Colloid Polym Sci (2009) 287:671-681
DOI 10.1007/s00396-009-2026-z

ORIGINAL CONTRIBUTION

Poly(L-lactide) networks with tailored water sorption

Jorge Luis Escobar Ivirico +
Manuel Salmeron-Sanchez - José Luis Gomez Ribelles -
Manuel Monleon Pradas

Received: 10 November 2008 / Accepted: 23 March 2009 /Published online: 14 April 2009

© Springer-Verlag 2009

Abstract A poly(L-lactide) diol was obtained through ring
opening polymerization of L-lactide, using 1,6 hexanediol
and tin(Il) 2 ethylhexanoate as a catalyst. In the second
step, the poly(L-lactide) macromer (mLA) was obtained by
the reaction of poly(L-lactide) diol with methacrylic
anhydride. The effective incorporation of the polymerizable
end groups was assessed by Fourier transform infrared
spectroscopy and nuclear magnetic resonance ('H NMR).
Besides, poly(L-lactide) networks (pmLA) were prepared
by photopolymerization of mLA. Further, the macromer
was copolymerized with 2-hydroxyethyl acrylate seeking to
tailor the hydrophilicity of the system. A set of hydrophilic
copolymer networks were obtained. The phase microstruc-
ture of the new system and the network architecture was
investigated by differential scanning calorimetry, infrared
spectroscopy, dynamic mechanical spectroscopy, thermog-
ravimetry, and water sorption studies.
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Introduction

Tissue engineering employs the principles and methods of
engineering, biology, and medicine toward the development
of biological substitutes that restore, maintain, or improve
function in normal or pathological tissue or organs [1]. A
number of tissues and organs have been extensively
investigated by this approach, e.g., cartilage, skin, liver,
bone, etc. Polymeric materials play an important role in
tissue engineering and are being applied in conducting,
guiding, and inducing tissue formation [2—6]. Biodegrad-
able polyesters and copolyesters have been the focus of
extensive research for several decades as a result of their
easy manufacturing and desirable characteristics. Among
the polyesters, the polymers derived from a-hydroxy acids
(lactic acid and glycolic acid) have found the most
extensive use [7, 8] primarily as materials for sutures
dating back to the early 1960s due to their superior
biocompatibility and acceptable degradation profiles [9].
Poly(L-lactide) (PLLA) has attracted much attention as a
biodegradable thermoplastic polymer since it has excellent
biocompatibility, suitable physical properties, is available
from renewable sources, and degrades completely to non-
toxic water and carbon dioxide in vitro and lactic acid in
vivo [10]. Biodegradable cross-linked PLLA has been the
focus of some researcher groups, seeking to provide PLLA
with different characteristics in regard to thermoplastic
biopolymers. With this aim, new synthetic routes to
biodegradable materials have been recently opened [11—
17]. Thus, PLLA and its copolymers have been widely
studied for a variety of biomedical applications.
Hydrophilicity is one of the properties that determine
the spectrum of applications of a biomaterial. For
example, the adhesion and growth of cells on a surface
are considered to be strongly influenced by the balance of
hydrophilic and hydrophobic groups, frequently described
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as wettability even if the concept it is not the same [18—
20]. Different procedures to graft hydrophilic groups on a
hydrophobic surface and control their amount and distri-
bution can be found in the literature by ammonia or sulfur
dioxide plasma treatments [21, 22], by irradiation, by
photo- or plasma-induced grafting of hydrophilic poly-
mers [23-26], as well as by ion implantation treatment
[27, 28]. With the same aim, blending of PLLA with
hydrophilic polymers has been reported, e.g., Langer et al.
[29] have prepared poly(L-lactide)/pluronic blends as
protein-releasing matrices. On another hand, cross-
linking is another way of modifying the microstructure
and some key physicochemical properties of a polymer.
This is the case of poly(D,L)-lactide macromer copoly-
merized with 2-hydroxyethylmethacrylate, getting an
increase of swelling degree with hydrophilic monomer
content increment and also their effect (hydrophilic/
hydrophobic ratios) under the drug controlled release
[30]. By hydrophilizing and cross-linking PLLA physical
properties such as crystallinity, melting point, glass
transition temperature, thermal degradation, mechanical
properties, solubility, and others are modified affecting in
the end the biodegradability of the material.

In this work, we aim at preparing a new family of
materials that must lead in the future to the preparation of
porous scaffolds for tissue engineering. The new system
must keep excellent PLLA properties such as biocompat-
ibility and biodegradability, but the hydrophilicity of the
system can be tailored in an independent way. For that, we
obtain a L-lactide macromer through condensation of poly
(L-lactide) diol with methacrylic anhydride to get methac-
rylate endcapped PLLA able to self-cross-linking. The
resulting macromer was assessed by Fourier transform
infrared spectroscopy (FTIR) and 'H NMR. PLLA net-
works were prepared by photopolymerization of the new
macromer. The PLLA macromer was copolymerized with
2-hydroxyethyl acrylate in different proportions to give
copolymer networks with the aim of modulating the water
sorption capacity of the system. The structure and proper-
ties of the new system were assessed by differential
scanning calorimetry (DSC), thermogravimetric analysis
(TGA), dynamic mechanical spectroscopy (DMS), and
water sorption ability.

Experimental

Materials

L-Lactide, 1,6 hexanediol, tin(Il) 2 ethylhexanoate, meth-
acrylic anhydride, and 2-hydroxyethyl acrylate (HEA) were

supplied by Aldrich. Benzoin (Scharlau 98% pure) was
employed as initiator. Dioxane (Aldrich, 99.8% pure),
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acetone (Aldrich, 99.5% pure), ethanol (Aldrich, 99.5%
pure), and ethyl acetate anhydrous (Aldrich 99.8%) were
used as solvents. Distilled water with 10puS conductivity
was used in the swelling studies.

Preparation of a,w-hydroxyl terminated poly(L-lactide)

Poly(L-lactide) diol (macromer diol) was prepared by the
synthesis of L-lactide with 1,6 hexanediol as follow. In a
50-ml three-neck round bottom flask, 0.409 g of 1,6
hexanediol, 10 g of L-lactide (20 mol of L-lactide/mol of
hexanediol), 21 mg of tin(Il) 2 ethylhexanoate, and 2 ml of
methylene chloride were charged. The reaction mixture
was melted by heating to 90°C. When most of the solvent
had evaporated, the system was stirred under vacuum at
180°C for 5 h and cooled at room temperature under
slow stirring. The resulting macromer diol (yield 85%) was
dissolved in acetone and precipitated in ethanol, filtrated,
and dried. The a- and ®-hydroxyl groups of poly(L-lactide)-
diol were used in the preparation of poly(L-lactide) macro-
mer. The molecular weight was determined by NMR
analysis.

Synthesis of methacrylate-endcapped poly(L-lactide)
macromer

The o- and ®-dihydroxyl terminated poly(L-lactide) was
endcapped with methacrylate groups to obtain a macromer,
which could undergo radical polymerization. Briefly, 10 g
of poly(lactide) diol (M,,=3,500 Da) was dissolved in 50 ml
ethyl acetate anhydrous in a 100-ml three-neck flask and
react with a 20-fold excess of methacrylic anhydride under
stirring at 0°C for 1 h and after at 80°C for 8 h under N, (g)
atmosphere. The reaction was followed by thin layer
chromatography. The macromer was obtained by dropping
the filtrate into an excess of ethanol, filtrated, recrystallized
for several times in ethanol to purify the white solid, and
also purified again by column chromatography techniques,
using silica gel 60 (70-230um mesh) as stationary phase
and ethyl acetate as solvent. Finally, the precipitated poly(L-
lactide) macromer was dried at 60°C for 24 h under reduced
pressure. The molecular weight was determined by NMR
analysis.

Poly(L-lactide) networks

Poly(L-lactide) networks were prepared by UV polymeri-
zation. The poly(L-lactide) macromer was dissolved in
dioxane, 35% (w/v) and mixed with benzoin (photoinitiator,
1 wt.%). The reaction was carried out in ultraviolet light for
24 h. Low molecular weight substances were extracted by
boiling in ethanol for 24 h and then drying in a vacuum to
constant weight.
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Poly(L-lactide) copolymer networks

The self-cross-linked copolymer networks with different
compositions of both monomers (see Table 1, molar ratio of
mLA and HEA) were synthesized by radical copolymeri-
zation in solution using dioxane as solvent 35% (w/v) and
benzoin as photoinitiator at 1 wt.%. The reaction was
carried out in ultraviolet light for 24 h. Low molecular
weight substances were extracted by boiling in ethanol for
24 h and then drying in a vacuum to constant weight
(Appendix).

NMR spectroscopy

The structural characterization of the poly(L-lactide) diol
and poly(L-lactide) macromer was conducted by NMR
spectroscopy. The '"H NMR spectra were obtained on a
Bruker AMX operating at 500 MHz for protons. Both
compound poly(L-lactide) diol and the macromer samples
were prepared as 0.5% (w/w) solutions in CDCl; for NMR
measurements, using tetramethylsilane as internal standard.
All the chemical shifts for resonance signals are reported in
parts per millions (ppm).

Attenuated total reflection Fourier transforms infrared
spectroscopy (ATR-FTIR)

Attenuated total reflection Fourier transforms infrared
spectroscopy (ATR-FTIR) spectra of each sample were
generated by a Thermo Nicolet Nexus FTIR spectropho-
tometer, controlled by OMNIC software. The spectra were
obtained by accumulating 64 scans in the range 650—

4,000 cm ! with a resolution of 4 cem L.

Differential scanning calorimetry
DSC was performed in a Mettler Toledo 823e apparatus.

Nitrogen gas was purged through the DSC cell with a flow
rate of 20 ml/min. The temperature of the equipment was

Table 1 Network parameters

WHEA nHEA/anL MPHEA M E (MPa) MC

0 0 - - 0.30 14,795
0.3 13 750 1,667 2.10 2,250
0.5 30 1,750 2,333 2.50 1,874
0.7 70 4,083 3,889 1.20 3,993

Molar ratio HEA/mLA in the network (nypa/npcr); stoichiometric
molar mass of PHEA between cross-links (Mpyga); average molar
mass between cross-links (M); measured storage modulus at 175°C
(E); average molar mass between cross-links as calculated from rubber
elasticity (M.)

calibrated by using indium and zinc. The melting heat of
indium was used for calibrating the heat flow. After erasing
the effects of any previous thermal history by heating to
200°C, the samples were subjected to a cooling scan down
to —100°C at 10°C/min, followed by a heating scan from
that temperature up to 200°C at a rate of 10°C/min.
Samples were used as obtained weighting between 5 and
10 mg of each material.

Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was performed in a
Seiko DMS210 apparatus at a frequency of 1 Hz in the
tension mode. The temperature dependence of the storage
modulus and loss factor was measured in the temperature
range from —100°C to 150°C at a rate of 2°C/min. Samples
for DMA were prismatic and were cut from plates obtained
after synthesis (10x4.5x1 mm®).

Thermogravimetric analysis

Measurements were performed using a TA-Instruments
Model SDT-Q600 system. Samples (5-10 mg weight) were
placed on the balance, and the temperature rose from 50°C
to 750°C at a heating rate of 10°C/min. The mass of the
sample pan was continuously monitored as a function of
temperature.

Swelling experiments

The swelling degree w was determined gravimetrically. Dry
disks (5+£0.05 mm diameter and 1+0.05 mm thickness)
were prepared from polymerized sheets. Swelling experi-
ments were performed by equilibrating the xerogels (dry
disks) in distilled water at 37.0+£0.1°C. The swelling degree
w is expressed as the amount of water per unit mass of the
dry polymer (xerogel):

_ Myyater (l)

Mxerogel

Density measurements

The densities of all networks were determined weighting
the samples in air and immersed in n-octane as follow:

Mair

Psample = *psolvent (2)

Mair — Msolvent

where mg;, and mgpyen are the weight of the sample in air
and in the solvent, respectively.

@ Springer



674

Colloid Polym Sci (2009) 287:671-681

Results

Self cross-linkable L-lactide macromer (mLA)

a-m-dihydroxyl terminated poly(L-lactide) was obtained by
ring opening polymerization using tin(I) 2 ethylhexanoate as
a transesterification catalyst [31-33] as we describe in the
“Experimental” section.

Alkanediol initiator results in the formation of symmet-
rical macromer lactide diol having alkane cores and
terminal hydroxyl groups. The synthesis of poly(L-lactide
diol) was found to be sensitive to reaction temperature,
resulting in very low product yield at temperatures lower
than 180°C [34, 35]. On the other hand, the molecular
weight and the monomer conversion increase with the
polymerization time in initials stages, suggesting that ring
opening polymerization of L-lactide proceeds not only by a
chain reaction but also by a step-growth reaction mecha-
nism. Suong-Hyu and coworkers [35] reported that the
monomer conversion and molecular weight for L-lactide at
the initial stages present a linear increase with time of
reaction (about 80%) followed by a gradual decrease in
both factors. The authors found that at 5 h and 180°C the
monomer conversion keeps already the 80% and we select
this procedure. As shown in Fig. 1, 1,6 hexanediol was
used to initiate the polymerization of L-lactide monomer in
the presence of tin(Il) 2 ethylhexanoate catalyst to produce
the poly(L-lactide) diol. The obtained polymer was dis-
solved in acetone and dropped into a mixture of ethanol and

0.0
HO SO I:E
0“0

1,6 hexanediol

L-lactide
(0]
N2
180°C 0
Vacuum Sn**
(0]

Poly (L-lactide diol)

Fig. 1 Synthesis of poly(L-lactide) diol
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hydrochloric acid to assure the complete exchange of
residual catalytic end group to hydroxyl functionality.

Afterward, the a-w-dihydroxyl terminated polymer was
endcapped with methacrylic anhydride groups to make a
self-cross-linkable macromer as we describe in Fig. 2.

A typical FTIR spectrum of poly(L-lactide) diol and poly
(L-lactide) macromer is shown in Fig. 3. The absorption
bands in the 3,600 to 3,300 c¢cm ' range associated to
alcohols (OH stretching vibrations) for poly(L-lactide) diol
vanish in the lactide macromomer (mLA) due to the
esterification reaction. Other important modifications in
the mLA spectrum compared with the poly(L-lactide) diol
are the absorption bands at 1,640 cm™ ' assigned to the C=C
stretching vibrations due to methacrylation of poly(L-
lactide) diol (note the arrow in Fig. 3). These bands were
not observed in the original poly(L-lactide) diol. Significant
signals are also the band located at 1,758 cm !,
corresponding to the C=0 stretch from lactidyl moieties
of carboxyl group and that located at approx. 2,980—
2,920 cm™' due to the symmetrical and anti-symmetrical
CH; and CH, stretching, which are present in both the poly
(L-lactide) diol and poly(L-lactide) macromer.

The esterification signals were also clearly evident when
comparing the '"H NMR spectrum of poly(L-lactide) diol
with that of the lactide macromer (Fig. 4). The spectrum for
L-lactide macromer (mLA) shows, in addition to the signals
already assigned in the poly(L-lactide) diol spectrum
(Fig. 4a), the presence of new signals: two bands located
at 6.21 and 5.80 ppm attributable to the vinyl CH, (j and 1)
of the methacrylic groups and a singlet at 2.00 ppm
attributable to the CH;3 (h) of the methacrylic group. The
poly(L-lactide) diol molar mass estimated to be 3,500 Da
was determined using the integrals of the "H NMR spectra.
The degree of modification was determined from the
relative integrations of the methacrylate to poly(L-lactide)
diol protons. The yield of the esterification reaction was
calculated to be approximately 75%. The remaining (non-
reacted) 25% is not observed in the spectrum since the
macromer obtained from synthesis was purified by column
chromatography before NMR measurement.

Poly(L-lactide) copolymer networks, p(mLA-co-HEA)

Radical polymerization of the obtained macromer (mLA)
gives rise to the formation of polymer networks (Fig. 2).
Moreover, different proportions of 2-hydroxyethyl acrylate
were added as reactive so as to get copolymer networks,
p(mLA-co-HEA). The ATR-FTIR spectra of the poly(L-
lactide) network and its copolymer networks are shown in
Fig. 5. The band at 3,600-3,200 cm ' due to C—O-H
stretching of the hydroxyl group increases with HEA
content in the feed mixture. Significant signals are also
the band located at 1,727 cm™ ", corresponding to the C=0
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Fig. 2 Synthesis of self
cross-linkable poly(L-lactide)
macromer

<94

methacrylic anhydride

Poly (L-lactide diol)

0°C and stirring, 1 hour
180°C, 8 hours

N2 (9)

(0] (0]
0 (o) Il H]> n
e 0-C-C10-C-C=CH,
HQC—CI: c O{Cl: c OM éH3 C':H3

CH; 'CH,

Poly (L-lactide) macromonomer

UV photocrosslinking Benzoine

CH, o CHs
(0]
o o CH;
©  CH m

stretching vibration of carboxyl group and that located at
approx. 2,973-2.868 cm ' due to the symmetrical and anti-
symmetrical CH; and CH, stretching.

Figure 6 shows the DSC thermograms of the poly(L-
lactide) diol, poly(L-lactide) macromer, the p(mLA-co-
HEA) networks, and PHEA network. After erasing the
effect of any previous thermal history by heating at 200°C
for 3 min and cooling at 40°C/min to —100°C, DSC heating
scans was measured from —100°C to 200°C. DSC curves
show firstly for poly(L-lactide) diol and lactide macromer
(mLA) the glass transition process around 40°C, followed
by a crystallization exotherm (around 95°C) and the
melting endotherm. Only the glass transition is observed
for the homopolymer networks at approx. 50°C for the
p(mLA) network and at 10°C for the PHEA network. The
glass transition process for the copolymer networks seems
to be the superposition of two processes located between
those of the corresponding homonetworks. No crystalliza-
tion process was detected in the DSC cooling thermogram
at 10°C from the melt for any network.

TGA curves show the thermal degradation process of
our system (Fig. 7). No weight loss has been detected below
230°C in any sample. The thermal degradation starts for poly
(L-lactide) diol around 250°C and for poly(L-lactide) macro-
mer around 300°C, reflecting the chemical differences in the
structure between both compounds. On the other hand, poly
(L-lactide) networks and poly(mLA-co-HEA) copolymers
start degrading around 300°C. Degradation curves for the

n CH3 (0]

Poly (L-lactide) network

copolymer networks are located between those of the pure
homopolymers. The rate of weight loss is better appreciated
in a plot of the weight loss derivative versus temperature
curve. We use the maxima in these plots to characterize
different stages in the degradation process. The temperatures
at which these maxima occur correspond to the temperatures
at which the degradation process is faster. Thus, the loss of
weight of the p(mLA) network is seen to proceed in three
stages, which we call 1,(325°C), 1,(410°C), and A3 (500°C);
that of PHEA proceeds in three stages x1(390°C), x2(450°C),

M mLA

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 3 ATR-FTIR spectra of poly(L-lactide) diol and methacrylate-
encapped L-lactide macromer (mLA)
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Fig. 4 '"H NMR (500 MHz, CDCl;) spectra of the a poly(L-lactide)
diol and b methacrylate-endcapped lactide macromer (mLA)

and 3 (535°C). Three degradation stages can be identified
for the copolymer networks: &;(325°C), &,(450°C), and
&5(535°C) whose temperature (&, and &3) depends slightly
on the weight fraction x of HEA in the sample.

Figure 8 shows the mechanical storage modulus and the
loss angle tangent of the copolymer networks. At the highest
temperatures of the scan, the elastic modulus remains stable,
which is characteristic of the network structure.

The rubbery modulus is approx 10°Pa for the p(mLA)
network, and it increases as the HEA content in the system
does. The main relaxation is very broad (it ranges from 30°C
to 100°C) for the p(mLA) network and is steeper and located
at 25°C for the PHEA network. The main relaxation process
for the copolymer networks is very broad and located
between those of the homopolymers. Moreover, the temper-
ature dependence of the modulus shows a splitting into two
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Figure 9 shows the specific volume of the copolymer
networks as calculated from the density measurements. As
we can see, a decrease tendency with the increment of HEA
content (not lineal dependence) was found.

Figure 10 represents the gain of weight of the samples after
immersion in distilled water, w (Eq. 1) and also the amount of
water sorption by the HEA unit (w’) in the copolymers.

— wpa(l —
W,:W w LA( wHEA) (3)

(HEA

where w1 A is the sorption capacity of the p(mLA) network.
This magnitude is composition dependent, and it never
reaches the value of the equilibrium water sorption for the
PHEA homonetwork. This discrepancy again reinforces the
idea that the HEA units in the copolymer have molecular
environments different from those they have in a homoge-
neous PHEA phase. Nevertheless, the steady increase in w'

dg/dT (J g' °C")

50 0 50 100 150
temperature (°C)

Fig. 6 DSC heating curves at 10°C/min
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Fig. 7 Thermogravimetry of poly(L-lactide diol) (squares in the
inset), poly(L-lactide) macromer (circles in the inset), p(mLA)
(triangles), PHEA (multiplication signs), and the copolymers contain-
ing 30% HEA (inverted triangles), 50% HEA (diamonds), and 70%
HEA (plus signs). The relative weight loss (a) and the derivate of the
weight loss versus the temperature (b) are shown for all samples

revealed in Fig. 10 suggests that the HEA-rich nanodomains
are more and more pure (less mLA chains included) as the
HEA content in the copolymer increases. This behavior was
also found for other polyester for example a different
chemical modification of polycaprolactone copolymerized
with HEA units [36, 37].

Discussion

Poly(L-lactide) diol was successfully endcapped with meth-
acrylate groups to give L-lactide macromer able to self-cross-
linking following the route sketched in Figs. 1 and 2. The
structures were characterized by FT-IR and "H NMR (Figs. 3
and 4). The fuctionalization degree (FD) was estimated by
'H NMR through the relative intensity of the signal of CH,
(c) and one of the vinyl CH, (j or i) group that are expected
to be the same for a 100% FD. The FD thus estimated was
~75%. The incorporation of methacrylate groups allows the
photo-cross-linking of the system.

Fig. 8 Dynamic storage modulus (log E’) and the loss tangent
measured on heating. p(mLA) (squares) and the copolymers: 30%
HEA (circles), 50% HEA (triangles), 70% HEA (inverted triangles)

Polymer networks based on the lactide macromer and a
hydrophilic monomer, HEA, were prepared in the whole
composition range of both comonomers. The absence of any
loss of weight before 200°C (Fig. 7) assesses the effective
incorporation of HEA units into the polymer chains discarding
the presence of residual HEA in the samples; had unreacted

0.800

0794 ®.
0.790-

0.785-

0.780

v (cm’/g)

0.775- .
0.770- -
0.765-

0.760

T T T T T

0 2 40 60 80 100
wt % of HEA

Fig. 9 Specific volume of p(mLA), PHEA, and the copolymer
networks as a function of the HEA mass fraction in the copolymer
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3.0+

0 20 40 60 80 100
wt % of HEA

Fig. 10 Equilibrium water content (w, squares) per unit mass of
sample and per unit mass of HEA unit in the copolymer (w’, circles)

monomer been present, the thermograms would have shown a
weight loss as a consequence of the evaporation of the HEA
monomer at much lower temperatures.

The weight loss derivative curve shows how the peak
located at 450°C is displaced to lower temperatures as the HEA
content of the copolymer decreases. When the temperature
interval of the main degradation stage of PHEA, (stage x») that
has been ascribed to the degradation of the acrylate main
chain, is attained in the heating scan of a copolymer, most of
the p(mLA) chains have already disappeared since more than
90% of the weight of p(mLA) is lost below 350°C, in the 4,
stage of pure p(mLA) or & stage in the copolymers, which
must imply the degradation of the polylactide chains. Thus,
one may hypothesize that the &, stage in the copolymers is
due to the degradation of the acrylate chains that shifts toward
lower temperatures as the HEA content increases. In fact, the
x> process of PHEA takes place at higher temperatures than
the 1, stage of pure p(mLA).

The ratio of HEA units per mLA macromer unit can be
stoichiometrically estimated as

MmLA
Mmra | — waea Muga

NHEA _ HEA

(4)

where n is the mol number, wygpa is the mass fraction of
HEA in the system, and M is the molar mass. Table 1 shows
the calculated values for the different copolymer networks
using Eq. 4. The molecular architecture of the copolymer
network depends on the way in which these HEA units are
incorporated within the system during the copolymerization
reaction. The calculation of mass fraction of HEA in the
systems was performed assuming full conversion in the
polymerization process. It is known that radical polymer-
ization usually leads to very high yielding (above 90%).
Tutusaus and coworkers found the very highly efficient
catalyst of some precursors for the controlled radical
polymerization of styrene and n-butyl acrylate, getting

@ Springer

polymers yields about 90% [38]. Kanaoka et al. employed
cationic polymerization to prepare core cross-linked star
polymers in high yield via the cross-linking of living poly
(isobutyl vinyl ether) with divinyl ether cross-linkers [39].

The specific volume of the copolymer networks (Fig. 9)
decreases as the amount of HEA in the system increases but
the values do not depend linearly on the weight fraction of
HEA in the copolymer. As a fact, they fall below the
straight line that joints the values corresponding to
homopolymer networks, i.c., the steric arrangement of the
chains in the copolymer is such that it leads to a better
packing (less free volume) than in the case of the
homopolymers, which preserve their free volume in ideal
mixtures. This departure from thermodynamical ideality is
due both to steric reasons and to the occurrence of specific
interactions intraspecies. In our case, these can be detected
by DSC as a modification of the glass transition processes
in the copolymer networks. It is worth noting that
crystallization of L-lactide units that takes place in poly(L-
lactide) diol and poly(mLA) and also in conventional poly
(L-lactide) [40] is prevented in the p(mLA) network by the
topological constraints imposed by the network structure.
On another other hand, polymer networks based on
polycaprolactone diol with molecular weight 2,000 Da
showed some crystallinity [36]. The much slower crystal-
lization rate of PLLA with respect to PCL [41] can explain
this different behavior and perhaps long annealing times at
temperatures in the range immediately below the endotherm
shown in the DSC heating scans by poly(L-lactide) diol and
poly(mLA) could induce some crystallinity in p(mLA)
networks and eventually in high mLA content copolymers.
But, with the thermal histories of the experiments of this
work, pmLA and the copolymer networks are fully
amorphous. The glass transition temperature of the p(mLA)
network is located at approx. 45°C. If @yga in the network
is 0.3, T, of the mLA chains is moved to lower temperatures
(to approximately 40°C), and there is no detectable trace for
the glass transition process of the HEA units. For higher
amounts of HEA in the system (oppa=0.5), a double glass
transition appears, the higher temperature transition in the
temperature range of that of p(mLA) shifted toward lower
temperatures, while the lower temperature one is identified at
approx. 25°C, which is in the range of the glass transition of
HEA units but at higher temperatures than the 7, of the
PHEA network. Higher amounts of HEA in the system
(wyuea=0.7) give rise again to a double glass transition
process. The one at higher temperatures, assigned to the
mLA chains, takes place at the same temperatures as the
glass transition of the mLA units in the system with @ypa=
0.5, and the second one, associated to HEA domains, takes
place still at higher temperatures than the glass transition of
the PHEA homonetwork (but lower than the corresponding
one in the @ypa=0.5 system).
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The DMS in Fig. 8 shows a single relaxation process for
the p(mLA) networks, which is ascribed to the main @, o
relaxation. The main relaxation process splits into two
subprocesses as the amount of HEA in the system increases
(Fig. 8b). The peak at lower temperature is related to the «
relaxation of the hydrophilic of HEA units (apga): the
higher the magnitude, the higher the fraction of HEA in the
copolymer network. The broadness and temperature posi-
tion of the peaks reveal the influence of one component on
the other. The appa process moves to lower temperatures
as the amount of HEA in the system increases. In the same
sense, the a1 o process moves to higher temperatures the
lower the fraction of HEA in the system is. Moreover, the
magnitude of the relaxation peaks in the copolymer—
compared to that of the a, ;A relaxation for the lactide
macromer—rteveals the heterogeneity in composition of the
domains, which gives rise to the relaxation process.

Both DSC and DMS results reveal features of the phase
microstructure of the copolymer networks. For HEA
fractions in the system wygps lower than 0.3, that is,
approx. 13 HEA units per mLA chain, the system consists
of mLA chains plasticized by the HEA units. There are no
pure HEA domains big enough such as to give an indepen-
dent glass transition process by DSC. Higher amounts of
HEA in the system, from @pga=0.5 on, give rise to the
formation of two kind of domains, each one richer in one or
the other comonomer; a fraction of the HEA units still plays
the role of a plasticizer of the mLA chains—the glass
transition process moves to lower temperatures—but the
rest are able to reorganize by cooperative rearrangements

Fig. 11 Sketched copolymer
networks as suggested by the
stoichiometric ratios of the
comonomers and the physico-
chemical characterization. The
number units of HEA between O
cross-links are shown in

“q”

CH-CH3
Table 1 O:?
(@]
oy
€
?
O=(|3
HC-CH,
N
O=T
C
]

TR

that give rise to HEA glass transition observed by DSC. As
the amount of HEA increases, wypa=0.7, the additional
HEA units do not plasticize further the mLA rich phase and
the T, of the mLA chains stabilizes, which suggests that no
more than 30 units of HEA per mLA chain (see Table 1) are
able to interact with mLA chains at the distance of the
cooperative rearranging region at 7, (a few nanometers),
and the rest, i.e., 40 HEA units per mLA chains (Table 1),
constitute an aggregate big enough such as to give rise to an
independent glass transition process. These domains,
however, are not entirely pure PHEA domains since the
temperatures of the glass transitions show that some mLA
chains must be included in them (Fig. 6).

The p(mLA) network is formed from a tetrafunctional
macromer (Fig. 2). To these elements, the copolymers add
units of linear HEA monomer (116 g mol') in the
proportions shown in Table 1. The topology of the resulting
copolymerized network can be ideally thought to be that
sketched in Fig. 11, with a number of monomeric HEA
units @ according to the stoichiometric values shown in
Table 1. The ideal situation sketched would correspond to a
PHEA molecular mass between cross-links equal to
Mpyga = 2,1”LAM nEa- The average molar mass of the
network between cross-links can be calculated according
to the model sketched in Fig. 11, taking into account the
functionality of the ideal joint as,

2 1
M = gMPHEA +§MmLA (5)
G — Cm C Cm o C
HZC H2 ‘ H, ’
o=C
?Hz 0 Csz 0
CH, CH-CH, CHa CH-CHj
OH o=¢ OH :'
OH = OH =
HC—CH HC—CH
gHz 3 C‘:Hz 3
9 CH, 0
o. 0 0=C o. 0O 0=C

4 N

\9 i Hz\CI; i
ﬁ—clz ﬁ—cl: ~aC -CH ﬁ—(lz
2H 2 CH, 2 CH,
b a b a

@ Springer

v



680

Colloid Polym Sci (2009) 287:671-681

Table 1 shows the calculated values according to the
previous equation. Following the theory of rubber elasticity,
the molar concentration n./V of elastically active or
effective chains is related to the rubber modulus [42] by

n d
E =34,—RT = 34,—RT 6
7 M (6)

where R is the universal gas constant, d is the density, 7 is
the absolute temperature, E' is the modulus in the
elastomeric region at 7, M, is the average molar mass
between cross-links, and 4, is a factor that depends on how
much the deformation deviates from the affine limit, in
which the displacements of the cross-links are a simpler
linear function of the macroscopic strain. For the non-affine
“phantom” network model, the theory indicates
d=1-2 @
¢

with ¢ as the functionality of the knot in the network. For
our networks (Fig. 11), $=3, and M, can be calculated from
the experimental E' values in the rubbery region; the data
and the results are shown in Table 1.

The molar mass between cross-links p(mLA) network is
much higher (M~14,000) than the molecular weight of the
macromonomer mLA used as the base material for the
synthesis of the network (M~3,500). This fact suggests that
p(mLA) network contains a number of dangling chains due
to the lack of connectivity of the whole network. That is to
say, the p(mLA) homonetwork is rather imperfect as
compared with the ideal, perfectly connected one, sketched
in Fig. 11 (with »=0). This is also correlated with the much
higher specific volume of the p(mLA) network compared
with the rest of copolymers. Moreover, predictions of Eq. 6
are consistent with the expected-ideal values from stoichi-
ometry for the rest of copolymer, which suggests, on the
one hand, that the proposed ideal model shown in Fig. 11 is
a reasonable physical picture of the actual copolymer
networks and, on the other hand, that the lower amounts
of HEA in the copolymer (13 HEA units per mLA chain)
are able to interconnect the dangling mLA chains.

Concluding, the development of the new system allows
cross-linking polylactide and its hydrophilizaton by copo-
lymerization with hydrophilic units (HEA). The existence
of both hydrophilic and hydrophobic domains must
improve protein adsorption and cell adhesion [43, 44],
increasing the wettability and the transport of active
molecules. However, the formation of a network modifies
the mechanical properties of the system, which could have
an influence in protein adsorption [45—47]. Based on this
system, we are currently preparing scaffolds with well-
defined pore structure that can be utilized as supports in
tissue engineering applications.

@ Springer

Conclusions

A method for obtaining photo-cross-linkable mLA macromer
is described. Copolymer networks of the mLA macromer and
hydrophilic hydroxyethyl acrylate monomer can be synthe-
sized by free radical polymerization in order to tailor the
water-uptake of the system. The new system is mechanically
stable and consists of phase-separated microdomains richer in
one or the other comonomers that constitute the network. The
architecture of the copolymer networks is suggested to be that
of a network with trifunctional joints in which two branches
consist of PHEA (of varying length depending on the weight
fraction of HEA in the monomers mixture) and the other of
p(mLA) macromer as supported by the prediction of the
phantom theory of rubber elasticity.
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Appendix
Short text for the table of contents

A new set of copolymer networks based on poly(L-lactide)
macromer p(mLA) was synthesized, whose water sorption
behavior can be modulated by copolymerization with a
hydrophilic monomer. The new block copolymer network is
able to tailor the water sorption capacity, keeping the p(mLA)
properties. The figure shows the ideal structure for the
hydrophilized p(L-lactide) networks.
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