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ARTICLE INFO ABSTRACT

Keywords: The study investigates the impact of the p-lactic acid units content on the crystallinity and crystal structure of
Poly(lactic acid) commercial poly(lactic acid) (PLA) grades, which are copolymers of poly(i-lactic acid) (PLLA) containing a minor
Copolymer

amount of p-units. As the p-units content increases, a detectable decrease in crystallinity was observed along with
a simultaneous rise in mobile amorphous fraction (MAF) and a reduction in rigid amorphous fraction (RAF). The
percentage of p-units was found not to significantly affect RAF thickness, suggesting that the p-units are not
completely excluded from the crystals. The inclusion of p-units as defects in the PLA crystal lattice was confirmed
by XRD analysis, which disclosed that the crystal phase gets gradually richer of p-units as the crystallization time
evolves. FT-IR analysis proved that the incorporation of p-units in the crystal phase is promoted by the formation
of local CH3---O=C interactions, similar to those massively active between PLLA and poly(p-lactic acid) (PDLA) in
the stereocomplex. The establishment of these interactions leads to a contraction of the interplanar distances and
a decrease in the crystal cell volume with increasing the crystallization time and the p-units percentage. In
summary, the study proves that for PLA copolymers containing a p-units percentage at least up to about 8 %, p-

Crystal structure
Comonomer inclusion

units are included in the crystal lattice.

1. Introduction

Poly(lactic acid) (PLA), one of the most investigated bio-based and
biodegradable polyester, is a polymer nowadays widely available on the
market and extensively employed, especially in the packaging sector
[1,2]. PLA can be produced by polycondensation of lactic acid or by ring
opening polymerization of lactides, the cyclic dimers of lactic acid [3].
Due to the chiral carbon, lactic acid presents two optically active forms,
-lactic acid and p-lactic acid, whereas the possible dimers are three: LL-
lactide, pp-lactide and rp-lactide (or meso-lactide). The homopolymers
poly(i-lactic acid) (PLLA) and poly(p-lactic acid) (PDLA) comprise
exclusively r-lactic acid and p-lactic acid repeating units, respectively,
while the term PLA designates copolymers containing both 1- and p-
units. As the stereoisomer r-lactic acid is the fraction most primarily
produced by fermentation of renewable sources [4,5], commercial PLA
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grades, which mainly derive from 1-lactide and br-lactide, are co-
polymers of PLLA containing a minor amount of p-units [2,3].

The presence of p-units in the PLA chains strongly affects crystal-
linity, crystallization rate and melting temperature, which decrease as
the p-units content increases [6,7], with the result that PLA copolymers
containing >10-15 % of randomly distributed p-units cannot be crys-
tallized and are totally amorphous.

PLLA exhibits a polymorphic behaviour after melt and cold crystal-
lization under normal conditions [8,9]. The most stable PLLA crystal
form (), characterized by two antiparallel left-handed 103 helical seg-
ments packed in an orthorhombic unit cell, grows at temperatures
higher than 120 °C. Crystallization at temperatures lower than 100 °C
leads instead to the development of crystals with looser packing and
slightly more disordered structure, named o'-crystals, whereas a mixture
of o/~ and a-crystals grows in the temperature range between 100 and
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Table 1
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p-units contents declared by the producers and derived from 'H NMR analysis (see Supplementary material) for PLLA and

the different PLA grades.

Sample D-units content D-units content
declared by the producers from 'H NMR analysis

PLLA 0 0

PLAL175 <1 <1

PLA 4032D 1.6 2.0

PLA 2003D 4.5 4.5

PLA LX930 8 7.8

120 °C [8,9]. The disordered o’-form irreversibly reorganizes/re-
crystallizes into the more stable a-form if heated at rates lower than 30
K/s above the crystallization temperature [10]. Some extensive discus-
sions can be found in the literature on the mechanism of this transition,
whether it is due to melting/recrystallization or a solid-solid transition
[11,12]. The temperature of the transition from the o’-region to the
a-region shifts to lower temperatures by increasing the p-units content
[13-16]. For example, when the p-units content is about 2 %, only
a-crystals grow above 105 °C.

The decrease in crystallinity, crystallization rate, melting tempera-
ture and lamellar thickness [17,18] with the p-units content increase can
be rationalized by assuming that the p-units act as obstacles and defects
for the crystallization process. Partial or total rejection of the p-units
from the crystal phase has been widely debated in the literature, with
controversial and conflicting conclusions [17-21]. Fischer et al. [21]
investigated solution grown crystals of PLA copolymers containing p-
units up to 10 % and experimentally proved that the p-units are partially
included in the PLLA crystal lattice in a percentage that increases with
the crystallization temperature and the p-units content. The study also
estimated that for a total p-units amount of 10 %, approximately 30 % is
included in the crystal phase. Conversely, different studies supported the
exclusion of the p-units from the PLLA crystal cell, on the basis of models
commonly applied to the analysis of the melting behaviour of random
copolymers [18-20], although these models rely on extrapolated
quantities (as the equilibrium melting temperature Tr,° and the 100 %
crystalline enthalpy of melting Ah,,°) and thermodynamic parameters
not easily verifiable [19,20,22,23]. It was also proposed that small
amount of p-units can initially get stuck within the crystal regions and
that prolonged annealing at high temperature may provoke their
rejection, with formation of two crystal populations with different sta-
bility [171].

With the aim of improving the knowledge and interpretation of the
PLA properties, the present study is mainly focused on the crystal
structure of some PLA copolymers with different p-units content. In
addition, an analysis of the interphase located at the amorphous/crystal
boundary is also presented as a function of the p-units content. This
nanometric amorphous interphase, called rigid amorphous fraction
(RAF), is characterized by segmental mobility slower than that of the
amorphous region far from the crystals, which is named mobile amor-
phous fraction (MAF) [24]. RAF can develop during crystallization,
especially at low temperatures, or upon cooling after crystallization, due
to the progressively increasing constraints experienced by the amor-
phous segments close to the crystals as a consequence of the reduced
chain mobility [25,26]. Thus, vitrification/devitrification of the rigid
amorphous fraction occurs at temperatures higher than the glass tran-
sition temperature (Tg) of the MAF. It is also well-known that some
properties of the RAF (i.e.: mechanical and permeability features) are
different from those of the MAF [27]. Several experimental and theo-
retical studies have proven that the elastic modulus of the RAF is higher
than that of the MAF, thus attesting that the constrained interphase
contributes with its peculiarities to the overall mechanical properties of
the semi-crystalline material [28-30]. It is therefore crucial to investi-
gate and quantify the RAF present in PLA copolymers as a function of the
D-units amount, to gain a more detailed comprehension of its influence
on the macroscopic PLA behaviour.

2. Materials and methods
2.1. Materials and preparation

The homopolymer PLLA (0 % p-unit) was purchased from Poly-
sciences Inc. (USA). As copolymers, the following PLA grades were
utilized: (i) PLA Luminy L175, with p-units content <1 % [31], kindly
provided by Totalenergies Corbion (The Netherlands), (ii) PLA Ingeo
4032D, with 1.6 % of p-units [32], purchased from NatureWorks (USA),
(iii) PLA Ingeo 2003D, with 4.5 % of p-units [32], purchased from
NatureWorks (USA) and (iv) PLA Luminy LX930, with 8 % of p-units
[33], purchased from Totalenergies Corbion (The Netherlands). To
confirm the p-units contents declared by the producers, 'H NMR ex-
periments were conducted for the different PLA grades. This analysis is
described in the Supplementary material. The 'H NMR results were
found in very good agreement with the p-units percentages declared by
the producers, as attested by the data listed in Table 1.

Initially, the as-received PLLA powder and PLA granules were dried
in a DP604-615 PIOVAN dryer (Venezia, Italy) at 60 °C for 24 h. Films of
PLLA and the different PLA grades with average thickness of approxi-
mately 150-200 pm were prepared by means of a press Carver bench
model 3851 CE (Wabash, IN, USA). The dried powder and granules were
placed between the two hot plates of the press and held at 180 °C under a
pressure of 10-20 kg/cm? for 2 min. Successively, the films were quickly
cooled to room temperature, to obtain amorphous samples.

2.2. Size exclusion chromatography (SEC) analysis

Size exclusion chromatography analysis was performed using an
Agilent Technologies 1260 Series instrument (Agilent, Santa Clara, CA,
USA) equipped with a degasser, an isocratic HPLC pump, a refractive
index (RI) detector, a PLgel 5 pm pre-column, and two PLgel MiniMIX-D
5 pm columns (Agilent, Santa Clara, CA, USA) conditioned at 35 °C.
CHClI;3 for HPLC was used as the eluent at a flow rate of 0.3 mL/min. The
system was calibrated with polystyrene standards in a range from 500 to
3 x 10° g/mol. The samples were dissolved in CHCl3 (3 mg/mL) and
filtered through a 0.20 pm syringe filter before analysis. The number-
average molar mass (M) and the mass-average molar mass (M) were
calculated using Agilent ChemStation software (OpenLab Control Panel
version A0104, Agilent Technologies, Santa Clara, CA, USA).

2.3. Thermal characterization by Differential Scanning Calorimetry
(DSC) and Temperature-Modulated Differential Scanning Calorimetry
(TMDSC)

DSC and TMDSC measurements were performed with a PerkinElmer
Calorimeter DSC 8500 equipped with an IntraCooler III as refrigerating
system (PerkinElmer, Waltham, MA, USA). The instrument was cali-
brated in temperature with high-purity standard materials (indium,
naphthalene, and cyclohexane) according to the procedure for conven-
tional DSC [34]. Enthalpy calibration was performed with indium. Each
scan was accompanied by an empty pan run (blank run). The mass of the
blank and sample aluminium pans matched within 0.02 mg. To mini-
mize the instrumental thermal lag, the sample mass was about 10 mg.
Dry nitrogen was used as purge gas at a rate of 20 mL/min. The
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temperature of the samples upon heating was corrected for the thermal
lag, determined as average value by using different standard materials.
This lag was 0.05 min, which, for the heating rates of 2 and 10 K/min,
corresponds to a temperature correction of —0.1 and —-0.5 K,
respectively.

As preliminary investigation, the thermodynamic specific heat ca-
pacities of PLLA and the different PLA grades in the solid and liquid state
(cp,s and ¢, respectively) were measured by TMDSC from 20 to 195 °C
by utilizing the amorphous films. To this purpose, to erase the thermal
history of the samples, each TMDSC run was preceded by a heating run
at 20 K/min up to 190 °C, followed by an isotherm of 4 min and then a
quick cooling to 20 °C (effective cooling rate: 130 K/min). The TMDSC
measurements were performed by utilizing a saw-tooth modulation
temperature program, at the average heating rate of 2 K/min, with a
temperature amplitude (At) of 0.5 K and a modulation period (p) of 120
s. According to the mathematical treatment of TMDSC data, the modu-
lated temperature and heat flow rate curves can be approximated to
discrete Fourier series and separated into average and periodic compo-
nents [35,36]. The average components are equivalent to the conven-
tional linear temperature program and the corresponding conventional
heat flow rate signal, from which the cpave curve can be derived.
Conversely, from the periodic component, the c,rev curve can be
calculated according to Eq. (1):

Aur(T) K(o)
Ar(T) mo

Cprev (w7 T) =

(€Y

where Apyp and At are the amplitudes of the first harmonic of the
modulated heat flow and temperature, respectively, o is the funda-
mental frequency of temperature modulation (o = 21/p), m is the mass
of the sample, and K(w) is the frequency-dependent calibration factor.
The average K(w) value, determined by calibration with sapphire, was
1.00 + 0.02 forp = 120 s.

The enthalpy of melting of 100 % crystalline PLLA (Ahp,°) was
determined by measuring the enthalpy of isothermal crystallization
(Ahe) at the crystallization temperatures (T.) of 124, 126 and 128 °C
(crystallization times: 40, 45 and 50 min, respectively), and the corre-
sponding enthalpy of melting (Ahy,), by heating the samples directly
from T, to 195 °C at 10 K/min. Before crystallization, to erase the pre-
vious thermal history, the samples were heated at 20 K/min up to 190
°C, maintained at 190 °C for 4 min, and then quickly cooled to the
various T¢s.

Semi-crystalline PLLA and PLA samples were prepared in DSC. The
samples, taken from the amorphous films, were heated at 190 °C,
maintained at this temperature for 4 min, and then quickly cooled to the
following Tcs: 130 °C for PLLA, 120 °C for PLA L175, PLA 4032D and
PLA 2003D, and 90 °C for PLA LX930. The crystallization times were 25
min and 2 h for PLLA; 1 h and 2 h for PLA L175; 25 min, 2 h and 48 h for
PLA 4032D; 3 h, 48 h and 96 h for PLA 2003D; 16 h, 48 h and 96 h for
PLA LX930. The thermal treatments were chosen to produce PLA sam-
ples containing exclusively a-crystals with different crystallinity de-
grees, by taking into account also the respective crystallization rates.

After crystallization, the PLLA and PLA samples were quickly cooled
to 20 °C and analysed from 20 to 195 °C (i) by DSC at 10 K/min, to
obtain apparent specific heat capacity (cp,app) curves, and (i) by TMDSC
at 2 K/min, with At = 0.5 °C and p = 120 s, to attain the ¢}, rey curves.
From the cp, ey curves, the mobile amorphous fractions at the end of the
glass transition temperatures were estimated, whereas the crystal
weight fractions were determined from the Ahy, values, determined by
integration of the cpapp curves in the melting region, by assuming a
linear baseline from the relative T, to the end of the melting process.

2.4. X-ray diffraction (XRD) analysis

XRD data were acquired in transmission/Debye-Scherrer geometry
using a STOE Stadi P diffractometer (Darmstadt, Germany) equipped
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Table 2
Number-average molar mass (M,,) and mass-average molar mass (M,,) of the as-
received PLLA and PLA samples.

Sample M,/10* [g/mol] M,/10* [g/mol]
PLLA 7.9 12.0
PLA L175 11.0 17.8
PLA 4032D 12.2 19.9
PLA 2003D 13.0 20.6
PLA LX930 10.3 17.5
15

——PLLA
—— PLAL175
124 PLA 4032D

— PLA LX930

Specific heat capacity [J/(g K)]
[o>)

T T
40 80 120 160 200
Temperature [°C]

Fig. 1. Reversing and average specific heat capacity curves (cprev and cp ave,
dashed lines and solid lines, respectively) of amorphous PLLA and PLA co-
polymers at 2 K/min. The black dotted lines are the thermodynamic solid and
liquid specific heat capacities (cps and cp).

with Cu tube monochromated on the Cu-Ka1 radiation (A = 1.5406 A) by
aGe (11 1), aJohansson monochromator and a MYTHEN2 1 K detector
from Dectris. The line focused Cu X-ray tube was operated at 40 kV and
40 mA. For the XRD analysis, three disks cut from the amorphous PLLA
and PLA films were stacked in DSC aluminium pans, to obtain samples
with diameter of about 5 mm and thickness of about 0.5 mm. The
amorphous and semi-crystalline PLLA and PLA samples were prepared
in DSC according to the thermal histories described in the previous
section. Data were acquired in the 26 range 2-60° (maximum resolution
ca. 1.5 A) with a step of 0.03° between consecutive points. A scan
without samples was performed and subtracted from each scan, to avoid
the air and incoherent scattering contributions. The X-ray crystalline
fractions (XéRD) were calculated as the ratio between the areas of the
crystalline peaks and the total area of the background corrected
diffraction profile. The lattice constants were calculated from the posi-
tions of the most intense XRD peaks of the PLA a-form by means of the
software WinxPow (STOE, Darmstadt, Germany).

2.5. FT-IR analysis

Infrared spectra (FT-IR) were recorded with a Fourier Transform
Spectrometer Perkin Elmer Spectrum Two (PerkinElmer, Waltham, MA,
USA) in the 400-4000 cm ! range with a resolution of 4 cm ™! using 132
scans. Spectra of PLLA and PLA LX930 amorphous samples were carried
on films obtained by solution casting on KBr discs. About 60 mg of
polymer were dissolved in 4 mL of CHCl3 and 5 drops of the resulting
solution deposited on the KBr. The analysis was then performed after the
solvent evaporation. The spectra of the semi-crystalline PLLA and PLA
LX930 samples were recorded in the same manner after treatment of the
films deposited on KBr discs at 130 °C for 2 h in the case of PLLA and at
90 °C for 48 h in the case of PLA LX930.
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Table 3
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Glass transition temperature of amorphous (Tg,am) PLLA and PLA copolymers determined from the c; ey curves. Glass transition temperature (Ty,s.) determined from
the cp, ey curves; mobile amorphous weight fraction (wyap); melting temperature assumed as the temperature of the highest melting peak (T;,) measured at 10 K/min;
enthalpy of melting (Ahy,) at Ty, measured at 10 K/min; crystalline weight fraction (wc); rigid amorphous weight fraction (Wrar); Wrar/Wc ratio; crystalline weight
fraction calculated by XRD (XZRD) for semi-crystalline PLLA and PLA copolymers (£0.5 °C for Tg; 0.2 °C for Tr; £0.4 J/g for Ahy; +0.02 for wyar; £0.03 for wg;

+0.05 for wgag; +£0.02 for XarP).

Sample Thermal treatment Tgam [°C] Tgsc [°C] WMAF Ty [°C] Ahy(Tw) [J/8] wc WRAF WRAF/WC XERD
PLLA Amorphous 60.0 1 - - 0 0 - 0
T, =130 °C 25 min 64.0 0.28 174.7 60.0 0.42 0.30 0.67 0.42
T.=130°C2h 64.5 0.27 176.0 62.5 0.44 0.29 0.67 0.44
PLAL175 Amorphous 59.5 1 - - 0 0 - 0
T.=120°C1lh 61.5 0.36 171.1 52.3 0.37 0.27 0.71 0.36
T.=120°C2h 63.0 0.36 172.7 53.6 0.38 0.26 0.71 0.37
PLA 4032D Amorphous 59.0 1 - - 0 0 - 0
T, =120 °C 25 min 60.0 0.43 166.2 44.6 0.32 0.25 0.71 0.31
T.=120°C2h 61.5 0.41 167.8 48.7 0.35 0.24 0.68 0.34
T.=120°C48 h 63.0 0.39 168.1 52.8 0.37 0.24 0.66 0.36
PLA 2003D Amorphous 58.5 1 - - 0 0 - 0
T.=120°C3h 58.0 0.50 154.2 39.2 0.29 0.21 0.71 0.29
T.=120°C48 h 58.5 0.47 156.8 43.2 0.32 0.21 0.66 0.32
T.=120°C96 h 59.5 0.46 157.3 44.5 0.33 0.21 0.67 0.33
PLA LX930 Amorphous 55.0 1 - - 0 0 - 0
T.=90°C16h 55.0 0.94 129.0 4.9 0.04 0.02 0.50 0.05
T.=90°C48h 55.5 0.75 130.0 19.7 0.16 0.09 0.76 0.17
T.=90°C96 h 56.0 0.58 131.6 29.5 0.24 0.18 0.74 0.23

3. Results and discussion
3.1. Size exclusion chromatography (SEC) analysis

The number-average molar mass (M;) and the mass-average molar
mass (M) values of the as-received PLLA, PLA L175, PLA 4032D, PLA
2003D and PLA LX930, measured by size exclusion chromatography, are
listed in Table 2. The My and M, values are substantially similar for all
the samples, which means that a direct comparison between the prop-
erties of the different grades is practicable.

3.2. Thermodynamic characterization: solid and liquid specific heat
capacities of PLLA and PLA copolymers and enthalpy of melting of 100 %
crystalline PLLA

The thermodynamic solid and liquid specific heat capacities (cp,s and
cp,) of PLLA and the PLA grades with various p-units amount were
estimated from several repeated cp rey curves in the glassy and liquid
regions. Fig. 1 shows the reversing and average specific heat capacity
(cprev and cpave) curves of the initially amorphous PLLA and PLA

(A)

0.00

-0.02

-0.04

Heat flow [W/g]

PLLA

—0.06 1 —— T.=124°C
| T,=126°C
——T=128°C

-0.08 ———————

0 10 20 30 40 50

time [min]

copolymers at the average heating rate of 2 K/min. The dotted lines,
constructed by extrapolating the c;, rev data from below the glass tran-
sition and by linearly linking the melt to the region above Tg, are
common to all the samples. This proves that the derived c,s and cp)
expressions, cps = 1.16 4+ 0.0033-T and ¢, = 1.80 + 0.0012-T, with cp s
and ¢, in J/(g K) and T in °C, apply for all the samples (estimated error:
+ 0.02 J/(g K). These values differ <5 % from the c,s and ¢, data
previously reported in literature [37].

The glass transition of the amorphous PLLA and PLA copolymers (Tg,
am) lies in the range 60-55 °C, as shown in Table 3. Ty .y slightly de-
creases with the increase of p-units content, in agreement with literature
data [6]. Above the glass transition, the cpave curves display a cold
crystallization process. In correspondence of the cold crystallization
event, the cprev curves display irregular oscillations, which can be
considered as artefacts connected to the fast release of crystallization
latent heat [38]. Cold crystallization of the PLA copolymers occurs at
higher temperatures with respect to the homopolymer, due to the lower
crystallization tendency of the copolymers with respect to PLLA [6].
During cold crystallization of PLLA, PLA L175 and PLA 4032D,
o/-crystals are produced [9], as attested by the exothermic peak present

—T=124°C (B)
- T.=126°C

—T,=128°C

Coapp [9/(g K)]

T T
160 180

Temperature [°C]

T
120 140

Fig. 2. (A) Heat flow rate during isothermal crystallization of PLLA at the indicated Tcs; (B) Apparent specific heat capacity (cpapp) of PLLA as a function of
temperature at 10 K/min after isothermal crystallization at the indicated T.s. The ordinate values refer only to the bottom curve. The other curves are shifted

vertically for the sake of clarity.
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Table 4
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Crystallization temperature (T.); enthalpy of crystallization (Ah,) at T.; melting temperature assumed as the average temperature of the melting endotherm measured
at 10 K/min (Ty,); enthalpy of melting (Ahy,) at T, measured at 10 K/min; crystalline weight fraction (wc) calculated from Eq. (4); enthalpy of melting of 100 %
crystalline PLLA at Ty, (Ahy,° (Ty)) (estimated error: +0.2 °C for Tyy; +0.6 J/g for Ah.; £0.4 J/g for Ahy,; +0.05 for we; £15 J/g for Ahy,°).

Sample T [°C] Ahe (Te) [J/8] T [°C] Ahm (T) [J/8] we Ahm® (Tr) [J/g]
PLLA 124 -51.7 175 58.6 0.41 141
PLLA 126 -52.5 175 59.1 0.42 142
PLLA 128 —54.4 175 60.9 0.43 142

in the cp ave curves in the range 150-160 °C, which is connected to the
o’-crystals reorganization into the a-form [10,12,39,40]. The absence of
the exothermic peak in the c; ave curve of PLA 2003D proves that only
a-crystals grow during cold crystallization, because the transition from
the «-region to the a-region shifts to lower temperatures by increasing
the p-units content [13-16]. The copolymer with the higher p-units
content, PLA LX930, does not undergo cold crystallization even at 2 K/
min. The melting temperature of the crystals progressively moves to
lower temperatures by increasing the p-units amount, as already re-
ported [6].

The accurate thermodynamic solid and liquid specific heat capacities
were utilized for the quantification of the enthalpy of melting of 100 %
crystalline PLLA (Ahy,°) by means a thermodynamic method never uti-
lized before for PLLA. Literature values of Ahy,° for PLLA vary in a wide
range (90-200 J/g) [41]. By coupling data from DSC and X-ray
diffraction experiments, a Ahy° value of 143 J/g at the melting tem-
peratures of 180 °C was proposed for the a-crystals [41]. However, the
enthalpy of melting of 100 % crystalline PLLA with a-crystals is a topic
still under debate, as proved by a quite recent publication [42]. Thus,
additional verification of the more correct Ah,° value for the a-form was
here performed by combining crystallization and melting enthalpy data.
The derivation of the thermodynamic equation utilized for this purpose
is here described.

The crystalline weight fraction (w¢) of a sample crystallized at a
given crystallization temperature (T.) can be calculated from the abso-
lute value of the enthalpy of isothermal crystallization (Ah.) at T or the
enthalpy of melting (Ahy) at the melting temperature (Tp,), being
Ahp(T) = —Ah(T), through the following equation:

_ |8he(Te)| _ Ahw(Tw)

= - = 5 2
€7 Ahy (T.)  Ahy (Tm) @
From the relationship that links Ahy,°(Ty,) to Ahy°(Te):
Tm
Ahy (Ty) = Ahy (T.) + / Acy(T)dT 3)
Te

with Acp = ¢p) - ¢ps = a - bT, the following equation can be derived:

_ Ahy(Tn) — |AR|(Te)
M ATy~ T) 3 (T2 - T2) @

From Eq. (4) w¢ can be determined without the utilization of Ahy°
values. As a second step, from the wc value, Ahy,°(T.) and Ahy,°(Ty,) can
be deduced through Eq. (2) from the experimental Ah. and Ahy, data.

Fig. 2 shows the heat flow rate signals during isothermal crystalli-
zation at different T.s and the successive melting behaviour of PLLA. The
absence of the exothermic peak in the range 150-160 °C attests that only
a-crystals grow at the Tcs investigated. The experimental Ah. and Ahp,
data and the wc and Ahy,° values at the relative Tp,s, calculated by means
of Egs. (2)—(4) by assuming a = 0.64 J/(g K) and b = 0.0021 J/(g K2), are
collected in Table 4. By considering the estimated error, the enthalpy of
melting of 100 % crystalline PLLA with a-crystals is around 140 J/g, in
perfect agreement with the previous study [41].

3.3. Thermal characterization: determination of the phase composition of
the semi-crystalline PLLA and PLA copolymers

Fig. 3 shows the reversing specific heat capacity (cp rev) curves of the
semi-crystalline PLLA and PLA copolymers at the average heating rate of
2 K/min, together with the apparent specific heat capacity (cp,app) curves
at the heating rate of 10 K/min after crystallization according to the
following thermal treatments: T, = 130 °C (25 min and 2 h) for PLLA; T,
=120°C (1 hand 2 h) for PLAL175; T, = 120 °C (25 min, 2 h and 48 h)
for PLA 4032D; T, = 120 °C (3 h, 48 h and 96 h) for PLA 2003D and T, =
90 °C (16 h, 48 h and 96 h) for PLA LX930. The glass transition tem-
peratures of semi-crystalline PLLA and PLA samples (Tg s.), derived from
the cprev curves, progressively shift to higher temperatures with
increasing the crystallization time. After prolonged crystallization times,
Tg s values are higher than the corresponding T . values (as shown in
Table 3). In any case, Ty decreases as the p-content raises like for the
amorphous samples. As already reported, also the melting temperature
T shifts to lower temperatures with increasing the p-content [6]. The
total absence of the exothermal process before melting proves that only
a-crystals are present in the isothermally crystallized PLLA and PLA
copolymers.

The mobile amorphous fractions (wyar) were calculated for all the
samples at the end of the glass transition as wyar = (Cp,rev - Cp,s)/(Cp,1 -
Cp,s)- The crystalline weight fractions (wc) were calculated as we =
Ahpy(Tm)/Ahy° (T), with Ahy,°(Ty,) calculated according to the Ahy,°(T)
expression previously quantified [41]. Finally, the rigid amorphous
fractions (Wrar) were derived by difference: wrar = 1-wc- wyiar. All the
wwmar, W and wrar values are listed in Table 3. These data show that the
decrease in crystallinity, expected with the p-units increase [6], is
correlated with a rise in MAF and a decrease in RAF. For comparison, the
crystalline weight fractions of all the samples determined by XRD
analysis (X)éRD) (see section below) are also reported in Table 3. The very
good agreement between the crystallinity values determined by means
of two different techniques confirms the accuracy of the Ahy,° values
utilized for the calculation of wc.

The wrar/wc ratio, which is listed in Table 3, can be considered as
the average RAF amount for crystal unit [43]. It can be observed that
WRAp/W( ratio remains constant or decreases with increasing the crys-
tallization time for PLLA and the PLA copolymers up to PLA 2003D. This
trend is in agreement with the general RAF evolution: both RAF and
wrar/wc generally increase during the crystallization process, reaching
a maximum and then slightly decrease in parallel to the final crystalli-
zation and progressive perfection of the crystals [43,44]. Conversely, for
PLA 1X930 the increase in wrap/w( ratio detected from 0.50 after 16 h to
0.76 after 48 h at 90 °C can be rationalized by considering that crys-
tallization is still in progress, as proven by the low w¢ values. However,
the wrap/w( ratio values are quite similar for PLLA and PLA copolymers,
which seems to indicate that the p-units do not substantially impact on
RAF thickness. This result can lead to considerations on the RAF
composition. For copolymers in which the comonomer is rejected from
the crystal phase, it has been reported that the excluded comonomers
accumulate at the crystal basal planes, with formation of a RAF layer
that changes its composition and thickness as a function of comonomer
percentage [45]. The present data on the RAF of PLA copolymers, which
appear independent of the p-units amount, seem to suggest that the p-
units are not completely excluded from the crystals. To verify this
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Fig. 3. Reversing specific heat capacity curves (¢, rev) at 2 K/min and apparent specific heat capacity curves (cp app) at 10 K/min of PLLA and the PLA copolymers
crystallized according to the following thermal treatments: (A) PLLA: T. = 130 °C (25 min and 2 h); (B) PLA L175: T, = 120 °C (1 h and 2 h); (C) PLA 4032D: T, =
120 °C (25 min, 2 h and 48 h); (D) PLA 2003D: T. = 120 °C (3 h, 48 h and 96 h); (E) PLA LX930: T. = 90 °C (16 h, 48 h and 96 h). The black dotted lines are the

thermodynamic solid and liquid specific heat capacities (c, s and cp,)), respectively.

hypothesis, a detailed investigation by means of XRD analysis was
conducted on PLLA and PLA copolymers.

3.4. XRD analysis

The XRD patterns of the semi-crystalline PLLA and PLA copolymers
with the respective highest crystallinities, obtained at room tempera-
ture, are shown in Fig. 4. PLLA exhibits the profile uniquely belonging to
the a-phase, easily identified by the position of the most intense (110/
200) and (203/113) peaks at the 20 scattering angles of 16.6° and 19.0°

and the (103/004), (011) and (211) peaks at 12.5°, 14.7° and 22.3°, as
well as for several other less intense reflections at higher angles [41].
Remarkably, the XRD peaks shift towards slightly higher 26 values
with increasing the p-units amount: the change for the most intense peak
is about +0.12° for PLA 4032D and + 0.18° for PLA 2003D. This
behaviour indicates structural contraction towards lower interplanar
distances and lattice dimensions. The profile of the PLA LX930 is indeed
peculiar: the (110/200) peak appears double, with one peak centred at a
26 value slightly higher than that typical of pure PLLA and another peak
at even higher 26. Both peaks however move to higher 26 values with
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Fig. 4. XRD patterns of PLLA and the various PLA copolymers crystallized
according to the following thermal treatments: T, = 130 °C (2 h) for PLLA; T, =
120 °C (2 h) for PLA L175; T, = 120 °C (48 h) for PLA 4032D; T. = 120 °C (96
h) for PLA 2003D and T. = 90 °C (96 h) for PLA LX930. The inset is an
enlargement.

increasing the crystallization time.

Fig. 5(A), (B), (C) and (D) displays the (110/200) reflections,
normalized to the relative highest value, for PLLA, PLA L175, PLA
4032D and PLA 2003D after crystallization for different times. (The
change in crystallinity for each of these samples after the different
crystallization times is small.) For comparison, the (110/200) reflection

1.0+

PLLA T.=130 °C
---- 25min
— 2h

()

Normalized intensity
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of PLLA is also reported. Fig. 5(E) shows the (110/200) peaks for PLA
LX930 normalized to the highest value of the PLLA peak. It can be
observed that the peak (110/200) of PLA L175, PLA 4032D and PLA
2003D shifts towards higher 20 values with increasing the p-content and
the crystallization time, as well as the two (110/200) reflections of PLA
LX930, whose intensity also progressively increases in parallel with a
substantial change in crystallinity, as reported in Table 3.

Quantitative analysis of the d-spacings linked to the most intense
peaks was performed. The results are plotted in Fig. 6(A), (B) and (C) as
a function of the p-units content. For PLA LX930, the plotted dagg
spacings refer to the reflection at higher 26 values.

The trends of the dy11, d2go and dao3 spacings indicate clearly that the
interplanar distances shrink with increasing the p-units content. From
the position of the most intense peaks, a further investigation was per-
formed to determine the average crystallographic parameters of the
a-phase of PLLA and PLA copolymers. (For PLA LX930, the lattice pa-
rameters were obtained from the position of the reflection (110/200) at
higher 20 values.) The average crystallographic parameters were
derived for the orthorhombic cell of PLA a-phase. The interplanar dis-
tances (dpx) were calculated according to the Bragg’s law (nh = 2dpx
sinB), and used to obtain the dimensions of the crystalline PLA cell
through the equations [46]:

(dua)~* = (h/a)* + (k/b)* + (U/c)® 5

Table 5 lists the orthorhombic cell dimensions and the corresponding
estimated cell volumes for PLLA and the PLA copolymers.

Table 5 discloses that for each sample the lattice parameters a, b and
c slightly decrease with the crystallization time. A contraction of the unit
cell parameters and volume during crystallization is generally ascribed
to crystals perfection [47]. More importantly, Table 5 shows that the
lattice parameters and the volume cell decrease with increasing the p-
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Fig. 5. Normalized XRD profiles of the (110/200) peak for (A) PLLA, (B) PLA L175, (C) PLA 4032D, (D) PLA 2003D and (E) PLA LX930 after crystallization for

different times (see legends).
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Table 5
Unit cell parameters and cell volume of PLLA and the PLA copolymers after
crystallization according to the thermal treatment indicated.

Sample Thermal treatment a [A] b [A] ¢ [A] Cell volume [A%]
PLLA T.=130°C25min  10.73 6.07 29.16 1900
T.=130°C2h 10.73 6.07 29.14 1897
T.=120°C1lh 10.70 6.05 29.13 1886
PLAL175 T.=120°C2h 10.68 6.04 29.13 1881
T.=120°C25min  10.67 6.03 29.05 1870
PLA4032D T.=120°C2h 10.65 6.02 28.98 1858
T.=120°C48 h 10.64 6.01 28.97 1852
T.=120°C3h 10.63 6.03 28.88 1851
PLA2003D T.=120°C48h 10.62 6.02 28.87 1846
T.=120°C96 h 10.61 6.00 28.83 1834
T.=90°C16 h 10.61 6.00 28.74 1829
PLALX930 T.=90°C48h 10.60 5.99 28.70 1823
T.=90°C9 h 10.54 5.98 28.70 1816

units content.

To the best of our knowledge, analysis of the PLA cell dimensions as a
function of the p-units amount has never been previously reported. Thus,
for the first time the present study reports structural data of PLA co-
polymers as a function of p-units content. The structural evolution
quantified in Table 5 can be interpreted by assuming partial inclusion of
p-units in the crystal phase, with formation of local interactions like
those active in the poly(i-lactide)/poly(p-lactide) (PLLA/PDLA) stereo-
complex and ascribable to CHs---O=C interactions [48-51]. This type of
interaction, which is weak in PLLA [52] and stronger and massively
present in the stereocomplex, where r-units and p-units are packed side
by side, can be active locally and in small percentage also in the PLA
copolymers. These local additional interactions in the crystal phase of
the PLA copolymers can thus lead to crystalline structures slightly more

compact and with smaller volume.

The gradual shift of the XRD peaks towards higher 20 values,
detectable for PLA L175, PLA 4032D and PLA 2003D reveals also that
the p-units inclusion occurs progressively and that the crystal phase gets
gradually richer in p-units as the crystallization time evolves. As previ-
ously reported, PLLA a-crystals chains perform helical jump motions at
temperatures higher than 115 °C [53,54]. This molecular dynamics
could trigger the progressive inclusion of p-units in the crystal lattice of
PLA 1175, PLA 4032D and PLA 2003D, with formation of more compact
crystal structures due to the additional interactions between r- and p-
units.

The XRD behaviour of the copolymer PLA LX930 is different. The
presence of two (110)/(200) reflections could result from a non-totally
random copolymer, with crystallization of two different crystal pha-
ses, one with a lower percentage and the other one with a higher per-
centage of p-units, or could be due to the fact that crystallization of this
copolymer was carried out at 90 °C. The crystalline helical jump motions
could be more hindered at a lower temperature, which means that p-
units incorporation in the PLA lattice could occur less easily and more
slowly, with also formation of crystalline regions less rich in p-units. The
detailed study of the peculiar XRD behaviour and crystal structure of the
commercial PLA LX930 is however out of the scope of the present study,
which aims to prove that p-units enter the crystal phase of PLA co-
polymers containing at least up to about 8 % of p-percentage.

3.5. FT-IR analysis

To investigate and confirm the possible presence of specific in-
teractions between the p- and r-units in the crystal phase of the PLA
copolymers, FT-IR analysis was performed on semi-crystalline PLLA and
PLA LX930.
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Fig. 8. FTIR spectra of semi-crystalline PLLA (PLLA sc), semi-crystalline PLA LX930 (PLA LX930 sc), amorphous PLLA (PLLA am) and amorphous PLA LX930 (PLA
LX930 am) in the (A) 1340-1240 cm ! and (B) 980-900 cm ' wavenumber regions.

Fig. 7(A) and (B) compares the FT-IR spectra of semi-crystalline PLLA
and PLA LX 930 together with the relative second derivatives in the
wavenumber regions of 3050-2900 cm ™! and 1850-1680 cm .. In the
Figure also the spectra of the amorphous samples are plotted for refer-
ence. The FT-IR curve of semi-crystalline PLA LX930 in the frequency
range 3050-2900 cm ™! (Fig. 7(A)) displays that the main peak is located
at slightly lower frequency with respect to semi-crystalline PLLA (see
second derivatives). This peak, which corresponds to the asymmetric
CHjs stretching, is located at 2996 em~!in semi-crystalline PLLA con-
taining a-crystals [55] and at slightly lower frequency (about 1 cm ™) in
the PLLA/PDLA stereocomplex [55,56]. The region of the C=0

stretching (Fig. 7(B)) also shows (see second derivatives) a shift of some
components of the overall peak towards lower wavenumbers. It has been
reported that for semi-crystalline PLLA with a-crystals the peak linked to
the carbonyl stretching consists of four components at 1749 (here 1751),
1759, which is the most intense, 1767 and 1776 cm’l, which were
assigned to tt, gt, tg and gg conformers, respectively [55,57]. In PLLA/
PDLA stereocomplex, the most intense component is located at lower
frequency, i.e. 1749 cm™! [55], the same frequency at which the most
intense component is observed in semi-crystalline PLA LX930. From the
comparison of the intensities of the second derivatives it can be deduced
that tt conformer prevails in the semi-crystalline PLA LX930, whereas

PLLA

PLA

PLA

L

Hy-000 Hyeg,

D-units content

Fig. 9. Schematic representation of the possible effect of the p-units incorporation on the PLA helical crystal structure.
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the gt conformer predominates in semi-crystalline PLLA. For semi-
crystalline PLA LX930, the occurring of red shift for the CHj stretch-
ing band and the change in the most intense component of the C=0
stretching confirms that CHs---O=C interactions, which are massively
present in the PLLA/PDLA stereocomplex [56], are active also in the PLA
copolymers.

The analysis of the FT-IR curves in the 1340-1240 cm™! and
980-900 cm ™! regions (Fig. 8(A) and (B)) further proves that the crystal
structure of PLA LX930 tends slightly to that of the PLLA/PDLA ster-
eocomplex. The 1340-1240 cm ™! region is assigned to symmetric CHs
bending + C-H bending + C-O-C stretching modes [58,59]. Semi-
crystalline PLLA displays two peaks, at 1304 and 1293 cm™ ', The in-
tensity of the peak at 1293 cm ™! appears strongly reduced in the semi-
crystalline PLA LX930. By taking into account that this band is
completely absent in the PLLA/PDLA stereocomplex, it can be assessed
that a certain resemblance exists between the crystal phase of PLA
LX930 and the stereocomplex.

Differences in the FT-IR bands can be detected also in the 980-900
cm™! region, specific of C-C backbone stretching + CHs rocking modes
[55,59]. The peak at 921 cm™!, which is typical of the 105 helix
conformation of semi-crystalline PLLA, shifts to slightly lower frequency
in the semi-crystalline PLA LX930, in agreement with the shift to 908
cm ! observed for the PLLA/PDLA stereocomplex [55,59].

In conclusion, all the present experimental findings prove that the b-
units are not completely excluded from the crystals of the PLA co-
polymers, thus confirming the results presented many years ago by
Fischer et al. [21] and contradicted more recently in other studies
[18-20]. The phenomenon, which pertains to copolymers and is called
isodimorphism, represents an intermediate situation between total
comonomer inclusion and total comonomer exclusion [22,23].

The progressive decrease in the melting temperature with increasing
the p-units percentage attests that the p-units are included in the PLLA
crystal lattice as defects (see Table 3). It has been here proven that the
insertion of p-units in the crystal cell introduces additional interactions
between the crystalline PLA segments. On the other hand, this incor-
poration certainly also modifies locally the helical chains conformations
typical of the PLLA a-phase, with the result that defective crystalline
structures with reduced melting temperatures are produced. A sche-
matic representation of the possible effect of the p-units incorporation
on the PLA crystal structure is sketched in Fig. 9. Contraction in the
lattice dimensions and Ty, decrease are not in contradiction. Examples of
copolymers in which the partial inclusion of co-units produces a
shrinkage in the crystal lattice and a simultaneous decrease in T, have
been reported and interpreted as cases of isodimorphism [22,23,60-62].

4. Conclusions

The focus of this study was the investigation of the crystal structure
of PLA copolymers as a function of the p-units content. Additionally, the
impact of the p-units on the amorphous interphase located at the
amorphous/crystal boundary was analysed.

Semi-crystalline PLLA and PLA copolymers with different crystal-
linity were prepared and the various fractions (i.e.: wyar, We and wgrap)
quantified. The crystallinity decrease, observed with increasing the p-
units content, was found to be correlated with a rise in MAF and a
decrease in RAF.

The general trend of the RAF evolution was confirmed: RAF gener-
ally increases during the crystallization process, reaching a maximum
and then slightly decreases in parallel to the final progressive perfection
of the crystals. Moreover, the wrap/wc ratio quantification highlighted
quite similar values for PLLA and PLA copolymers, indicating that the p-
units do not substantially affect the RAF thickness. The finding sug-
gested that the p-units are not completely excluded from the crystals.

Inclusion of p-units in the crystal lattice as defects was indeed
confirmed by XRD spectra. The analysis disclosed that the p-units in-
clusion occurs progressively and that the crystal phase gets gradually
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richer in p-units as the crystallization time evolves. The incorporation of
p-units in the crystal phase can be promoted by the formation of local
CHs---O=C interactions, similar to those massively active between the
PLLA and the PDLA chains in the PLA stereocomplex. The establishment
of these interactions leads to a contraction of the interplanar distances
and a progressive decrease in the crystal cell volume as the crystalliza-
tion time and the p-units percentage increase. The presence of local
CHs---O=C interactions in the PLA copolymers was also confirmed by
FT-IR investigation.
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