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ABSTRACT

Phase-structural changes and enthalpic relaxation behavior of poly(D,L-lactide) (PDLLA),
poly(L-lactide) (PLLA) and poly(L-lactide-ce-caprolactone) (PLCL) copolymers with a lactide
molar content ~70 % and having different randomness character (PLR+t0.69; PLCl,:

R=0.92) were evaluated over 7 days in phosphate buffered saline (PBS) at 37 °C. Results

obtained by Temperature Modulated Differential Scanning Calorimetry (TMDSC) and Dynamic



Mechanical Analysis (DMA) showed an increase in the value of enthalpic relaxgtamd(the
narrowing of the tam peak, respectively, indicating the reduction in molecular mobilityaand

more uniform distribution of the entropic states as the aging time increased. The results obtained
for PLCLs were clearly affected by chain microstructural magnitudegPLCLr;=4.35 and
PLCLr,=3.45). Both showed a crystallization process accompanied by amorphous phase
separation during the early stage in PBS. DSC and DMA results also revealed faster structural
changes as a result of new supramolecular arrangements as well as a higher tendency to

crystallize for PLCl; regarding PLCL,.

INTRODUCTION

The choice of an adequate medical implant made of bioresorbable polymeric biomaterials may
require the understanding of the structural changes undergone during the biodegradation process,
or even during the storage time, leading to physical and mechanical properties changes over
time. Time-dependent changes in structure and properties are well known consequences of
physical aging. This phenomenon is quite common in polymers that are in thermodynamically
unstable state after transformation by hot melt proceSsesooling thermodynamical properties
resulting from the first derivative of the Gibb’s energy over temperature, for example, specific
volume (V), enthalpy (H) and entropy (S) undergo a change of slope around the glass transition
temperature(Figure 1). After solidification thermodynamically more stable states will be
prompted by additional isothermal annealing conditions conducted at temperatures below the
glass transition temperature,€TTg). This will enable a material for a more close-to- equilibrium
state through localized dynamics of conformational chain motions involving time and
temperature. In this work, the relaxation behavior is studied in terms of the reduction in the

excess volume and excess enthalppllleading to a less entropic new metastable equilibrium.
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Figure 1. Schematic illustration of changes in enthalpy (ehtropy (S), and volume (V) as a

function of temperature during the aging process.

The excess enthalpy due to physical aging is reedvia the [ region when the aged polymer
is heated. Therefore, discrete values of the gmyhaks or enthalpy relaxatiod)(on annealing

at T, could be inferred from Differential Scanning Caleetry (DSC) scans at a constant heating
rate. For aged samples, the extra energy requiredldiss transition brings about an increase in
the area of the endothermic peak in the vicinityTgf However, the signals related to both
processes, the change s$pecific heat capacity (f and the relaxation enthalpy cannot be
evaluated individually by DSC becaus#en two or more transitions occur simultaneously,
may be impossible to interpret the DSC resultseAgerature modulated DSC, TMDSC [2-4], is
a useful technique to solve this problem. With tieishnique, the individual components of the

total heat flow, the capacity component, known asersing heat flow, and the kinetic



component, known as nonreversing heat flow, can be determined sepatdlglynay be
obtained from the reversing signal and éhieom the nonreversing signal, sometimes named as

reversing G and nonreversing gorespectively [5].

The term physical aging has also been widely used to denote the evolution during storage time
that lead to crystallization, this causes a change in the mechanical properties, making the
polymeric material more brittle [6, 7]. This is the well-known case of polyethylene, for example
[8-10]. During aging, the molecular mobility is often sufficient to allow molecular segments in
the amorphous phase to progressively realign and crystallize, either in the form of new crystals
between the pre-existing lamellar crystals, or by adding newly formed crystals to pre-existing

ones, having as a result an increase in crystallinity fraction.

The effect of physical aging on PLAs has been previously discussed in literature [11-13]. Pengju
Pan and co-workers analyzed the conformational features of PLLA during aging and the effect of
that process on the microstructure and molecular dynamics of PLLA. By means of FTIR and
solid-state NMR spectroscopy, they found that during aginggtheonformers rearrange into

more energy-favorablgt counterparts [14]. Microstructural rearrangements taking place during
the aging process were also considered responsible for the enhanced crystallization and
consequently for the embrittlement of PLLA [15, 16]. A few works can be also found about

physical aging on PLCL copolymers yet involvilegg aging time$17-19].

If changes related to the physical aging process stem from segmental mobility, it is reasonable to
assume that chain microstructure features (composition and randomness character of comonomer
repeat units) will have a profound effect on the final supramolecular structure and thus on

properties. In this work, polymers having the same nature but different structure of the polymeric



chain are studied. On the one hand, the behavipolg{L-lactide) (PLLA) and poly(DL-lactide)
(PDLLA) will be compared and on the other hand, twpoly (L-lactidee-caprolactone)
copolymers of similar composition but different ¢holengths are object of this work. Proper
correlations of polymer molecular characteristiegheir resulting structure and properties will
be studied during an initial period of 7 days inSPBy means of DSC, TMDSC, AFM and

dynamic mechanical analysis (DMA) after 1, 3 ardhys.
MATERIALSAND METHODS

Table 1 shows the main specifications of the comrakepolymers and copolymers employed in
this work. The weight average molecular weight,JMnd the polydispersity index, D=}M,

of the studied polymers were determined by Gel Bation Chromatography calibrated to PS
standards, chloroform as an eluent, with a Wat8dsb Ichromatograph device equipped with a
Waters 2414 refractive index (RI) detector. On thkeer hand, the composition (%LA), the
microstructural magnitudes)(and the randomness character (R) of the PLCL lgopays were
determined in a previous work By and**C Nuclear Magnetic Resonance spectroscopy and are
summarized in Table 1 [20]. The main differencengetn PLClt; and PLCL; is essentially the
lactide average sequence length)(and the randomness character (R). The RLCbpolymer

has shorter h and a more random character, 3.45 and 0.92, résplgcin contrast to 4.35 and

0.69 for PLClr4.



Table 1. Specifications of the materials./Mweight average molecular weight; D: polydispersit
index; %LA: lactide molar content; d: lactide average sequence length; R: randomness

character (considering that in a diblock copolyier O while in a random one R 1).

PLLA PDLLA PLCLry PLCLr,
My (g mol?) 130x1G 127x1G 136x1G 185x1G
D 1.66 1.92 1.68 1.71
%LA - - 67.1 70.0
LA - - 4.35 3.45
lcL 2.13 1.54
R - - 0.69 0.92
Provider Biomer Purac Purac Purac

For this work polymer sheets of ~1 mm thicknessewmepared by compression moulding in a
Collin’s P200E hydraulic press at 200 °C and 240fdlbowed by water quenching in order to
guarantee an amorphous state. From these sheeislesa20 mm long and 4 mm wideere
obtained. Each sample was submerged in 15 ml ptade buffered saline (PBS) and stored in
an oven at 37 °C for 7 days. At different periofisime (1, 3 and 7 days) 3 samples of each
polymer were removed from the PBS and vacuum-diiech-submerged samples (day 0) were

employed as a reference.



Standard and temperature modulated dynamic scamalogmetries (DSC and TMDSC) were
carried out on a DSC 2920 (TA Instruments). Fondsad DSC, samples (6-8 mg) were heated
from -85 to 220 °C at 20 °C minThis scan was employed to determine the colda@iizstion
temperature (J), the crystallization enthalpyAH.), the melting temperature {J and the heat of
fusion AHy) of all the samples, as well as the glass tramwsitemperatures ¢J of the PLCLt;
and PLClr, copolymers. The determination of &nd enthalpic relaxatiord) for PLLA and
PDLLA was measured by means of TMDSC with a modutatmplitude of 0.75 °C over a
period of 120 s. The heating scan was carriedront 20 °C to 75 °C at a heating rate of 0.5 °C
min™ and the sample weight was 4-6 mg in all casescoFrect the frequency effect, after the
heating process abovg, The sample was cooled under the same TMDSC donsliis used for
heating. Any peak area in the nonreversing sigmalcooling can only be caused by the
frequency effect. This area was subtracted frompbak area obtained on heating so as to

calculate the peak area which was just due to gnth@covery.

Dynamic mechanical measurements were carried aog asDMA/SDTA861e (Mettler Toledo)
in tensile mode. The PDLLA and PLLA samples weratéé from 20 to 100 °C at a heating rate
of 3 °C mint, a frequency of 1 Hz and the displacement ancefaroplitude were maintained at
25 um and 0.5 N, respectively. The Pui¢€hnd PLClr, samples were heated from -20 to 100 °C
at a heating rate of 3 °C rina frequency of 1 Hz and the displacement andefaroplitude

were maintained at 30 um and 3 N, respectively.

AFM imaging of the PLCL; copolymer sample was carried out with a Nanos¢ibpéultimode
scanning probe microscope (Bruker) with a scannesse maximum range was between 100
and 10um in xy and z directions, respectively. Sampleseygepared by depositing a few drops

of the polymer solution (8v.%) onto a mica substrate and then spin coatled.specimen was



subjected to melt-quenching prior to submergirig PBS at 37 °C for one day. All imaging was
conducted in tapping mode using standard silicanileaer with a resonance frequency between

254-321 KHz and spring constant of 20-80 N.m
RESULTSAND DISCUSSION
Physical aging during an initial stage of biodegradation in PBSof PLLA and PDLLA

DSC heating scans for PLLA and PDLLA samples sulgein PBS over 0, 1, 3 and 7 days at
37 °C are shown in Figure 2. Since both PLLA and.PDwere submerged at a temperature
below their T, they underwent a physical aging process duriegctburse of the experiment.
PLLA samples displayed the usual behavior of seystatline polymers; with a glass transition
temperature followed by a cold crystallization mes and melting of the developed crystals. On
day 0, just after quenching the sample, the therarogresented aglat ~60 °C and small cold
crystallization and melting peaks at ~117 °C and0~4C, respectively. However, after only 1
day submerged in PBS, PLLA displayed an endothenmeiak at its § and both the cold
crystallization AH;) and melting AH,;,) enthalpies increased considerably. The endotlzermi
peak at T, is related to the recovery of the excess of épyhthat polymers acquire on
guenching from the melt. Although no significantanlges are observed in the DSC traces for
PLLA in the Ty values, the effect of aging on the cold crystatian behavior is evident. In this
sense, as shown in Table 2, tid, rises from 9.8 J4to 40.0 J g on the first day. For longer

aging times, few changes were observed in the @&Qss
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Figure 2. First DSC scans for PLLA (above) and PDLLA (bela@mples submerged in PBS at

37°C during 0 (black), 1 (red), 3 (blue) and 7 égredays.

The effect of aging on cold crystallization behavims been already reported for PLLA in
literature [16, 21]. This change in the cold crifstation peak can be explained in terms of chain
rearrangements. Just after quenching, polymer shai@ disordered with many conformational
states in a non-equilibrium state. Conformatiorededts such as entanglements or chain torsions
make the nucleation and the subsequent diffusigrolyimer chains less probable, impeding the
crystallization process. However, during aging, ttt&in conformation and microstructure
readjust to a more organized and more packed straicture in order to drive the material closer
to equilibrium or to the more energy-favorable estdtocal ordering domains formed during
aging could act as nucleation precursors in theseyioent crystallization process. This is the

reason why the crystallization process becomes rpoegalent with aging. In spite of the



increase in botAH,, andAH. during aging, the neat enthalpyHm-AH.) stays almost constant,
near zero, during the study, indicating that thiymer obtained is essentially amorphous and no

new crystals developed during the aging treatment.

Table 2. Thermal properties of PLLA and PDLLA after confoitioa by melt-quenching (0 day)

in water and after being submerged in PBS overdhd7 days. f glass transition temperature,
Tp,: maximum of the relaxation enthalpy peak ahdrelaxation enthalpy; were obtained by
TMDSC and T: cold crystallization temperaturéy\H.: crystallization enthalpy, ;& melting

temperature andH,,: melting enthalpy, were obtained by convention8kD

TMDSC DSC
(days)| (°C) (°C) 8F-p (°C) 8)p) (°C) (g
0 59.1 58.1 1.6 116.8 9.8 171.0 14.9
< 1 56.9 56.4 4.2 116.8 40.0 172.1 43.p2
-
T 3 57.7 57.4 4.5 114.7 42.1 172.1 46.6
7 59.1 58.8 5.3 116.2 41.6 173.6 42.4
0 46.0 45.0 1.0 - - - -
< 1 45.9 44.6 15 - - - -
2
- 3 44.6 44.0 14 - - - -
(a8
7 44.7 44.4 2.0 - - - -

In contrast to PLLA a unique transitiong, Ts observed for PDLLA, Figure 2, in agreementwit

its amorphous nature. The appearance of an enthaedfaxation peak is the only difference
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observed between samples submerged on differerst desy for the PLLA sample, the main
change in the area of the endothermic peak is wbdearn the first day and then it stays almost
constant. Referring to the DSC traces for PDLLAeéms that the relaxation peak in the sample

aged for 7 days shifts to higher temperatures vdoempared to the other aged samples.

Interestingly, for the PLLA samples aged 1 day, h@utder was discernible at the high-
temperature side of the relaxation endothermic pidalwever, this shoulder was not detected for
the aged PDLLA samples, as can be observed in &@ufhe same behavior has been reported
by Pengju Pan et. al. for PLLA and PDLLA annealed@°C for aging times between 3-24 h
[15]. The lower temperature side peak is beliewedarrespond to the segmental dynamic in the
bulklike phase, whereas the higher temperaturet@iiee constrained motion in the amorphous
phase located within the crystalline phase. Thenroansequence of this immobilization is that
more temperature is needed for the transition, ,thiie T, is extended towards the high
temperature side [22-24]. The shoulder detectemlimsample is much smaller compared to the
lower temperature one, indicating that the fractadrthe constrained amorphous phase in the
sample is insignificant. Therefore, it may be codeld that the content of the crystalline phase in

the sample is extremely small, as observed in &hgeg of neat enthalpy illustrated in Table 2.

However, for the two polymers, PLLA and PDLLA, tapparent gobserved in the DSC traces
for each aged sample results from an overlappirigagpy relaxationg, and G of the glass
transition. Therefore, in order to assess enthagmovery, it is necessary to separate the change
in heat capacity atglirom the endothermic peak caused by the enthadmiovery process. This

is not possible with the standard DSC and so TMD§&@equired. With this technique, the
change in heat capacity occurs in reversing sigrale enthalpic recovery, which is a kinetic

process, occurs in the nonreversing signal [5].

11
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Figure 3. Reversing (above) and Nonreversing (Below) of (a) PLLA and (b) PDLLA after

being submerged in PBS at 37 °C during O (black)ed), 3 (blue) and 7 (green) days.
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Parts (a) and (b) in Figure 3 display the TMDSCQultssas reversing and nonreversing fGr
PLLA and PDLLA, respectively. The change in reahtheapacity and its associategliJ studied

by analyzing the results obtained from the reversignal, while the enthalpic recovety,and

the maximum of the relaxation enthalpy peak) (¥ere evaluated in the nonreversing signal. The
enthalpy relaxation was determined as the integfahonreversing gin Figure 3. Table 2

summarizes the values calculated by analyzing TMBg@als of , Ty, d.

For PLLA, T, shifted slightly to higher temperatures, while tredue ofé rapidly increased at
short tand then slowed down at longgrlt increases from 1.6 J'go 4.2 J & on the first day
and then slows to reach a value of 5.3'Jagthe end of the study (day 7) (see Table 2)s Thi
behavior is in agreement with the results repogdwon and coworkers [13] for polylactide
films containing various D-isomer contents as acfiom of T,. They found similar exponential
tendencies i agains 4 for all the polylactide samples tested. This b&racan easily be
explained if it is considered that the thermodyr@anhiving force decreases when the polymer
chains are closer to attaining the equilibriumestétence, the kinetics by which polymer chains

approach a more favorable state becomes slowertyvith

It is worth mentioning the shoulder detected in tleareversing gsignal for the PLLA sample
submerged in PBS for 1 day. This result providescard of the existence of different relaxation
modes, the first one ascribed to the undisturbedrpihous region and the second one to the
constrained amorphous region with reduced mobilitythis case the results obtained from both,

DSC and TMDSC, are in total agreement.

Ty derived from reversing LCalso shifted to higher temperatures for PLLA aféging as

illustrated in Figure 3 and Table 2. Although thielence between glfor 1-7 days is just 2 °C,

13



differences in the shapes of reversingate significant. At lager aging times, the traosi
became narrower and steeper due to different pgckarameters. As aging proceeds, the
formation of a more ordered packing of polymer nkamakes, on the one hand, the overall
entropic state of the system decrease and on ther biand, narrows the distribution of the
different entropic states. Therefore, changes énhtiat capacity from glass to liquid, i.e changes
with temperature in reversing,Coccur at higher temperatures and in a narrowapégature

range because the entropic distribution of theesyss more uniform.

Table 3. Molecular weight of PLLA and PDLLA samples beforadaafter being submerged for

7 days in PBS at 37 °C.

ta I\/IW Mn
Material D
(days)| (g mol*) | (g mor?)

0 130000| 78000| 1.6p
PLLA

7 120000| 70600| 1.70

0 127000| 66300 1.9p
PDLLA

7 86400 41400 2.0P

For PDLLA, the value of suffered minor changes and a clear trend fpwas not observed.
Furthermore, the reversing, did not show the same trend as was observed fbAPThe Ty

seems to shift to a lower temperature and a shgbadening of reversing  Gignal can be
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appreciated with,t These results suggest that another process besgiieg is interfering with
the PDLLA samples. The decrease i Ty, and the change in shape of reversipdgdards a
broader signal, could be indicative of moleculaighe loss during the aging process in PBS.
The molecular weights of PLLA and PDLLA samples eveneasured before (0 day) and after
being submerged for 7 days in PBS at 37 °C. Thalteeare shown in Table 3. In contrast to
PLLA, which only lost 8 % of its initial moleculaweight, the molecular weight for PDLLA
dropped from 127x10to 86.4x18 g mol*, that means a loss of 32 % during the period ef th
study. This drop in M might be enough to alter the behavior of the sasigConsequently, the
combination of both effects (loss in molecular virtignd aging) makes the interpretation of the
results obtained for PDLLA difficult. In order teetter understand the real state of the PDLLA

samples a more thorough study is required.

The effect of aging was also analyzed using dynamiechanical measurements. The
temperature dependent curves of storage modulysatel tans for PLLA and PDLLA after
being submerged at 37 °C for 0, 1, 3 and 7 daypr@sented in Figure 4. Table 4 summarizes
the temperature and values of @(T,s and tand), and the temperature of E’ onsetk{lse).
The Ty was taken as the temperature of da@ind the FEonset Was calculated as the temperature

where the initial value of E’ departs from linegrit

Although no significant changes are found in thedavalue for PLLA, the width of the tah
peak becomes narrower with aging, as shown in Eigufa). The small shift in tahto higher
temperatures is consistent with the minor changesd in the TMDSC data in the Values (see
Table 2). It can easily be seen by comparing theuleves of the 0 day (unaged) and 1 day (aged)
samples that gonsetfor the latter is higher and the E’ drop is steeple Teonsetfises ~7 °C after

being treated for only one day. Both results, thgowing of the ta peak and the more abrupt

15



drop in E’ with temperature, account for the chamgeentropic states towards a narrower

distribution with t, which is consistent with the behavior observeth@reversing gfor PLLA.

On the other hand, a significant increase in theltves appeared around 80 °C for all PLLA
samples. This is related to the cold crystallizatmccurring around this temperature during
heating, as was demonstrated in the DSC tracegjuré=2. DMA curves prove that the increase
in E’" is higher with increasing,tindicating that the samples aged for longer tiraes more
prone to the cold crystallization process uponihgaMoreover, the starting point at which the
increase in E’ occurs is shifted to lower tempeargifor samples aged over longer periods. This
means that cold crystallization occurs at lowergeratures in samples with a more ordered
initial state than in samples with more defectshsas entanglements or chain torsion. Therefore,
in view of the DSC and DMA results, it can be caled that aging may be a precursor of the

cold crystallization process.

16
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Figure 4. Storage modulus (above) and tabelow) of (a) PLLA and (b) PDLLA after being

submerged in PBS at 37 °C during 0 (black), 1 (rédblue) and 7 (green) days.
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Table 4. DMA properties of PLLA and PDLLA after conformatidry melt-quenching (0 day) in
water and after being submerged in PBS duringand7 days. . temperature at which tan
is maximum; tard: value of the tah peak and fFonsei the temperature where the initial value of

E’ departs from linearity.

ta Ttar‘é tam TE’ onset
(days)| (°C) (value) (°C)

0 62.40 2.63 42.69
< 1 64.11 2.45 49.80
E 3 62.43  2.45 50
7 64.07  2.03 48.07
0 54 2.87 35.8
< 1 54.60 2.34 41.46
é 3 53.63  2.47 38.6
7 53.50 2.74 41.36

As can be observed in Figure 4 (b), DMA curves RBDLLA show no major changes, in
complete contrast to PLLA. The temperature at whaihd is maximum (Ts) Stays almost
constant, corroborating the small change obsemvéle data determined by TMDSC. However,
the trend of tam curves, as well as that of E’, showing a simileh&vior to that observed for
PLLA. The width of tand peaks for the samples submerged in PBS over hd37adays was
narrower than that of the non-submerged (day O)ptaand the drop in E’ became steeper,

indicating that the molecular mobility distributim@come narrower for the submerged samples.
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Figure 5. Comparison of the width of the tanof PDLLA (dashed line) and PLLA (solid line)
after being submerged in PBS at 37 °C during (hléckays, (red) 1 day, (blue) 3 days and

(green) 7 days.

Tand curves of PLLA and PDLLA were also convenientlyrgared so as to analyze the effect

of chain microstructure on chain rearrangementtglaibainst aging time.

Figure 5 shows a qualitative comparison of thedtdor PLLA as a solid line and PDLLA as a
dashed line for different aging times. In all casB&LA showed a narrower taé peak,
suggesting that at constant, &nd f chain reorganization towards a more densely packed
structure is more easily achieved by PLLA than IDLPA. That is to say, the presence of D-
isomer in the chain architecture makes it morddaliff for the polymer to undergo the relaxation
process toward equilibrium. It is believed thatypedttides with a lower D-isomer content have a

higher potential to crystallize, i.e., polymer alsihave more ability to pack in more ordered
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domains, and thus can relax much efficiently ativerg T,, comparedo polylactides with a
higher D-isomer content [13]. Therefore, it standsreason that the distribution of plausible
different entropic states for PLLA at defined dnd  is lower than for PDLLA, leading to a

narrower tard peak.

Physical aging during an initial stage of biodegradation in PBS of PLCL with different

randomness char acter

In Figure 6, the first DSC scans for the Prgkample submerged during 0, 1, 3 and 7 days in
PBS are displayed. PLCL initially acted as a single phase amorphous copetyshowing a
single hybrid | at ~22 °C, corresponding to an intermediate vhkteveen the Jof PLLA (60

°C) and PCL (-60 °C). The single intermediagevalue found for the quenched PLGlsample
suggests the existence of a single miscible amargphwetastable phase, further corroborated by
the intermediate gF19 °C value calculated from the Fox equation [B§jwever, clear structural
changes are observed when the copolymer is star8d &C in PBS for 1 day. A doubley T
behavior is visible and a melting peak appearsratdi?8 °C. The first gi, would be associated
with the hybrid amorphous miscible lactide-caprtdae (LA-CL) phase, whereas the secoggl T

found around 61 °C, suggests the presence of peaseated amorphous polylactide domains.
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Table 5. Thermal properties of PLGL and PLClt, after conformation by melt-quenching (0O

day) in water and after being submerged in PBShduti 3 and 7 days.

Tq1 (°C) Ty2(°C) Tm (°C) AHm(J gh)

0 [ 220 : : :

1 152 61.0 128.4 11.4
= 3133 65.8 129.3 11.9
o7 |131 69.6 130.5 12.3

0 |218 : § :

1 | 238 i i i
& 3176 64.7 01.1 a
S5 7 184 68.8 94.6 a

X0
—>

Heat Flow (W/g)

2 W/g
-

1 1 1 1 I 1 I
25 0 25 50 75 100 125 150 175

Temperature (°C)

Figure 6. First DSC scans for PLGL samples submerged in PBS at 37 °C during 0 (hldck)

(red), 3 (blue) and 7 (green) days
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The possibility of an endothermic signal g ih aged PLCL, corresponding to a melting peak of
polycaprolactone crystals is completely discardeda previous work [19] we demonstrated by
WAXD that the aged PLCL presents diffraction peat@responding exclusively to the
crystallization ofa polylactide crystal, s@-caprolactone building blocks do not crystallize
during aging of PLCL. Note that the average segedength of this statistical PLCLis very
short (£.=2.13) for a 32.9 % molar composition efcaprolactone. In the above mentioned
work, the WAXD results of PLLA, PCL and PLCL (noged and aged) were also included.
Only an amorphous halo appears for as-quenched RLBan-aged) in contrast to well resolved
diffraction peaks corresponding to PLLA and PCL lopolymers, revealing a completely
amorphous phase structure in non-aged RLGhat evolves during aging until it is partly
crystalline due to copolymer chains rearranging plylactidea crystals. The diffraction peaks
for aged PLCL; can be unequivocally assigned to thgolymorph of polylactide. Therefore,

the Ty, registered in the first DSC scan correspondséaniblting of PLLA crystals.

The melting point depression for the PLGIcopolymer in comparison to pure PLLAF180

°C) is explained by the diluting effect efcaprolactone units on a PLGLcopolymer having a
major presence of L-polylactide, which accordinghe experimental evidence provided here,
has a large enough average length=4.35) and L-lactide composition (67.1 %) to beatdp

of crystallization during aging. The endothermi@pat 128 °C is therefore the result of melting
of a PLLA crystals developed during the aging periodvtach the PLCL copolymer is exposed
to at 37 °C in PBS for 1 day. The ability of a PL@Lcrystallize has been also reported by other

authors [17, 18]. It was proved that the aging psscenhances the crystallinity of amorphous
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PLCL in the presence and absence of PBS, althoumie mapid changes were found for the
samples in contact with PBS. It seems that theepies of plasticizing water accelerated the

crystallization of the copolymer, probably becaakthe enhanced chain mobility.

Once the PLCL is phase separated, as the time submerged in RB&sged, the 4 slightly
shifted to lower temperatures, from 22 °C, 0 day]l8.1 °C after 7 days. This is due to the
incorporation of some LA sequences of the LA-CL edxphase to the polylactide crystalline
domains. As this migration occurs, the hybrid arhorgs miscible LA-CL became richer in CL

and, as a result, theltakes lower values.

As the major changes were found on the first dag, microstructure of PLQL after being
submerged in PBS during this time was analyzed ésma of AFM. Figure 7 shows the height
and phase images (a-b), as well as their correspgr8D images (c-d). Referring to height
image, the presence of small spherulites (s within the copolymer can easily be seen. This
evidence proves that crystals are formed duringgagvhich is in accordance with the results
observed in the DSC. Regarding the phase imagesdifierent regions are clearly observed; on
the one hand, a crystalline matrix (in brown) andtlee other, white isolated domains typically
located on the exterior of the spherulites. On llasis of the DSC results, the crystalline
structure should be ascribed to PLLA crystals, hihe second dispersed phase to the
amorphous phase of polylactide prompted by thetaltimtion of lactide building blocks during
aging. Therefore, the microstructure of Pug¢hfter being submerged for 1 day in PBS can be
described as a three phase model structure camgistia hybrid miscible LA-CL amorphous
phase, PLLA crystals and eonstrained PLLA amorphous phase located in the ediate

vicinity of the crystals.

23



0.0 10.0 pm

(© (d)

Figure 7. AFM images of PLCL; after being submerged in PBS for 1 day (a) heiglaige (b)

phase image (c) 3D height image (d) 3D phase image
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The immobilization of the PLLA amorphous phase lesw crystals; hence the reduction in
segmental mobility might be the responsible for shét of Ty, towards the high-temperature

side with §. Ty increases by almost 9 °C after one week, suggestiat a more constrained

PLLA amorphous phase is formed during aging.

X0

Heat Flow (W/g)

2 W/g

25 0 25 50 75 100 125 150 175
T(0)

Figure 8. First DSC scans for PLGL samples submerged in PBS at 37 °C during 0 (hldck)

(red), 3 (blue) and 7 (green) days

A similar evolution is found for PLOl,, Figure 8, as it shows doublg Behavior but the second
T, appears on day 3 instead of on day 1. The meléngerature for PLQl; was found to be

lower than for PLCLrlat ~ 91 °C. Thé\H,, value also seems to be smaller than that found for
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PLCLr:. However, the overlapping signals ghTransition and melting makes the measurements

of AH,, difficult.

In view of these results, it can be concluded that different chain microstructures of the
studied PLCLs directly affect the chain rearrangets\@ccurring during their storage in PBS at
37 °C. PLCl,, which shows a longer L-lactide average sequeecgth in regard to PLGL
(ILa=4.35 vs. 3.45), crystallized faster and the asdediphase separation occurs earlier than in

PLCLr.

Figure 9 shows the DMA results for PLGlsubmerged in PBS at 0, 1, 3 and 7 days. The values
of tand, the temperature of E'onsetddhse) are summarized in Table 6q.detWas calculated as

the point where the initial E’ value departs framehrity.

Tan g curves show a single transition with a maximunueadf 1.6 centered at ~32 °C on day O.
After only 1 day submerged in PBS, the value ofdatecreased to ~0.5 and shifted to lower
temperatures, indicating a reduction in the samspd@orphous fraction and the increase in CL
in the amorphous phase content due to the migraifobA sequences from the amorphous
hybrid phase to the polylactide crystalline domaliswever, in contrast to the single transition
observed in taw curves, two different transitions are discerniblé’ curves for aged samples.
A single fall is observed for the sample on dayjle for samples submerged in PBS two
different falls in E” are observed. This could oate the existence of two different phases. The
second transition around 65 °C is in good agreemvéhtthe values registered fog,lby DSC.
(see

Table 5). Moreover, donset Shifts to a lower temperature with, tindicating that a lower
temperature is required for the first transitiohisTmeans that the value of;’Should be lower

with aging, which was confirmed by the DSC results.
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Moreover, the value of E after the second transitemained quite high, between 60-100 MPa,
indicating that the lactide crystals formed duraging contribute to the maintenance of storage

modulus of the material.

Table 6. DMA properties of PLCL; and PLClr, after conformation by melt-quenching (O day)
in water and after being submerged in PBS for 4n@ 7 days. ds: temperature at which tan
is maximum; tard: value of the tah peak and Fonsei the temperature where the initial value of

E’ departs from linearity.

Ttans tan TE onset
(°C) (value) (°C)
0| 3L6 17 7.66
= 1| 272 0.45 2.28
2 3| 227 0.36 13.36
7| 227 0.36 177
0| 304 21 10.9
o 1| 3136 1.99 10.05
o 3| 2747 0.84 7.94
7| 257 0.61 6.7
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Figure 9. Storage modulus (above) and #@&ribelow) of PLCl; submerged in PBS at 37 °C

during O (black), 1 (red), 3 (blue) and 7 (greeaysd
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Figure 10. Storage modulus (above) and @&iibelow) of PLCl, submerged in PBS at 37 °C

during 0O (black), 1 (red), 3 (blue) and 7 (greeaysd

An analysis of the DMA results shows that similahbavior was observed for PLGLafter

being submerged in PBS at 0, 1, 3 and 7 days. DM#es are illustrated in Figure 10.
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In this case, in contrast to PLEGL. the main changes are observed after 3 days sgbohén
PBS. On day 3, the tahmaximum fell from ~2.0 to ~0.8 and finally to G6e to the migration
of LA units to the crystalline region and moved & lower temperatures. Moreover, it was
observed that donset Shifts towards lower values with, tas in PLClt;. The second transition,
associated with gb is observed around 60 °C on day 3 and 7 whiah é&greement with the DSC

data, Figure 8.

Although the behavior of both copolymers, Pi€lnd PLCl,, are similar, some differences
are worth mentioning. The rate at which theg,e shifts toward lower temperatures is much
slower for PLClr, than for PLCl;. This means that chain rearrangements of laceédeences
into defined spherulites is delayed for copolymeith a higher randomness character making
crystal formation more difficult. Moreover, if thealues of tand for both copolymers are
compared, it can easily be seen that in all caggegehvalues are reported for PLGlindicating

a higher content of the amorphous phase. Thisigacbnsistent with the results observed for
Teonset- The early melting peak detected for Pltgin comparison to PLO; in the DSC traces,
Figure 8, is also corroborated by DMA results. Bos copolymer, after the second fall in E”
curves a second fall is observed around 80 °C,wikiassociated with the melting of the lactide
sequence block crystals. A comparison of theseesufor both copolymers at this temperature,
~80 °C, shows a difference. While the E’ valueB&?C ranges from 33 to 44 MPa for PLGL
the values for PLClt, range from 5.5 to 8 MPa. Crystals within Pu@Lmelt at higher
temperature, and therefore PLiGlkeeps higher values of E’afteg;lover the same temperature

range.
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CONCLUSIONS

The relaxation behavior and the phase structurahgbs of PLLA, PDLLA, and two PLCLs
with different randomness character were studiddr dfeing subjected to a physical aging

process at 37 °C in PBS.

For PLLA and PDLLA, TMDSC was regarded as a valaabitension of conventional DSC, and
was particularly beneficial for the individual euation of the change in Cand relaxation

enthalpy signals of aged samples.

The main conclusions of this works are the follogvin

The polymers studied present molecular rearrangenadter being submerged at 37 °C

in PBS for only 1 day.

* PLLA and PDLLA, underwent a physical aging proceksing the course of the
experiment. The increase in the value abserved by TMDSC and the narrowing of the
tand peak in DMA indicated the reduction in moleculaobility and a more uniform
distribution of the entropic states as the timenseitged in PBS increased.

 PLLA samples aged for longer times are more pranerystallize upon heating, as
demonstrated by the increase A, and the increase of E’ in the DMA curves.
Therefore, it can be concluded that aging is ayssr of the cold crystallization process.

* PLLA showed a higher potential to reach the equiin compared to PDLLA.

e PLCLr; and PLCl, suffered important supramolecular arrangementsictwhvere

clearly affected by the initial A. In both cases, the formation of PLLA crystals was

accompanied by a phase separation of the initsafigle phase copolymer. The twgsT
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found in the DSC traces, the two E” drops obsemd2MA as well as the phase images
achieved by AFM corroborated this phase behavior.

» Crystalline domains appeared in PLGlafter only 1 day submerged in PBS, whereas in
PLCLr, it took 3 days. The presence of the lactide blogktals revealed themselves as a
melting peak in the DSC scans and also in the temtuof tard observed by DMA.

* Due to the more random character, PL£Ehowed slower microstructural changes as
well as a lower propensity to crystallize, whicl te less stable crystals with lowey, h

comparison to PLCi;.
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