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Abstract

This paper reports the study of the influence of the macrocyclic or linear topology
of polylactide (PLA) on its resulting thermal and mechanical properties, when dis-
playing identical molar masses. Even if both macrocyclic and linear PLAs crystal-
lize in the same « phase, the results of the calorimetric study and of the tensile tests
show some differences which are directly related to the topology of the polymer.
The glass transition temperature of macrocyclic PLA was found to be slightly higher
than that of the linear one (56 vs 53 °C) while its melting temperature is lower (165
vs 171 °C). Moreover, the crystallization rate of the macrocyclic PLA is slower
than that of the linear PLA. Regarding the tensile tests, it has been observed that
the macrocyclic PLA displays an earlier strain-hardening than the linear one when
stretched in the rubbery state. These differences were attributed to the fact that the
macrocyclic topology involves a more constrained entangled network than its linear
analogous and/or that the disentanglement kinetics is faster in linear PLA than in
macrocyclic PLA.
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Introduction

Despite the numerous advantages of synthetic petrochemical-based polymers, two
major drawbacks are still remaining: the use of non-renewable resources to pro-
duce them along with their end-life. In this context, developing petroleum-free
and biodegradable materials is of high interest. Thus, polylactide (PLA) is par-
ticularly relevant as it derives from 100% renewable natural resources, such as
corn or beets, and it is also biocompatible and biodegradable [1-3]. These latter
properties have contributed to increase its use in various applications, and par-
ticularly in medical fields [4]. Furthermore, even if PLA finds numerous short
life-time applications, it tends to be considered for longer life-time purposes as
blends [5, 6] or composites [7]. PLA can be synthesized by direct condensation
of lactic acid [8] or by ring-opening polymerization (ROP) of lactide [9, 10].
Among ROP methods, coordination-insertion ROP of lactides (LA) monitored by
metal-based catalysts is a powerful and versatile technique, allowing access to
well-defined high molar mass polymers [8—10].

Isotactic polylactides can be prepared directly by the ROP of optically pure
L-LA or D-LA, whereas racemic lactide (rac-LA) or meso-lactide (meso-LA)
will usually give rise to atactic polymers, unless specific catalysts are used, in this
case heterotactic or isotactic PLA will be obtained [10]. Isotactic poly(L-LA) is a
highly crystalline material with a melting temperature (7,,) of 170 °C which dis-
plays good mechanical properties [1] and degrades rather slowly, whereas atactic
poly(rac-LA) is amorphous and subject to faster degradation [11].

In a previous study, we have reported the synthesis of high molar mass macro-
cyclic polylactide by polymerization of L-lactide under reactive extrusion condi-
tions with lanthanide trisborohydrides complexes, Ln(BH,);(THF); (Ln=La, Sm
or Nd), as the catalysts [12]. Various investigations have shown that the cyclic
topology of a polymer leads to differences in material properties compared to the
linear one, such as increased glass transition temperatures (7,), smaller hydrody-
namic volumes and lower intrinsic viscosities [13—15]. Moreover, both the mass
and hydrodynamic volumes are substantially reduced compared to linear counter-
parts, providing a retarded hydrolytic degradation profile [16, 17]. As polylactide
exhibits both biodegradability and biocompatibility, this cyclic topology may pro-
vide advantages for a range of biomedical applications, such as novel drug deliv-
ery vectors [16, 17] or supramolecular hosts [18].

In a recent paper, Zaldua et al. studied the influence of the topology on the
crystallization behavior of PLA [19]. Besides, they found that even if the topology
has no effect on the crystal structure, this parameter clearly infers on nucleation
and consequently crystallization kinetics. Particularly, cyclic PLA chains nucleate
much faster than linear ones while no significant effect is observed regarding the
growth rate. They explain these differences by both kinetics and thermodynam-
ics effects, and especially by a faster diffusion capacity of the cyclic chains and
a lower density of entanglements in cyclic PLA. However, in their study, authors
studied linear and cyclic PLA displaying molar masses around 10,000 g/mol, that
is to say close to the mass between entanglements (M,) of PLA which is known
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to be around 60009000 g/mol [20-22] and thus below the critical molar mass
(M,) which is considered as the critical molar mass values needed to form entan-
glements. Consequently, it can be assumed that such materials are un-entangled
ones and have a brittle behavior and limited mechanical properties limiting their
application fields. In addition, due to the synthesis method they used, i.e., the ring
closure, some macrocyles and/or linear chains are present into their cyclic PLA,
which can infers on the behavior observed.

In the present work, we synthesized two batches of purely linear and macrocyclic
polylactides displaying the same molar masses of ~30,000 g/mol, in order to study
the influence of their topology on the resulting thermal and mechanical properties.
These investigations were conducted by DSC analysis, tensile tests as well as WAXS
analyses.

Material and methods
Reagents

L-lactide (L-LA), supplied by Purac, was conditioned in small sealed bags under
vacuum, stored in a glove box (O,=0 ppm & H,0=2 ppm) and used as received
(H,O content, measured by Karl-Fischer analysis, was found inferior to 5 ppm). The
sealed bags were open just before mixing L-lactide with the catalyst in the glove
box. La(BH,);(THF); was synthesized according to the literature procedure [23].

Toluene was supplied by VWR Chemicals (purity >99.5%, Analar Normapur)
and purified in a MBRAUN SPS-800 solvent system. Non-anhydrous chloroform
was supplied by Verbiese (purity of 99% stabilized with ethanol). Diethyl ether was
supplied by Honeywell (contains BHT as inhibitor, purity >99.8%). CDCl; was sup-
plied by Aldrich (purity of 99.8% of D). THF 99+ %, extra pure (stabilized with
BHT) was supplied by Acros Organics.

Synthesis of macrocyclicand linear PLA

Macrocyclic PLA was synthesized according to our previously reported procedure
[12]. L-lactide (20 g, 0.139 mol) and La(BH,);(THF); (55 mg, 1.39% 10™ mol)
were weighted and mixed together in a glass bottle in a glove box with a manual stir-
ring, before feeding the extruder. The polymerization was performed in a co-rotating
twin screw microextruder, from DSM (Geleen, the Netherlands) under nitrogen at
a temperature of 130 °C using a residence time of 80 min, and a screw speed of
100 rpm. The conversion of the reaction was determined by '"H NMR analysis of a
sample of polymer in CDCl; and found to be 85%.

In order to purify the obtained macrocyclic PLA, the sample was cryogeni-
cally ground and the residual L-lactide was sublimated under vacuum. The cryo-
grinding was carried out with a Retsch ZM 200. The samples were cryogenically
ground at a speed of 10,000 rpm for 30 s. The cryogenically ground polymer was
then introduced in a cold finger sublimator immersed in an oil bath heated to
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90 °C in order to sublime the residual monomer. This treatment allowed us to
isolate macrocyclic PLA with residual monomer content of 3% (M,=29 490 g
mol™!, = 1.27). The macrocyclic structure of the obtained PLA was confirmed
by performing MALDI-ToF analysis on our sample (Fig. 1 and S4).

Linear PLA was synthesized according to a literature procedure [24]. L-lactide
(10 g, 6.94x 1072 mol) was introduced in a round bottom flask in a glove box along
with 14 mL of toluene, and heat-solubilized at 60 °C. La(BH,);(THF); (35 mg,
8.67x 107 mol) was solubilized in 7 mL of toluene in the glove box before being
added to the monomer solution. The reaction was conducted at 60 °C for 24 min
under stirring, leading to a conversion of 51%. At the end of the reaction, the highly
viscous medium was dissolved in non-anhydrous chloroform. An aliquot of the
obtained solution was taken and dried under vacuum to determine the conversion by
"H NMR in CDCl,. The PLA in solution in chloroform was then pouredin diethyl
ether. The precipitated PLA was filtered and dried under vacuum, affording puri-
fied PLA with residual monomer content of 2% (M, =29,000 g mol™!, b= 1.38).
The linear structure of the obtained PLA was confirmed by MALDI-ToF analysis.
(Fig. 1b).

Films Elaboration was carried out by means of compression molding using a Dar-
ragon Press. Compression molding was carried out at 200 °C for 3 min (2 min of
melting without pressure and 1 min under a pressure of 50 bars), and then, the sam-
ples were cooled by air. Tensile test samples were obtained from these films (about
0.2 mm thick). Particularly, the dumbbell-shaped samples (28 mm of length and
5 mm of width) were obtained by laser cutting using a Trotec’s Speedy 400 TM
Laser Cutting.

21129
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Fig. 1 Maldi-ToF spectrum of purified macrocyclic PLLA synthesized in this study
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Characterization techniques

Liquid "H NMR "H NMR spectra of polylactides were recorded on a Bruker Avance
300 MHz instrument at 300 K in CDCl;. The chemical shifts were calibrated using
the residual resonances of the solvent. The samples (about 5 to 15 mg) were dis-
solved in 0.5 mL of CDCl; in a 5 mm diameter tube. The scan number was set to
32 and the delay (D1) between each scan was set at 4 s. For the spectra relative to
the chain-end analysis to confirm the cyclic or linear structure of the polymer, the
number of scans of the 'H NMR analysis was set up at 256 scans. The conversion
of the reaction was determined by integration of the CH signals of both the residual
monomer and the polymer at 5.05 ppm and 5.15 ppm, respectively.

SEC measurements The number—average molar masses (M) and dispersities
H=M,/M,) of the polylactides were determined by size exclusion chromatogra-
phy (SEC) in THF at 40 °C (1 mL/min) with a triple detection system, equipped
with an Alliance Waters 2695, a multiangle light scattering detector (MALS, Wyatt
Technology mini DAWN TREOS), and a refractive index detector (Waters 2414).
The SEC system was equipped with three Waters Styragel (HT1, HT3 and HT4)
columns.

The MALS method was used to determine the absolute molar masses of the
cyclic PLLA. The differential refractive index (DRI) increment (dn/dc) value was
determined for our macrocyclic PLA and found to be 0.0478 mL g~! in THF at
40 °C [12]. The M, values of the linear polylactide were determined according to
the signal of the refractive index detector with polystyrene standards calibration and
Mark—Houwink correction with coefficient 0.58. Samples were prepared by dissolv-
ing the product (~10 mg) in 4 mL of THF. The solutions were then filtered with
0.45 pm filters.

MALDI-TOF mass spectroscopy measurements Mass spectra were recorded by
matrix-assisted laser desorption and ionization time-of-flight (MALDI-TOF) mass
spectrometry using a-Bruker autoflex III smartbeam mass spectrometer, equipped
with the laser that produces pulses at 337 nm using dithranol as a matrix and Nal as
cationizing agent. Spectra were recorded in linear mode at an accelerating potential
of 20 kV. Samples were prepared by dissolving the polymer in THF at a concentra-
tion of 2-5 mg mL~!. A 10 pL aliquot of this solution was mixed with 20 pL of
matrix solution-and 10 pL of Nal solution (both at 20 mg mL~! in THF). Standards
(polystyrenes of known structure, purchased from Polymer Standards Service) were
used to calibrate the mass scale.

DSC analysis Thermal analyses were carried out using differential scanning calo-
rimetry (DSC) (TA Instruments Q20). All DSC experiments were performed under
a nitrogen atmosphere. The apparatus was calibrated thanks to an indium sample of
high purity according to standard procedures. The sample weight was in the range
5-15 mg, and heating and cooling rates were set at 10 °C/min.

Samples were first heated until 200 °C in order to erase thermal history
and then cooled down to room temperature before being reheated. Thermal
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characteristics were determined from the second heating. Particularly, the glass
transition temperature (7,) is taken at the half of the heat capacity jump and the
melting temperature (7};) at the maximum of the endothermic peak.

The initial degree of crystallinity has been calculated according to the follow-
ing relation:

(AH, — AH,.)
YT T AR
m

With AH, the PLA melting enthalpy determined from the endothermic peak
area, AH_, the cold crystallization enthalpy determined from the exothermic
peak, AH& , the standard melting enthalpy of PLA taken equal to 93 J/g [25].
Isothermal crystallization kinetics of both macrocyclic and linear polylactides
were also studied for different crystallization temperatures (7,). Samples were
heated up to 200 °C then rapidly cooled down to the desired 7, using a cooling

rate of 50 °C/min and held at 7, during 30 min.

Wide Angle X-ray Scattering WAXS experiments were performed using a Xeuss
apparatus (Xenos, France) The Cu-K, radiation used was selected with a curved
mirror monochromator. The 2D patterns were recorded on a Pilatus hybrid pixel
detector (Dectris, Swiss) and the working distance, around 10 cm, was calibrated
using a silver behenate sample. 2D WAXS patterns were azimuthally integrated
using the Foxtrot software. Crystallinity degrees of stretched samples have been
computed using the method from ref [26].

Tensile tests. Tensile tests were conducted on an Instron 4466 equipment. Two sets
of conditions were used:

— tests at 25 °C with an initial strain rate of 1072 s~! in order to determine the
Young’s modulus in the glassy state.

— tests at 70 °C with an initial strain rate of 4.107% s~! in order to determine the
mechanical behavior of the materials in the rubbery state.

For each set of conditions and each sample type, 5 tests were carried out.

Engineering stress (o) was calculated as the ratio 6 =F/S;, where F is the meas-
ured force and S, the initial cross section of the sample. Engineering strain (g) is
defined as the ratio between the displacement and the initial length of the sample
Iy (e = f—o’).

The Young’s modulus (E) was calculated as the slope in the linear region of
the engineering stress—strain curve (i.e., between 0 and 0.1%). Finally, strain at
break (o) was taken as the engineering strain when the sample broke.

Dynamic mechanical analysis Viscoelactic properties were determined by means of

DMA experiments. A RSA3 apparatus (TA Instruments, USA) was used in tensile
mode. Experiments were carried out on 1-mm-thick samples elaborated using the
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same conditions as previously described. Viscoelastic properties, namely E’ and E”,
were determined with an applied strain of 0.01% at temperatures varying from 45
to 70 °C on the 0.05-50 Hz frequency range. From these tests, the mastercurves for
both linear cyclic PLA were generated using the TA Orchestrator software at a refer-
ence temperature 7,,="70 °C.

Results
Synthesis of macrocyclic and linear PLLAs

In order to study the influence of the topology of the PLLA on its thermal and
mechanical properties, both macrocyclic and linear polymers displaying the same
molar mass were synthesized (Table 1). Macrocyclic PLLA was obtained by reac-
tive extrusion polymerization of L-lactide (in bulk, in the absence of solvent) with
lanthanide trisborohyride as the catalyst, according to the procedure reported in our
previous study [12]. In order to get materials resistant enough to perform mechani-
cal tests, the lanthanum complex La(BH,);(THF); was selected as the catalyst [12],
as it gave rise to the formation of macrocycles displaying the highest molar mass of
30,000 g mol~!. The reaction was carried out at 130 °C for 80 min, leading to 85%
of conversion.

To ensure the purity of the obtained polymer, the residual monomer was removed X3l

by sublimation under vacuum in order to preserve the macrocyclic structure of
PLLA. This method led to an overall residual L-Lactide content of 3%. The obtain-
ing of macrocyclic PLLA was checked by !H NMR analysis. MALDI-ToF spectrum
of the crude (Figure S4) and purified sample (Fig. 1b) displays a main population
relative to macrocyclic polymer and a very minor population relative to HO-PLLA-
H, arising from ring-opened macrocycles. Both MALDI-TOF spectra show distri-
butions containing both even-membered and odd-membered oligomers, with peaks
separated by 72 Da, indicating the occurrence of transesterification reactions (intra-
molecular transesterification giving rise to cyclic PLLA). In addition, the macrocy-
clic PLLA was analyzed by 'H NMR analysis. The signal relative to the chain-end
of the residual linear PLLA, HOCHMe expected at §=4.33 ppm in CDCl; could be

Table 1 Macrocyclic and linear PLLA

polylactides synthesized in this My sic 1 v
study (g mol™)"
Macrocyclic? 29,490 1.27
Linear” 29,000 1.38

Synthesized by reaction extrusion with La(BH,);(THF); as the cata-
lyst. Experimental conditions: m L-LA=20 g, [L-LA]/[La]=1000;
T=130 °C; t=80 min, L-LA non purified, 100 rpm, under nitrogen
bSynthesized in toluene with La(BH,);(THF); according to the lit-
erature procedure.!”

“Determined by SEC (MALLS) in THF at 40 °C, D=M /M,
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observed in the baseline of the 'H spectrum (256 scans) of the crude polymer, but
was so low that it was not integrable (Figure S1). Thus, one can conclude that the
residual linear fraction in the PLLA was inferior to 1%. SEC analysis of the final
polylactide confirmed a molar mass of 29 490 g mol~! and a dispersity of 1.27 (Fig-
ure S2).

Regarding the synthesis of the linear polylactide with a molar mass close to the
one of the macrocyclic polymer, i.e., about 30,000 g mol~!, a literature procedure
involving the same catalyst but in the presence of solvent during the polymeriza-
tion reaction was used [24]. This reaction procedure is known to afford purely linear
dihydroxytelechelic polylactide, [24] whereas our recent study showed that when
the same reaction was conducted in bulk conditions (in the absence of solvent),
macrocyclic PLLA was obtained [12]. Thus, the polymerization of L-lactide with
La(BH,);(THF), as the catalyst was conducted in toluene at 60° C for 25 min, lead-
ing to 51% of conversion. The polymer was purified by being poured in diethyl ether.
SEC analysis of the final polylactide confirmed a molar mass of 29,000 g mol=! and
a dispersity of 1.38 (Figure S3). MALDI-ToF analysis confirmed the linear nature of
the obtained polylactide (Figure S5).

In order to measure the influence of their topology on their thermal and mechani-
cal properties, both macrocyclic and linear PLAs were subjected to X-ray analysis,
DSC analysis as well as tensile tests.

Thermal behavior

Thermal analyses were conducted by differential scanning calorimetry (DSC) on
both macrocyclic and linear PLA samples (Fig. 2). The values of the different ther-
mal characteristics are summarized in Table 2. Thermal characteristics of macrocy-
clic and linear PLAs are measured on second heat.

As shown by the DSC traces depicted in Fig. 2, upon cooling, the macrocyclic
PLA exhibits a small crystallization peak at 93 °C (marked by a *) while the linear
PLA displays a much more intense one at 98 °C. This indicates that macrocyclic
PLA has a slower crystallization kinetic, which may suggest that the macrocyclic
structure restrains the molecular mobility.

In the case of the macrocyclic PLA, a glass transition occurs at around 56 °C dur-
ing the second heating, followed by an exotherm around 106 °C which corresponds
to the cold crystallization process. One can also notice the presence of a double

Table 2 Thermal characteristics

. X Macrocyclic PLA Linear PLA

of macrocyclic and linear PLAs

measured on second heat T, (°C) 56+ 1 5341
T, (°O) 1062 96+2
AH  (J/g) 35+3 44+0.5
T; (°C) 165+2 1712
AH (J/g) 42+1 50+1
Initial crystallinity (%) 7+5 49+5
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~-=-Cyclic PLA 2nd heat

——Linear PLA 2nd heat
Cyclic PLA 1st cooling

——Linear PLA 1st cooling

Heat flow normalised [a.u.]

Jo1y/g

40 60 80 100 120 140 160 180
Temperature [°C]

Fig.2 DSC of macrocyclic and linear PLAs; cooling from the melt at 10 °C/min and subsequent heating
at 10 °C/min (endo up)

melting peak at 156 & 165 °C. This phenomenon may be explained by two assump-
tions: either the existence of two different PLA crystalline structures, displaying dif-
ferent T (which was unvalided by X-ray, see below), or a recrystallization melting
phenomenon [27, 28], i.e., there is the fusion of a certain amount of the original
crystals (at the beginning of the melting), immediately followed by recrystallization
into more perfect crystals and final melting of these more perfect crystals.

Regarding the linear PLA, the glass transition is observed at 53 °C, i.e, at a
slightly lower temperature than for macrocyclic one, followed by a very small cold
crystallization peak at 96 °C and a melting peak at 171 °C.

A 4 °C higher T, for cyclic PLA as compared to linear PLA has been also
reported by Zaldua et al. [19]. The authors explain this difference by the fact that
cyclic PLA chains have no chain-ends. As these chains-ends are highly mobile and
generate free volume, they are assumed to be responsible of the lower 7, of linear
PLA. The latter point cannot alone explain the difference observed regarding the
glass transition temperatures. Indeed, the same difference of 7, is observed in the
present study and in the one of Zaldua et al. while the chain ends number for linear
PLA is about 3 times lower in our case. Consequently, we rather assume that the
higher 7, for cyclic PLA depicts a higher rigidity of the chains and/or differences
into the macromolecular network due to the cyclic macrostructure rather than to a
key role of the chain-ends.

In addition, the higher melting temperature of linear PLA tends to show that
thicker and/or more perfect crystals are formed in this material. Regarding the melt-
ing peak areas, results show that crystal content induced during the cooling and sub-
sequent heating steps is higher for linear PLA (53% of crystallinity vs 45% for the
macrocyclic one), suggesting its stronger ability to crystallize.

In summary, in addition to a slightly higher 7, macrocyclic PLA seems to have
a slower crystallization kinetic than its linear analog, as revealed by the fairly lower
amplitude of the crystallization process upon cooling from the melt. Indeed, the
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crystallinity degree after cooling at 10 °C/min is about 49% for linear PLA, while
it is only 7% for the macrocyclic one. This behavior differs from the one reported
in the case of cyclic PLA exhibiting much lower M, [19], where they observed that
cyclic PLA has a faster crystallization kinetics than the linear counterpart.

In order to confirm that macrocyclic PLA has a lower ability to crystallize, a
study of the crystallization kinetics was carried out on the two polylactides samples
(Fig. 3). Particularly, isothermal crystallizations from the melt state were performed
at temperatures varying from 80 to 140 °C with 10 °C steps.

The slower crystallization kinetics of macrocyclic PLA is confirmed by the
behaviors observed for the crystallizations ranging from 90 °C to 120 °C where the
exotherml related to the crystallization of macrocyclic PLA is systematically broader
and starts at longer times. Indeed the crystallization time never exceeds 5 min in the
case of linear PLA, while the minimum crystallization time of macrocyclic PLA is
10 min (isothermal at 110 °C).

In addition, no crystallization is observed for both linear and macrocyclic PLAs
at T,=140 °C during the experiment time. At this temperature, crystallization is
mainly governed by nucleation aspects (as crystal growth is favored at high tem-
perature) and the higher nucleation ability of cyclic PLA reported by Zaldua et al.
[19] does not seem to be observed here. This can be explained by the fact that, as
previously mentioned, the molar mass of their material is close to the mass between
entanglements of PLA. Consequently, the higher ability to crystallize cyclic PLA
may arises from the fact that the chains are very little entangled. In our case, both
macrocyclic and linear PLA chains are entangled and as discussed below it could
be assumed that the entanglements in the case of cyclic macromolecules are more
restrictive from a mobility point of view than the entanglements in the case of linear
macromolecules.

In opposition, for 7, =80 °C, an exothermic peak is clearly observed for the linear
PLA. By contrast, no crystallization peak is evidenced for the macrocyclic PLA. At

Normalized Heat Flow (J/g)

80°C

-----Cyclic PLA

—Linear PLA

0 5 10 15 20
Time [min]

Fig. 3 Crystallization kinetics at different isothermal temperatures of macrocyclic and linear PLA (endo
up)
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low temperature, it is nucleation which is favored, then crystallization is mainly gov-
erned by growth rates aspects. Considering that the two materials have similar molar
mass, this difference thus necessarily arises from the different molecular architec-
tures of the PLA and it can be thus conclude that the macrocyclic microstructure
involves a slower crystal growth rate due to lower molecular mobility.

Several works have been reported on the crystallization of cyclic and linear poly-
mers. A review of these studies points out that up to now, no unique behavior can
be observed. Besides, two opposite trends have been found: the crystallization is
slower for cyclic PTHF and PE than for linear analogs (transport and secondary
nucleation require higher free energies in cyclic polymers), but faster for cyclic
poly(oxyethylene) (POE) and PCL (faster diffusion of cyclic molecules) than for lin-
ear analogs [29]. Thus in our case, this behavior could be due to a better mobility
of the linear chains compared to the macrocyclic ones, which would allow them to
arrange more easily to form the crystal lattice.

Comparing these two studies, we could conclude that linear PLA has a higher
ability to crystallize, particularly at low temperatures. Moreover, the macrocyclic
structure involves the formation of thinner and/or less perfect crystals.

Structural characterization

Macrocyclic and linear PLAs that have undergone an isotherm at 120 °C were
analyzed by means of wide-angle X-ray scattering (WAXS) after recrystallization
(Fig. 4). Results indicate that both polymers are semi-crystalline, and the position of
the diffraction peaks (13,6° 14.6° 16.6° and 22.3°) shows that they crystallize into
the o phase [30] in agreement with previously reported results [19].

The crystallinity ratios calculated by XRD are in line with the DSC results, i.e.,
50% for the macrocyclic PLA and 59% for the linear one, which confirms that the
macrocyclic polymer displays a lower crystallinity degree than its linear analog.

(110)/(200)
0.05

I ----Cyclic PLA
——Linear PLA

Normalised Intensity [a.u.]

5 10 15 20 25 30 35

Fig.4 Diffraction pattern of the PLAs film annealed
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Table 3 Summary of tensile

E ) )
tests results at 25 °C (MPa) Obreak (MP2) Eoneak (%)
Macrocyclic PLA 2510+98 3242 1+1
Linear PLA 2408 +278 36+7 1.5+1
50
45
40 -
g
g 35
$ 30 l
g 25
g
£ 20 A
®
s —Cyclic PLA
10 ——Linear PLA
5 -
0 ; ; ‘
0 1 2 3

Engineering strain [%]

Fig.5 Engineering stress—strain curves at 25 °C and ¢ = 1072 57!

Mechanical study of macrocyclic and linear PLAs

Tensile tests were performed on amorphous films obtained by compression mold-
ing. A set of experiments were carried out at 25 °C in order to determine the end-
to-use properties of the materials. Mechanical properties are reported in Table 3.
At 25° C (Fig. 5), both materials exhibit a brittle behavior with no sign of
plastic deformation. In addition, both materials have roughly the same Young’s
modulus, around 2.5 GPa, characteristic of an amorphous polymer into its glassy
state. Consequently, no main difference can be observed during cold-drawing.
Mechanical properties were also studied in the rubbery state (Fig. 6). The
drawing temperature has been chosen so as to be between 7, and T, i.e., at suffi-
ciently high temperature to obtain materials in their rubbery state and sufficiently
low temperature to prevent any thermally induced crystallization phenomenon.
The mechanical behavior is roughly the same whatever the PLA type and char-
acteristic of an initially amorphous sample drawn in its rubbery state (e.g., PET).
Besides, after a viscoelastic deformation stage at low strains, plastic deformation
occurs at a similar strain value. Then, for larger deformations, a strain-hardening
phenomenon is observed in both cases. The main differences between the two
materials are that strain-hardening starts at lower strains for macrocyclic PLA
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Fig.6 Engineering stress—strain curves at 70 °C and ¢ = 1072 5™

(i.e., 200% for macrocyclic PLA vs 350% for linear PLA). In the case of PLA,
strain-hardening is related to the occurrence of a strain-induced crystallization,
the beginning of crystallization being governed by the achievement of a critical
macromolecular orientation degree. Consequently, it can be assumed that mac-
rocyclic PLA has a better ability to macromolecular orientation upon stretching.
Finally, it is also observed that the linear PLA can undergo a very large deforma-
tion at break, i.e.,> 500% while the one of cyclic PLAs is lower, around 400%.

In order to confirm the occurrence of strain-induced crystallization upon stretch-
ing, and in order to assess the influence of the topology on the strain-induced struc-
ture, post-mortem WAXS analyses were also performed on drawn samples and com-
parison of patterns and diffractograms before and after the tensile tests are presented
in Figs. 7 and 8. The values of the crystallinity rate calculated by XRD are summa-
rized in Table 4.

Before stretching both linear and macrocyclic PLAs are fully amorphous, as
shown in the 2D WAXS images (Fig. 7) and the crystallinity rate (Table 3). After
stretching (300% of strain for macrocyclic PLA vs 430% for the linear one), the
integrated intensity profiles (Fig. 8) clearly show the presence of crystals into both
materials confirming that the occurrence of strain-induced crystallization is at the

Table4 Crystallinity degree calculated by XRD
Macrocyclic PLA BT Macrocyclic PLA AT70 Linear PLA BT Linear PLA AT70

Crystallinity (%) 0 35+5 0 40+5

BT before traction; AT70: After Traction at 70 °C
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Cyclic PLABT

Cyclic PLA AT70

Linear PLA AT70

Fig. 7 Diffraction patterns of PLAs before (BT) and after (AT70) tensile tests at 70 °C (the stretching
axis is vertical)

0.04
(110)/(200)
----Cyclic PLA AT70
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1
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Fig. 8 Diffraction pattern of PLAs before (BT) and after (AT70) tensile tests at 70 °C
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origin of the strain-hardening stage observed on the stress—strain curves. The ear-
lier occurrence of strain-induced crystallization for macrocyclic PLA is probably
ascribed to a faster increase in the macromolecular orientation upon stretching, as
compared to linear PLA.

Moreover, the position of the diffraction peaks shows that it is the o’ phase
(Fig. 8) which is involved in both cases [31]. Finally, we also note that the crystal-
linity rates of macrocyclic PLA (35%) is slightly lower than the one of linear PLAs
(40%) (Table 3).

Discussion: Entanglement in cyclic and linear structures

The examination of the mechanical behavior in the rubbery state, and in particu-
lar the earlier occurrence of the strain-induced crystallization process in the case of
macrocyclic PLA, may suggests that the entanglement network of the macrocyclic
PLA is more constrained than the one of the linear one. Indeed the occurrence of
strain-induced crystallization in PLA could be linked with an achievement of a criti-
cal orientation degree of the macromolecules [32]. Consequently, it appears that in
macrocyclic PLA, the macromolecules orient faster upon stretching than in linear
PLA which tends to show that macrocycles have a slower disentanglement kinet-
ics than the linear chains which favors macromolecular orientation upon stretching
explaining the difference in the mechanical behavior observed.

The examination of the viscoelastic properties, especially in the rubbery domain,
is known to be a good probe of the macromolecular architecture. Notably, the value
of the storage modulus in this region could be directly related to the mass between
the entanglements of the polymer according to the following equation:

__pRT

M,
0
Gy

e

with G?V being the value of the storage modulus G’ measured in plateau modulus (at
the minimum of the loss modulus G”), p the density of the material at the considered
temperature, R the universal gas constant and T the considered temperature in K.
In our study, viscoelastic properties were determined in the tensile mode, however,
as G’ and E' are proportional the previous equation can also be applied. Figure 9
depicts the mastercurves obtained for both cyclic and linear PLAs at the reference
temperature 7;,=70 °C.

The value of M,, could be assessed by the determination of E’ in the low fre-
quency region, where the materials are in the rubbery state. Experiments were
repeated three times for each material, and the analyses revealed that no differences
could be observed regarding the plateau modulus, around 4 MPa, for both macro-
cyclic and linear PLAs. Consequently, the macrocyclic structure does not infer on
the mass between the entanglements of PLA. The only slight difference which can
be evidenced from these experiments if that the crossover point between E" and E”
occurs at a slightly higher frequency w, for linear PLA. 1/w, could be related to a
characteristic relaxation of the material [33] and thus, even if both times are of the
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Fig.9 Storage modulus (E') and loss modulus (E") as a function of frequency at 7;,=70 °C for a macro-
cyclic PLA and b linear PLA

same order of magnitude, the relaxation time of linear PLA is slightly lower than the
one of its macrocyclic analog.

The observation of a rubbery plateau for PLA seems to be in contradiction with
the results obtained by Doi et al. in the case of polystyrene (PS) [34]. Indeed in their
study where they analyze the viscoelastic behavior of ring PS with various molecu-
lar weights, authors never observe a rubbery plateau. However, they nevertheless
observe for high molecular weight PS, a deviation to the standard behavior (i.e.,
Rouse like model). Authors attribute this deviation to the formation of intermolecu-
lar interactions such as ring penetrations. The fact that a rubbery plateau is observed
in our case for macrocyclic PLA also shows that (i) the macrocycles can also entan-
gle themselves, and (ii) that the entanglement network is more stable in PLA than
in PS. This higher stability for PLA should be explained by the differences of Me
between PS and PLA. Indeed, considering that PLA and PS exhibit similar values
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regarding the chain rigidity [35-37], the Me of PLA is about 4-5 times lower than
the one of PS. Consequently, the entanglement network formed by the PLA macro-
cycle is probably more constrained, i.e., the macromolecules have less mobility.

As a result of this work, and in the same way than what was shown by Doi et al.
for PS [34], the macromolecular network understanding seems to be a key point to
explain the behavior differences between cyclic polymers and their linear analogues.
Besides, it appears that the fact that the molar mass of the material is below or above
M, significantly changes the material behavior. On the one hand, when M, is below
M, cyclic PLA displays a faster macromolecular dynamics involving besides a
faster crystallization kinetics than its linear counterpart. On the other hand, when the
materials are entangled (i.e., when Mn is above Mc as in this study), the crystalliza-
tion kinetics is slower for macrocyclic PLA and this material has a faster macromo-
lecular orientation rate upon stretching.

The macromolecular network and the concept of entanglement have been deeply
studied in the case of linear polymers and are now well understood as depicted in
Fig. 10a. On the other hand, entanglements in cyclic polymers as well as the macro-
molecular organization in the amorphous bulk remain poorly addressed. An attempt
of structural representation is schematized in Fig. 10b, and, as can be seen, interpen-
etration of macrocycles can lead to locally completely locked structures contrary to
the case of linear polymer where the chains can disentangle more easily due to fact
that they do not form a closed structure and are consequently more labile. Similar
locked structures have been also proposed by Submarian et al. in their modeling
study of DNA [38]. Still using a numerical approach, threading, i.e., interpenetra-
tion, between large cycles has also been proposed by Lee et al. [39] as well as Tsa-
likis et al. [40].

This representation also allows to understand the lower mobility of macrocyclic
chains. Indeed, it clearly appears that the interpenetration of macrocycles could lead
to a more constrained network with less mobility degrees. This explains the slower
crystallization kinetics observed for macrocyclic PLA. In addition, the presence of
these locally locked structures formed by the interpenetration of two macrocycles
could be at the origin of the faster macromolecular orientation observed during
stretching in the rubbery state as previously discussed. Indeed, due to these con-
strains the relaxation time of macrocyclic PLA chains is higher than that of linear
PLA (see DMA results). Consequently, upon stretching, the macrocyclic PLA chains
relax less than the ones of linear PLA and thus orient themselves faster involving an
earlier occurrence of strain-induce crystallization.

Conclusion

This study aimed at comparing the behavior between macrocyclic and linear
polylactides displaying identical molar masses, allowing to highlight the influ-
ence of the polymer topology on its structure and properties. Regarding thermal
properties, the glass transition temperature of the macrocyclic PLA is slightly
higher than that of the linear one as expected (56 vs. 53 °C) [13-15], while its
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Fig. 10 Schematic representation of the macromolecular networks in the cases of a a linear polymer and
b a cyclic polymer

melting point is lower (165 vs. 171 °C) indicating that the macrocyclic architec-
ture induces the formation of smaller and/or more defective crystals.

Moreover, the crystallization kinetics of PLA is strongly influenced by its
topology. Indeed, macrocyclic PLA has a lower crystallinity, i.e., 50% vs 59% for
the linear one (XRD) but especially has a slower crystallization kinetics which is
ascribed to the fact that the macrocyclic structure restricts the molecular mobil-
ity. Tensile tests conducted at 70 °C showed that linear PLA had a much higher
deformation capacity than its macrocyclic analog. This is attributed to the more
constrained macromolecular network of the macrocyclic PLA and could have
some implications regarding its processing. Finally, regarding the strain-induced
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structure under tensile tests at 70 °C and the mechanical properties at room tem-
perature, no significant difference between the two materials was evidenced.
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