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ABSTRACT: Poly(L-lactide-co-glycolide) (PLLAGA) copolymers and poly(pL-lactide) (PDLLA) were
synthesized using the low toxicity compound zirconium(1V) acetylacetonate. Blends with synthetic atactic
poly(3-hydroxybutyrate) (a-PHB) were prepared in film form by solvent casting. The solid-state properties
of the plain polymers and of the blends were investigated by thermogravimetric analysis coupled with
mass spectrometry (TGA—MS), differential scanning calorimetry (DSC), wide-angle X-ray diffraction
(WAXD) and stress—strain measurements. The a-PHB/PDLLA blends are miscible over the whole
composition range. On the other hand, blends of a-PHB with PLLAGA copolymers containing 5 and 16
mol % of GA units show partial miscibility. The solubility limit of a-PHB in PLLAGA is around 20 wt %
in both cases. In the blends, the a-PHB in excess to this value segregates as a pure phase. The mechanical
properties of blend films of either PDLLA or PLLAGA containing up to 50 wt % of a-PHB can be modulated
by changing blend composition. The tenacity progressively increases by the addition of a-PHB not only
in the miscible amorphous a-PHB/PDLLA system but also in the partially miscible a-PHB/PLLAGA blends.

Introduction

Poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and
their copolymers are synthetic, bioerodible materials
widely investigated and commonly used in the biomedi-
cal field.1™* They have been used for a variety of
applications ranging from surgical sutures and drug
release systems to osteosynthetic devices and vascular
prostheses.

The synthesis of lactide—glycolide copolymers is com-
monly carried out using tin compounds as initiators.
However, these compounds are known to be highly
toxic,>8 and their complete removal from the polymers
obtained is practically impossible.” A new method of
copolymerization of glycolide with L-lactide has been
previously reported using zirconium(lV) acetylacetonate
(Zr(acac),) as initiator.® The toxicity of the latter com-
pound is 10—20 times lower than that of comparable
tin compounds.® The chain microstructure of lactide—
glycolide copolymers obtained using zirconium-based
initiators is more segmental as compared with that of
copolymers obtained using tin compounds. The copoly-
mer chains are composed of glycolidyl and lactidyl
microblocks together with short alternate lactoyl/gly-
coloyl segments.®

One of the common strategies to tune the physical and
mechanical properties of a polymer material is blending
two or more polymer components. When the new mate-
rial is to be used in the biomedical field, the blend
components must be biocompatible, a property that
must be maintained after blend formation. The aim of
this work is to obtain new biomaterials for soft tissue
temporary applications. For this purpose L-lactide co-
polymers, i.e., poly(pL-lactide) (PDLLA) stereo-copoly-
mer and poly(L-lactide—glycolide) copolymers (PLLA-
GA), synthesized using Zr(acac), initiator were blended
with synthetic atactic poly(R,S-3-hydroxybutyrate) (a-
PHB). An interesting feature of the latter polymer is
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that it is environmentally biodegradable® and biocom-
patible, i.e., the fact that its hydrolytic degradation
products (R)- and (S)-3-hydroxybutyrate are nontoxic
compounds.1®11 Blends of a-PHB with natural PHB
have been recently reported to perform satisfactorily in
an in vivo study of gastrointestine defect closure in
rats.'?

Atactic PHB was selected as the second blend com-
ponent in the L-lactide based systems investigated in
this work with the aim to improve the flexibility and
impact resistance of L-lactide copolymers. Indeed, both
the amorphous PDLLA and semicrystalline PLLAGA
copolymers are rigid materials that show very small
elongation at break. The glass transition temperature
of these materials is ca. 60 °C. a-PHB is a low glass
transition (ca. 0 °C) amorphous polymer and behaves
as an elastomer at room temperature. In a previous
paper,® we reported that a-PHB was totally miscible
with the isotactic poly(L-lactic acid), PLLA, homopoly-
mer.

In this work we present the solid-state characteriza-
tion of binary blends of a-PHB with the stereocopolymer
PDLLA and with PLLAGA copolymers. The mechanical
properties of the blend films obtained are discussed in
terms of miscibility and phase behavior.

Experimental Section

Materials. Poly(R,S-3-hydroxybutyrate) (a-PHB) was syn-
thesized by bulk polymerization of (R,S)-s-butyrolactone at
room temperature, using KOH/18-crown-6 complex as the
initiator.141° The extent of the reaction was monitored by FT-
IR spectrometry based on the intensities of the carbonyl
stretching vibration bands of the lactone monomer (1815 cm™?)
and of the polyester formed (1760 cm™1). After completion of
the reaction the residual monomer was eliminated by vacuum
treatment in an oven at 80 °C. *C NMR and 'H NMR
spectroscopy showed that the polymer obtained was atactic.'®
Poly(pL-lactide) (p/L = 50/50, PDLLA) and poly(L-lactide)
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Table 1. Molecular Weight and Thermal Properties of the Polyesters

L-lactide content Tmax(TGA) Tm? AHpR? TP ACyP
(mol %) Mn x 1073 PDI ©C) C) (J/g) (°C) /g °C)

a-PHB 13 1.2 256 2 0.57
PDLLA 50 44 1.8 316 54 0.51
PLLA 100 40 1.8 317 187 91 61 0.53
PL5GA 95 64 2.4 328 177 68 62 0.52
PL16GA 84 53 2.1 339 155 47 60 0.51
PL52GA 48 n.d.c n.d.c 352 51 0.51
PGA n.d.c n.d.c 380 225 105 41 0.49

a From first DSC scan. P From second DSC scan after melt quenching. ¢ n.d.: not determined owing to sample insolubility.

(PLLA) were synthesized in bulk at 120—130 °C using zirco-
nium(lV) acetylacetonate as the initiator (Zr(acac), to monomer
molar ratio = 1.2 x 1073), degassing by conventional methods
with a vacuum line and sealing of the ampules. The time of
reaction was 48 h. Polyglycolide (PGA) and poly(L-lactide—
glycolide) copolymers, containing 5 (PL5GA), 16 (PL16GA), and
52 mol % (PL52GA) of glycolide, were synthesized similarly,
and details of the copolymerization procedure were described
previously.® The extent of the reaction was determined gravi-
metrically by weighing the washed and dried copolymers. The
composition of the copolymers and their chain microstructure
were defined by *H NMR and **C NMR spectroscopy.® The
number-average molecular weight (M,) and polydispersity
index (PDI) of the polymers studied in this work are reported
in Table 1. All samples were dried in an oven at 50 °C under
vacuum overnight before use. Films for mechanical analysis
were obtained by solvent casting at room temperature. The
residual solvent (CH.CIl,) was evaporated at 65 °C under
vacuum overnight.

Blend Preparation. For each blend appropriate amounts
of the two polymers were solubilized in CHCl; (5% w/v). The
solutions were cast on Petri dishes, and the solvent was
allowed to evaporate at room temperature. All films obtained
were placed in an oven at 65 °C under vacuum overnight to
eliminate residual solvent. Blends spanning the whole com-
position range were obtained.

Polymer Characterization Techniques. Number-aver-
age molecular weight (M;) and polydispersity index (PDI) of
a-PHB and copolymers soluble in chloroform were determined
by GPC experiments (THF solution, 35 °C, flow rate 1 mL/
min) using a Spectra-Physics 8800 solvent delivery system
with two Mixed C Styragel columns in series and a Shodex
SE 61 refractive index detector. A volume of 10 uL of copolymer
sample solutions in CHCI; (concentration 2% wi/v) was injected,
as previously described.!” Polystyrene standards with low
polydispersity were used to generate a calibration curve.

IH NMR spectra of the copolymers were recorded on a 300
MHz Varian multinuclear spectrometer using 5 mm sample
tube. Dried dimethyl sulfoxide-ds was used as the solvent with
TMS as the internal standard. The spectra were obtained at
80 °C with 32 scans, 3.74 s acquisition time, and 7 us pulse
width. The 3C NMR spectra of the copolymers were recorded
at 75 MHz with 25000—30000 scans, 1.8 s acquisition time, 7
us pulse width, and delay of 4.7 s between pulses.

Thermogravimetric (TGA) measurements were performed
using a TA TGA2950 (purge gas, helium; scan rate, 10 deg/
min). The volatile products released were directly transferred
to a quadrupole mass spectrometer (Balzers, ThermoStar GSD
300T; temperature setting of the interface was 200 °C; mass
range, 10—300 amu; CH-tron detector, 1400 V) and analyzed
after ionization by electron impact (70 eV).

Differential scanning calorimetry (DSC) was performed with
a 2010 TA thermal analyzer at a heating rate of 20 °C/min.
The temperature range explored was from —80 to +220 °C for
PLLA and the PL5GA-based blends and from —80 to +180 °C
for all other samples. The temperature scale was calibrated
with high-purity standards. The melting temperature (Tr,) was
taken as the peak temperature of the melting endotherm, and
the glass transition temperature (Ty) was taken as the
midpoint of the stepwise increase of the specific heat associated
with the transition.

Wide-angle X-ray diffraction spectra (WAXS) were collected
with a Philips PW1050/81 powder diffractometer controlled by
a PW1710 unit, using nickel filtered Cu Ka radiation (1 =
0.1542 nm, 40 kV, 30 mA).

Tensile mechanical measurements were performed with an
Instron 4465 machine (gauge length = 20 mm, crosshead speed
= 0.5 mm/min). Rectangular specimens (5 mm wide) die-cut
from solvent cast films (0.15—0.25 mm thick) were used. Five
replicate specimens were run for each sample.

Results and Discussion

Characterization of Blend Components. All L-
lactide based copolymers used in this work to blend with
a-PHB—i.e., PDLLA, PL5GA, PL16GA—were high mo-
lecular weight ((40—64)M, x 1073; Table 1) which is
typical of copolymers synthesized using Zr(acac), as
initiator.81® As previously reported,® due to the specific
transesterification process, PLLAGA copolymers show
glycolidyl (GG) and lactydyl (LL) microblocks linked by
relatively short segments containing lactyl and glycolyl
sequences (—GLG—, —LGL—, —GLGL~-). Conversely,
the stereocopolymers PDLLA and poly(R,S-3-hydroxy-
butyrate) have a totally random distribution of the
enantiomeric units, as revealed by 13C NMR spectros-
copy, based on the tetrads and hexads intensities of the
racemic polylactide—methine carbon and carbonyl car-
bon regions?® for PDLLA and on the basis of diads and
triads stereosequence distribution reported previously®
for a-PHB.

Thermal stability of the polymers investigated in this
work was evaluated by TGA. All polymers showed a
single weight loss step at the temperatures (Tmax) listed
in Table 1. The polymer with the lowest thermal
stability is a-PHB (Tmax = 256 °C). PDLLA and PLLA
degrade about 60 °C higher, whereas PLLAGA copoly-
mers undergo thermal degradation at temperatures that
increase with glycolide unit content, reaching 380 °C
for pure PGA (Table 1). The thermal degradation
products of polymers and copolymers were investigated
by TGA—MS. Under the experimental conditions ap-
plied (standard electron impact source, 70 eV) primary
thermal fragmentation products of PLA and PGA are
not detected because high molecular mass fragments
and cyclic oligomers that are initially formed undergo
further fragmentation.2°~22 During thermal degradation
of PLLAGA copolymers, TGA—MS reveals CO, CO,,
acetaldehyde, formaldehyde, and methyl ketene as the
main volatile products, in agreement with earlier stud-
ies on degradation of PLA2022.23 gnd PGA.2* The prod-
ucts released by a-PHB thermal degradation are frag-
ments at m/z = 39 and 41. These substances are derived
from decarboxylation of crotonic acid, which is known
to be the main degradation product of poly(3-hydroxy-
butyrate).?5-28
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Figure 1. WAXS spectra of PLLA, PL5GA, PL16GA, and
PGA.

The calorimetric (DSC) results of the polymers inves-
tigated are summarized in Table 1. The L-lactide ste-
reocopolymer PDLLA and a-PHB were totally amor-
phous, whereas PLLA and PGA were highly crystalline
polymers; PLLA melts about 40° lower than PGA. The
L-lactide copolymers containing a small amount of
glycolide units (i.e., PL5GA and PL16GA) were partially
crystalline, while the high glycolide content in PL52GA
completely prevented crystallization. All analyzed poly-
mers and copolymers had a glass transition higher than
room temperature, except the a-PHB that was used in
this work as the low-T4 component of the blends. The
Ty of the PLLAGA copolymers decreased with increasing
glycolide content (Table 1). Also the melting tempera-
ture (Ty) and heat of fusion (AHy,) decrease with an
increasing amount of foreign GA units along the poly-
lactide chain. Similar changes of thermal properties
with composition have been reported earlier for PLL-
AGA copolymers synthesized by stannous octanoate
catalysis.?® A broad range of melting enthalpy values
are found in the literature for PLLA, spanning, for the
totally crystalline polymer, from AH,° = 93 J/g3° up to
AHn° = 203 J/g.3! The present enthalpy data indicate
that the polyesters investigated are characterized by a
very substantial crystalline fraction.

The powder X-ray diffractograms of the crystalline
polymers and copolymers investigated are shown in
Figure 1. The two homopolymers exhibit different X-ray
profiles that reflect the well-known differences of PL-
LA3233 and PGA3435 unit cell parameters and chain
conformation. The X-ray patterns of the two PLLAGA
copolymers clearly indicate that the PLLA crystal phase
develops when 5% and 16% glycolide units are incor-
porated in the copolymer. In PL5GA the main PLLA
reflection at 260 = 16.7° is split. This feature becomes
more evident in the copolymer richer in GA units
(PL16GA) and is tentatively attributed to small PLLA
unit cell distortions associated with the presence of the
glycolide comonomer. The WAXS diffraction pattern of
PL52GA (not shown) contains no crystalline reflections,
in agreement with the DSC results that do not show
any crystalline phase in this almost equimolar lactide—
glycolide copolymer.

Blends. Thermal Degradation. The thermal stabil-
ity of blends of a-PHB with PDLLA, PL5GA and
PL16GA was investigated by TGA. As an example,
Figure 2 reports the TGA curves of a-PHB/PL16GA
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Figure 2. Thermogravimetric curves of a-PHB (—4—) and
PL16GA (—m-) and of a-PHB/PL16GA blends: 90/10 (——),
75/25 (—--—), 70/30 (——), 50/50 (--), 35/65 (— —), 20/80
(—--), and 10/90 (—).
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Figure 3. Glass transition temperature of a-PHB/PDLLA
blends as a function of a-PHB weight fraction (wa).

blends with changing composition. All the blends in
Figure 2 show two distinct weight loss steps whose
intensity closely reflects blend composition. An analo-
gous behavior is shown by the other blends investigated
(a-PHB/PDLLA and a-PHB/PL5GA). In all cases, the
step at lower temperature is attributed to a-PHB
degradation, the higher one to decomposition of the
second blend component. This attribution is confirmed
by the mass spectra of the volatile thermal degradation
products of the blends that show the presence of the
molecular fragments expected at each step. A similar
two-step degradation behavior was earlier found in graft
copolymers?® and blends of a-PHB with poly(methyl
methacrylate).3® The curves of Figure 2 show that only
at either side of the composition interval the degrada-
tion step of the minor component tends to shift toward
the Tmax of the major component.

Miscibility. Miscibility and phase behavior of the
different blend systems was investigated by DSC.
Figure 3 shows the glass transition temperature of
a-PHB/PDLLA blends as a function of composition. All
blends show a single glass transition that regularly
decreases with increasing a-PHB content. The curve
drawn in Figure 3 represents the well-known relation-
ship used by Wood3” to describe the T,—composition
dependence of plasticized polymers and of miscible
polymer blends:



Macromolecules, Vol. 35, No. 22, 2002

PL16GA
0.10

%

g L
b4 0.20
w
0.50
I\ 0.70
L a-PHB
-30 20 70 120 170

Temperature (°C)

Figure 4. Calorimetric curves of melt quenched PL16GA,
a-PHB, and a-PHB/PL16GA blends. Numbers on curves:
a-PHB weight fraction (wa).

Ty = (W, Ty + kw,To)/(wy + kwy) (1)

where 1 and 2 indicate a-PHB and PDLLA, respectively,
w is the weight fraction, and k is an adjustable param-
eter (k = 0.56 in this case). The very good fit of eq 1 to
the experimental results demonstrates that PDLLA and
a-PHB are miscible over the whole composition range.
This result agrees with earlier data showing total
miscibility of a-PHB with poly(L-lactic acid).13

In Figure 4 are some selected DSC curves (second
scans after melt quenching) of a-PHB/PL16GA blends.
The analyzed samples are completely amorphous and
show a single glass transition in the range of a-PHB
weight fraction 0—0.2, with Ty that regularly decreases
with increasing amount of a-PHB. When the a-PHB
content is w; = 0.35, two constant-temperature glass
transitions appear in the DSC curve: the upper one at
47 °C and the lower Ty at 3 °C. The constancy of
temperature indicates constancy of composition of the
phases undergoing the glass-to-rubber transition. The
higher Ty is that of a a-PHB/PL16GA mixture contain-
ing around 20% of a-PHB, a composition that represents
the solubility limit of a-PHB in PL16GA. All a-PHB in
excess to this limit phase-separates and gives rise to a
pure a-PHB phase, identified by the low-temperature
glass transition in Figure 4.

Shown in Figure 5 are some selected DSC curves
(second scans after melt quenching) of a-PHB/PL5GA
blends. The blend with 10% a-PHB shows a single glass
transition, whereas two constant-temperature glass
transitions are shown by blends richer in a-PHB. The
limit of miscibility above which a-PHB phase-separates
is the same as that of the other PLLAGA blend analyzed
above, i.e., around 20% a-PHB content. The T, that
appears at 3 °C is due to phase separated a-PHB in
excess to the solubility limit. The intensity of this glass
transition clearly increases with the amount of a-PHB
in the blend. Unlike the a-PHB/PL16GA blends (Figure
4), the curves of Figure 5 show crystallization and
melting of the PLLAGA component. It is interesting to
note that cold crystallization of PL5GA occurs in the
blends but not in the plain copolymer (Figure 5). This
observation is explained by the decrease of the blend
glass transition temperature that widens the temper-
ature window (AT = Ty — Tg) where PL5GA can
crystallyze.

The present results show that PDLLA is totally
miscible with a-PHB, whereas the two investigated
PLLAGA copolymers are only partially miscibile with
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Figure 5. Calorimetric curves of melt quenched PL5GA,
a-PHB, and a-PHB/PL5GA blends. Numbers on curves: a-PHB
weight fraction (wy).
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Figure 6. Stress-strain curves: (a) PDLLA; (b) a-PHB/PDLLA
(25/75); (c) a-PHB/PDLLA (50/50).

a-PHB. The presence of the polar glycolide units along
the chain reduces the miscibility compared with poly-
mers containing only lactide units, i.e., PDLLA and
PLLA.

Mechanical Properties. The mechanical properties
of a-PHB/PDLLA and a-PHB/PL16GA blends are char-
acterized in view of their potential application as
membrane biomaterials. The results of stress—strain
measurements on the two blend systems are shown in
Figures 6 and 7, respectively. Two compositions are
investigated: 25/75 and 50/50 by weight. Table 2 collects
the relevant mechanical data together with the thermal
properties of the film samples subjected to tensile
measurements.

The two blends show a similar behavior with increas-
ing a-PHB content (Figures 6 and 7): the elastic
modulus (E) stress at yield (oy) and stress at break (op)
decrease, whereas the elongation at break (e,) increases.
Both PDLLA and PL16GA are hard-tough fragile ma-
terials that become ductile upon blending with the low-
Ty a-PHB component. The observed changes of mechan-
ical properties can be correlated with the variation of
the blend thermal properties with composition (Table
2).

Let’s consider the a-PHB/PDLLA system. PDLLA is
glassy at room temperature (Ty = 50 °C) and accordingly
its stress—strain curve (Figure 6) is typical of a glassy,
rigid material. As discussed above, PDLLA and a-PHB
are totally miscible, and the blend Ty regularly de-
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Table 2. Thermal and Mechanical Properties of Films of PDLLA and PL16GA and of Their Blends with a-PHB

blend compn T4 T AHp? o,° &P op° &P EP

(wt %) (°C) (°C) () (MPa) (%) (MPa) (%) (GPa)
PDLLA 50 28+3 25+0.2 26+2 7+3 18+01
a-PHB/PDLLA 25/75 32 12+ 2 39+03 9+1 26 £ 13 0.8+0.1
a-PHB/PDLLA 50/50 23 16+01 6+1 n.d.c >300 0.10 £0.01
PL16GA 56 132 18 43+ 2 3.0+0.1 39+2 543 19+01
a-PHB/PL16GA 25/75 2; 484 134 8 29+1 5+1 23+1 23+9 09+0.1
a-PHB/PL16GA 50/50 0; 50d 134 0 12+ 2 4+1 11+1 116 + 75 0.51 +£0.04

a From first DSC scan. P From stress—strain measurements (oy, stress at yield; ey, elongation at yield; oy, stress at break; ep, elongation
at break; E, tensile modulus). The standard deviation is reported. ¢ n.d. = not determined. 9 Two glass transitions.
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Figure 7. Stress-strain curves: (a) PL16GA; (b) a-PHB/
PL16GA (25/75); (c) a-PHB/PL16GA (50/50).

creases with increasing a-PHB content (Figure 3).
Taking into account that the Ty values in Table 2 are
“midpoint” Tgys (see Experimental Section) and that the
DSC glass transition of a-PHB/PDLLA blends is broad
(11 °C in blend 25/75 and 26 °C in blend 50/50), it is
clear that the glass-to-rubber transition of the two
blends encompasses room temperature. The basis of the
increase of polymer chain mobility at the test temper-
ature easily explains the observed increase of ¢, and the
decrease of both E and ¢ with increasing a-PHB content
(Table 2).

PL16GA is a partially crystalline polymer. Besides the
crystal phase, it contains an amorphous fraction that
is glassy at room temperature (Table 2). As a conse-
quence, PL16GA is quite rigid and fragile (Figure 7).
As mentioned above a-PHB/PL16GA blends are miscible
only up to about 20% a-PHB content. Above this
composition limit, a-PHB separates as a pure amor-
phous phase, that is rubbery at room temperature (a-
PHB T4 = 3 °C). The tensile properties of the two
a-PHB/PL16GA blends investigated can be rationalized
on account of the glass transition depression (Table 2)
and of the presence of rubbery a-PHB in excess to the
solubility limit. The latter amount is small in blend 25/
75 but is consistent in blend 50/50. Both blends contain
a mixed a-PHB/PL16GA (20/80) phase with T4 lower
than that of PL16GA but still well above room temper-
ature (Table 2). In addition to this glassy phase, the
blend with 25% a-PHB also contains a small crystalline
fraction that imparts strength to the sample. The
stress—strain curve of blend 25/75 reflects the complex
phase behavior of this sample. When the amount of
a-PHB in the blend increases to 50%, the concomitant
disappearance of the crystalline PL16GA phase and the
increase of the elastomeric a-PHB phase lead to the
change of mechanical properties observed in Figure 7.

It is concluded that films of both a-PHB/PDLLA and
a-PHB/PL16GA blends show interesting mechanical
properties that can be modulated by changing blend
composition. The tenacity of both PDLLA and PL16GA
progressively increases by the addition of proper amounts
of the low-Tg polyester a-PHB. It is worthwhile to note
that this is true not only for the miscible amorphous
a-PHB/PDLLA system but also for partially miscible
a-PHB/PL16GA blends. In the latter, the elastomeric
a-PHB phase dispersed in the rigid glassy or glassy/
crystalline matrix substantially contributes to the tun-
able mechanical properties shown by this system.
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