: (a) amorphous PLLA; (b) cold crystallized at@Gor an
40 80 120 160 200 hour; (c) melt crystallized at 14%C for 15 h; (d) melt crystallized at
Temperature (° C) 160°C for 15 h. All the spectra have been normalized using the area

Figure 7. Melting scans for PLLA samples crystallized at the indicated 0f the C=0O stretching region of the initial amorphous sample and have
temperatures. been shifted for an easier visualization.

. Table 3. Assignments for the Bands Observed in the 106Q.300
peratures. Values 0f. in Table 2 actually reflect the product cm-! Spectral Region of Amorphous PLLA

(number of nuclei)x (size necessary for transition from edge-

on to flat-on) at each crystallization temperature. The mechanism IR frequency (cm1) assignment
responsible for the transition is at present not fully understéod, ﬁfg Z(gc"'lég_(%;i?;gL )
butitis possyble to lexplaln the bghaworpje values |n.TabI.e 1182 VZS(C_CO_OH r:S(CHz)
2 by comparison with the behavior of critical nucleation sizes. 1133 &(CHs)

The number of nuclei is known to decrease as crystallization 1089 v,{O—C—CO)
temperature increases, but their critical size increésasnce, 1044 v (C—CHg)

a lower number of larger nuclei can be expected at higher
crystallization temperatures. The same trend should be expected@btained showed degradation of the center of the spherulites in
for the population of the edge-on crystals. Hence, FTIR results Significant extent compared to the outer regions.
suggest that although the number of nuclei decreases as C. The C—O Stretching Region. The “C—O stretching
temperature increases, their larger transition size leads to avibrations” of esters consist of two asymmetrical coupled
significant contribution for edge-on crystals even at the higher vibrations: C-CO—0 and G-C—C, the former being more
crystallization temperatures. important?® In papers dealing with the IR spectrum of PLLA,
The coexistence of edge-on and flat-on crystals in melt they have been referred as asymmetrie@-C stretching and
crystallized samples is also supported by DSC scans. Figure 7symmetric C-O—C stretching mode$;® but these vibrational
shows DSC curves for samples isothermally crystallized at 90 modes are actually characteristic of alkyl ethers. However, in
°C for 1 h and at 140, 150, and 18C for 15 h. As can be ester compounds the ester €0 bond is in resonance with
seen, the sample crystallized at 90 shows a melting peak  the carbonyl group and the two—® bonds are no longer
preceded by an exothermal event. This peculiar exothermal eventdentical. In this paper, we will follow the abbreviated descrip-
has been attributed to recrystallization of the less thermally stabletions found in ref 14, and the ester stretching modes of PLLA
crystals formed during cold crystallization, which were assigned will be referred to as the €0 (ester) and ¢-O modes,
to a new modification named th& form.? In addition, PLLA respectively.
samples crystallized from the melt at 140, 150, and IG8how Figure 8 shows the spectrum of amorphous PLLA in the
a shoulder. This multiple peak behavior has been observed1000-1300 cnt! region (see Table 3). The-€ stretching
recently?” although the origin for the different peaks could not region of amorphous PLLA ranges from 1150 to 1300~&m
be established. According to our FTIR results, the lower and shows three contributions. The interesting bands are located
temperature melting peak can be attributed to the nuclei-forming at 1182 and 1212 cm, and the band at 1268 crhplays only
S-shaped lamellar crystals, while the higher temperature peaka minor role limited to absorptivity transferences with the two
is attributed to flat lamellar stacks formed during crystal growth. fundamental bands. The band at 1182 ¢is assigned to an A
As can be seen in Figure 7, the melting temperature of both mode (parallel to the helix) and the band at 1212 tto an &
crystals increases with higher crystallization temperature, sug- mode (perpendicular to helix axis). We have also explored the
gesting higher and more perfect crystals as crystallization possibility of a similar conformational sensitivity to that
temperature increases. observed in the €0 stretching region but observed band
Finally, the existence of weaker crystals in the nuclei of melt locations do not fit a dispersion curve assuming intramolecular
crystallized samples has also been observed in previous studiescoupling!® The different sensitivity of the €0 and G-O
Fischer et ab* studied the hydrolysis of PLLA films, attacking  stretching modes can be attributed to their different nature. The
with solutions containing sodium hydroxide. The micrographs carbonyl stretching mode is admitted to be mainly isolated fE?B\/
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Table 4. Assignments for the Spectral Components Found in the 0,4
Ester C—O Stretching Region of the Samples Studied in This Work;
All the Crystalline Samples Show Factor Group Splitting

IR frequency (cm1l)
A mode E mode
0,3+

amorphous PLLA 1182 1212 g
PLLA/PDLA 1:1 1199/1182 1221/1212 H
PLLA melt cryse 1200/1182 1222/1212 'g
PLLA cold crysP 1196/1182 1215 2

<

a|n this system, the lower wavenumber component is overlapped with
narrow bands attributed to the semiordered interphase. Also, in samples
crystallized in the low-temperature range (below ®4Y), imperfect edge-
on crystals may contribute with poorly resolved barfdBhis system shows
broader bands, attributed to averaged factor group splitting over the
distribution of curved crystalline morphologies. In the case of thm&de,
only a component is resolved.

o
o
h

0,14

the polymer chain; hence,=€0 groups can be adequately
represented by springs directly connecting the carbonyl groups.

On the contrary, €0 stretching modes are coupled not only Y" 20 m

with vicinal CH or CH; groups (see Table 4) but also with ol YyWem- M
skeletal modes. This complex coupling pattern results in strongly 1980 1260 1240 1220 1200 1180 1160
mixed bands, from which conformational information cannot

be obtained. Wavenumber (cm™)

We will start the analysis of the-€0 stretching region using  Figure 9. Ester G-O stretching region of PLLA/PDLA 1:1 stereo-
the results obtained in the PLLA/PDLA 1:1 stereocomplex, complex and second derivatives recorded during isothermal crystal-
prepared from the equimolar mixture of the two stereoisomers lization at 200°C. The spectrum of completely amorphous blend is
of polylactide?! The PLLA/PDLA stereocomplex crystallizes highlighted with a dotted line.
in a conformation very similar to that of PLLA: the unit cell
of the former contains twoselical chains, while the unit cell
of the latter contains two L(elical chains. IR spectroscopy is
sensitive to conformation but shows only a very limited
sensitivity to long-range order (through reduced bandwidths and
factor group splitting); thus, similar spectra can be expected
for both samples. It was found that when the stereocomplex
crystallizes, the amorphous phase remains completely disor-
dered? resulting in an easier identification of crystalline spectral 0,3
contributions in this system because narrow peaks corresponding
to the amorphous phase are not expected, especially in the
second-derivative spectra. Figure 9 shows the spectral changes
observed during isothermal crystallization at 200, after
cooling from the melt at 25C°C. At 200 °C, the initial
amorphous spectrum shows two bands at about 1180 and 1210
cm1, assigned to the €0 stretching components parallel
and perpendicular to the helix axis, respectively. During
crystallization, new narrow contributions develop at about 1195
and 1216 cm?. Since amorphous contributions provide broad O+ T T T T
bands, the narrow bands observed in the second-derivative 1280 1260 1240 1220 1200 1180 1160
spectrum during crystallization should be attributed to crystalline

components. Again, as was observed in tireCQCstretchin ) ) .
P g g Figure 10. Ester G-O stretching region of PLLA/PDLA 1:1 stereo-

region, factor group splitting can explaln_ the presence of fo_ur complex and second derivatives recorded at room temperature before
crystalline bands. At room temperature (Figure 10), the two pairs a4 after isothermal crystallization at 200 for 3 h.

of factor group split bands are located at 1182/1199 and at

1212/1221 cm!. The increased splitting resolution resulting seems to revert mainly in the perpendicular component. This is
on cooling is typical of factor group split bands. The parallel due to the orientation of the crystals at this crystallization
band shows a large split of about 17 chindicating strong temperature. The perpendicular component increases because
contact in this direction. The perpendicular band shows a in addition to the mentioned absorptivity increase, the transi-

o
&)
1

amorphous

crystalline
0,41

Absorbance

Y" crystalline

Y" amorphous

Wavenumber (cm™)

moderate split of 9 crrt, similar to that observed in the=€D tion moments corresponding to gt conformers change their
stretching region, or in the-CH,— rocking mode of polyeth- orientation from a random arrangement to a in-plane orienta-
ylene. tion (formation of flat on crystals). In the case of the parallel

Figure 11 shows the spectra of a PLLA sample crystallized band, crystallization leads to a loss of this contribution because
from the melt at 150C. As can be seen, crystallization leads it is perpendicular to the plane containing the sample. At 150
to a decrease of absorptvity at 1268 ©mwhich is trans- °C, this absorption loss is partially compensated by the
ferred to the stretching modes at lower wavenumbers. This is aabsorptivity transfer from the band at 1286 ¢mBecause at
general trend, also readily observed in the stereocomplex (Figurehigher crystallization temperatures the population of flat-on
8), but in the case of the crystallization of PLLA at 150 it crystals is favored over edge-on crystals, spectra record&%e}
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Figure 11. Ester C-O stretching region of PLLA and second
derivatives recorded during isothermal crystallization at 200The
spectrum of completely amorphous blend is highlighted with a dotted
line.
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Figure 12. Ester C-O stretching region of PLLA and second
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Figure 13. Ester C-O stretching region of PLLA and second
derivatives recorded at room temperature before and after isothermal
crystallization at 9C°C for 1 h.

crystalline phases. As discussed before, melt crystallization of
PLLA leads to a semiordered interlamellar material that shows
narrow bands after crystallization. The overlap of these narrow
bands with the low wavenumber components of the factor group
split pairs results in a enhanced intensity of these components.
Regarding the shoulder at 1190 chnit is probably originated
by the same vibrational mode responsible for the asymmetry
observed in the parallel band of amorphous PLLA (this
component is skewed to the higher wavenumber side; see Fig-
ure 12). Transition dipole coupling (TDC) interactions can
shift to higher wavenumbers absorptions due to parallel
components (they have no effect on the location of perpen-
dicular components). The strength of dipeliipole interactions
strongly depends in the relative orientation of interacting groups,
being particularly strong for highly aligned systeffisThe
transition moment of the €0 stretching mode of chains in
the all-trans conformation is known to be mainly parallel to
the chain axi$25hence, the shoulder at 1190 chprobably
arises from tt conformers in the semiordered interlamellar
material.

In summary, crystallization leads again to a semiordered

derivatives recorded at room temperature before and after isothermalinterphase, resulting in narrower bands. These bands are strongly

crystallization at 150C for 15 h.

overlapped with the lower wavenumber components of the factor
group split bands, resulting in enhanced intensities. Factor group

higher temperatures show an enhanced intensity change fromsplitting of 10 and 18 cm' are observed for the perpendicular

the band at 1182 to the band at 1212 ¢érfsee spectra ¢ and
d in Figure 8).

and parallel bands, respectively, at room temperature (Figure
12). Finally, the parallel band shows additional splitting,

Similarly to the case of the stereocomplex, new bands appearprobably due to shifting to higher wavenumers due to TDC

at about 1198 and 1219 crhduring crystallization, which can
be attributed to factor group splitting. At the crystallization

interactions.
Figure 13 shows the spectra of PLLA cold crystallized at 90

temperature, the new bands show low intensities that are °C for an hour. For brevity, we show only the spectra obtained
enhanced on cooling. Figure 12 shows the spectrum of PLLA at room temperature before and after crystallization. As can be
crystallized at 150°C recorded at room temperature. The seen factor group splitting is again obtained in the parallel
spectrum shows the two pairs of factor group split bands located component, but bands are broader and shift decreases to 42 cm
at 1222/1212 and 1200/1182 citn Compared to the spectrum  for this component. Both factors are indicative of lower
of the stereocomplex, in crystalline PLLA the components crystalline perfection. In addition, factor group splitting is not
located in the initial wavenumbers show higher relative intensi- observed for the perpendicular component, a result consistent
ties than the new bands appearing during crystallization. In with that observed in the €0 stretching region. The only
addition, bands at the original locations are also somewhat perpendicular band that can be observed in the IR spectrum is
broader than the new bands (the band at 1182'@hows also located at an intermediate wavenumbenR15 cnt?), repre-

a shoulder at 1190 cm). Hence, bands located at the original senting the mean factor group split for the distribution of
wavenumbers should be attributed to both the amorphous andcrystalline perfection present in the sample. CDV
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Conclusions

The analysis of the infrared spectrum of crystalline PLLA
samples is consistent with the existence of two crystalline
morphologies. The curved morphology of less perfect crystals
in the core region of spherulites is responsible for their lower
thermal stability relative to the crystals located in the outer
regions. Hence, DSC traces show double melting peak attributed
to both crystalline morphologies. The analysis of the IR
spectrum of crystalline PLLA samples accounts for these
morphologies. Factor group splitting is observed in both the
C=0 and ester €0 stretching regions. In both spectral regions,
splitting of the perpendicular component is highly sensitive to
crystalline order and therefore can be used to assess crystallinity
perfection.

The G=0 stretching region shows a complex profile that can
be interpreted assuming intramolecular coupling, factor group
splitting, and a semiordered interphase between the lamellar
stacks formed at high crystallization temperatures. Splitting
phenomena in the €0 stretching region should not be
attributed to different crystals modifications. The samg 10
helix conformation has been reported for both of them, and a) b)
similar intermolecular interactions should be also expected. IR Figyre 14. Spatial orientation of transition moments in (a) random
spectroscopy is highly sensitive to conformation and specific 3D arrangement and (b) edge-on helical chains invtaeis direction.
interactions but has a limited sensitivity to long-range order.

integration). The mean intensity considering the relative prob-
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Appendix. IR Intensity and Crystal Orientation
The intensity of an IR band is the square of the scalar product I = %|E|2|R|2[sin 0—

of the transition dipole moment vect& by the electric field
vectorE:

- 3 /2
sin” @
] - (A4)

3

Hence
_ (E.D)2
| = (E-R) (A1) | = §|E|2|R|2 (A5)
We will apply this expression to obtain the intensity changes
ac_comp_anying the crystallization process, considering the This result implies that when a fully amorphous sample
orientation adopted by _the lamellar crystals in _each case. Letcrystallizes to a sample consisting only on flat-on crystals, its
us reca}ll that the transition momerlt correqundlng to M. intensity increases from a relative value 2/3 to a relative value
stretching mode of gt conformers is perpendicular to the helical 1 5 The percent area increase is [(12/3)/(2/3)] x 100 =
chain. no,
. 50%

Flat-On Crystals. Let us assume a fully crystalline PLLA Edge-On Crystals.Again, it is assumed a 100% crystalline
sample, consisting only of flat-on crystals. The samplg lies on sample lying in thexY plane (Figure 14b). For simplicity, let
the XY plane, and the incident beam goes in thelirection. us assume that all the chains go in thexis direction. The
Excluding the folding points in the top and bottom surfaces of 1.,nsition moments can be spread ovarradians in thezx
the lamellae, all the chains are oriented in theirection, and plane (see Figure 14). The probability of a transition moment
all the transition moments lie in th€Y plane. In this case, the {5 pe |ocated into a @ arc is proportional to (@27). The

angle betV\_/een the electric field and the absorbing transition 6an intensity considering the relative probability of each
moment will always be zero and possible orientation is

—E2ip2
I =EFR] (A2) |=2—17TL2’”|E|2|R|2coszad9 (A6)
Amorphous Sample.Again, let us assume a fully amorphous
sample lying on theXY plane and the incident beam going in Integrating
theZ direction (Figure 14a). A random distribution of transition
moment can be assumed in the amorphous sample. All the
transition moments with the sangeangle will give the same
intensity (in other words, all show the same projection in the
XY plane). The probability of a transition moment to be located Hence
in the fringe @ (Figure 14) will be proportional to [(2 cos6
do)/(4m)] (where the numerator is the area of the fringe and _1l_252
. ) . I =3JIEI"IR] (A8)
the denominator is total solid area or the total area of 2 CDV

 Leemdly + Linp cosgl®
| = S-EPR| [20+ 2sin 0 coso]. (A7)
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Thus, if a fully amorphous sample crystallizes to a sample (27) Schindler, A.; Harper, D. Hl. Polym. Sci., Polym. Chem. EtB79

feti . e i ; 17, 2593.
COﬂTIS_tIng 0|I1Iy 02f/§dge onlcrystals,I its |ln/t2en_l§r|1ty decreaseﬁ from(zs) Wang, Y.: Mano, J. FEur. Polym. J2005 41, 2335.
a relative value 2/3 to a relative value 1/2. The percent change oq) savitzky, A.; Golay, M. J. EAnal. Chem1964 36, 1627-1639.
of area is [(1/2— 2/3)/(2/3)] x 100 = —25% (area decreases (30) Steiner, J.; Termonia, Y.; Deltour, Anal. Chem1972 44, 1906~
250). 1909.
) (31) Meaurio, E.; Zuza, E.; Sarasua, JNrRacromolecule2005 38, 1207.
(32) Bernal-Lara, T. E.; Liu, R. Y. F.; Hiltner, A.; Baer, Bolymer2005
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