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Abstract Completely amorphous copoly(ether)ester net-
works based on oligo(propylene glycol) and oligo[(rac-
dilactide)-co-glycolide] segments were synthesized by
crosslinking star-shaped hydroxyl-telechelic cooligomers
using an aliphatic low-molecular weight diisocyanate. Two
different network architectures were applied exhibiting
differences in the phase-separation behavior. For networks
from oligo(propylene glycol)-block-oligo[(rac-lactide)-co-
glycolide] triols (G?OPG-bI-OLG) only one glass transition
was obtained. However, networks from a mixture of
oligo(propylene glycol) triols (G?OPG) and oligo[(rac-
lactide)-co-glycolide] tetrols (P*OLG) with a ratio of
components in a certain range show two glass transition
temperatures (7,) being attributed to two segregated
amorphous phases. In this way a wide spectrum of
mechanical properties can be realized and adjusted to the
requirements of a specific application.

1 Introduction

A challenge of biomaterial development is the combination
of material properties and functions such as elastic prop-
erties and degradability to the requirements of specific
applications. Amorphous copolymers of lactic acid and
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glycolic acid have been explored extensively as degradable
biomaterials [1, 2]. Unlike semi-crystalline polymers they
show a more homogeneous degradation being advanta-
geous for application in implants. The rate of their
hydrolytic degradation can be varied by the comonomer
ratio [3-6]. With a glass transition temperature (7g)
between 40 and 55°C these materials are glassy at room
temperature as well as at body temperature and posses a
high E-modulus. The elastic properties below body tem-
perature can be controlled by incorporating a second
amorphous phase having a low T, [7, 8]. However, highly
elastic copolymers with a low E-modulus tend to yield.
Covalent crosslinking of polyesters forming polymer net-
works provides form stability while the elasticity is main-
tained [9].

An example are AB polymer networks obtained by
photo polymerization of dimethacrylated poly[(L-lactide)-
ran-glycolide)] chain segments, whose elastic properties
below body temperature were improved by incorporating a
second amorphous phase such as polymers from low-
molecular weight acrylates [10]. In another approach, the
elasticity determining phase was integrated into the poly-
mer chains being realized in multiphase photosets prepared
from amorphous ABA triblock macrodimethacrylates
based on poly(rac-lactide)-block-poly(propylene oxide)-
block-poly(rac-lactide). Atactic poly(propylene glycol)
was selected as elastic component since it is amorphous,
immiscible with the first component, and shows a low T,
[11, 12]. Variation of the rac-lactide content of the triblock
polymers showed that a minimum block length was
required to obtain two distinct T,s as a result of phase
separation, which influences in this way the thermal
properties [11]. Another drawback of such polymer net-
works based on macrodimethacrylates is the irregular dis-
tribution of netpoints within the polymer network structure.
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Therefore, the adjustability of the thermal and mechanical
properties of these networks is limited due to the required
molecular weight and the confined control over the degree
of crosslinking.

Biodegradable amorphous copolyesterurethane net-
works with a defined polymer network structure were
prepared from star-shaped poly[rac(lactide)-co-glycolide]
segments, which were crosslinked by reaction of their
terminal functional groups with a low-molecular weight
diisocyanate [13]. Adjustability of mechanical properties
was enabled by the control of molecular parameters such as
functionality of crosslinks and the length of chain segments
[14-20].

We report on the investigation whether such copolyes-
terurethane networks with defined netpoint functionality
can be synthesized and how the introduction of a second
amorphous phase influences the mechanical properties.
Poly(propylene glycol) was chosen as a second amorphous
phase. Microscopic phase segregation within the amor-
phous networks was expected to lead to two distinct glass
transitions. Two concepts of network architecture were
investigated, which can be distinguished by the star-shaped
precursors that were crosslinked with diisocyanate:

(1) In the first concept one type of star-shaped precursor,
already containing the two different oligomer segments
within its linear chains was crosslinked (see Fig. 1a).

(2) In the second concept a mixture of two different star-
shaped precursors containing the two different chain
segments respectively were reacted to form the
polymer network (see Fig. 1b).

2 Materials and methods
2.1 Materials

rac-Dilactide (3, mixture from p,p-dilactide and L,L-dilac-
tide, no meso-dilactide was detectable in 'H-NMR spectra,
Sigma-Aldrich) and diglycolide (4, Boehringer Ingelheim)
were applied after recrystallization from ethyl acetate.
TMDI (Sigma-Aldrich) was distilled in vacuum prior to
reaction. Pentaerythrite (2, Sigma-Aldrich), dibutyltin
oxide (DBTO, Fluka), and dibutyltin dilaurate (DBTDL,
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Merck) were used as received. Oligo(propylene glycol)s
(1, Sigma-Aldrich) with a number average molecular
weight (M,,) of 1000, 3000 and 6000 g mol ™! were dried
by stirring at 70°C in high vacuum for about 3 h.

2.2 Polymer synthesis

Synthesis of the oligo(propylene glycol)-block-oligo[(rac-
lactide)-co-glycolide] triols (G*OPG-bl-OLG): The poly-
merization was carried out by solvent free ring opening
polymerization (ROP) under nitrogen atmosphere at
150°C. The reaction mixture from rac-dilactide 3, digly-
colide 2 and the oligo(propylene glycol) triol 1 was heated,
stirred for 5 days and then cooled to room temperature. The
cooligomers were dissolved in a 6-10-fold excess of
CH,Cl, and subsequently precipitated in hexane. The
precipitate was washed with hexane fraction and dried to
constant weight at 80°C in a vacuum oven. Quantities of
the reactants are given in Table 1.

Synthesis of the oligo[(rac-lactide)-co-glycolide] tetrol
(6): The polymerization was carried out in bulk under a
nitrogen atmosphere at 130°C as described previously [13].
A P*OLG tetrol with a glycolide content of 17 wt% and a
M, of 10000 g mol~" was synthesized.

Formation of the polymer networks from G>OPG-bi-
OLG segments: The hydroxyl-telechelic cooligomers were
dissolved in a tenfold excess of CH,Cl, under nitrogen
atmosphere. A defined amount of TMDI was added to the
solution under stirring. A molar ratio of isocyanate to
hydroxyl functional groups of 1.05 to 1 (based on M,
values from 'H-NMR spectroscopy) was adjusted in order
to compensate the loss of active isocyanate groups due to
traces of water. After 5 min, the reaction mixture was
poured into PTFE dishes and kept under a constant nitro-
gen flow for 24 h at room temperature to evaporate the
solvent during polymer network formation. In order to
complete film crosslinking, the films were kept at 80°C
under reduced pressure (100 mbar) for another 4 days. The
crude films were extracted with chloroform and dried to
constant weight in vacuum (0.1 mbar) at 80°C. The
quantities are summarized in Table 2.

Formation of the polymer networks from G’OPG and
P*OLG segments (Fig. 1b): The polyaddition reaction was
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Table 1 Synthesis of G’OPG-bI-OLG triols

Sample ID? rac-Dilactide Diglycolide G’OPG triol topg (Wt%)°
n (mmol) m (g) n (mmol) m (g) n (mmol)© m (g)
G>OPG(1)-bI-OLG(2) 443 6.38 9.74 1.13 8.06 7.50 50.0
G>OPG(1)-bl-OLG(4) 66.3 9.56 14.60 1.69 4.03 3.75 25.0
G>OPG(1)-bI-OLG(6) 73.8 10.63 16.20 1.88 2.69 2.50 16.7
G*OPG(1)-bI-OLG(9) 78.6 11.33 17.20 2.00 1.80 1.67 11.1
G’ OPG(3)-bI-OLG(4) 22.1 3.19 4.82 0.56 3.24 11.25 75.0
G’OPG(3)-bI-OLG(6) 443 6.38 9.74 1.13 2.16 7.50 50.0
G’OPG(3)-bI-OLG(9) 59.0 8.50 12.90 1.50 1.44 5.00 333
G>OPG(3)-bI-OLG(9) 295 425 6.46 0.75 1.79 10.00 67.7
G>OPG(6)-bI-OLG(12) 443 6.38 9.74 1.13 1.34 7.50 50.0

* G’0OPG(x)-bl-OLG(y) are star-shaped precursors (G°, three armed glycerol based star) with oligo(propylene glycol) (OPG) chains, the M,
(x x 1000 g mol ™) given in parentheses, where blocks (bl) of oligo(lactide-co-glycolide) (OLG), whose M, (y x 1000 g mol ") is given in

parentheses, are polymerized to

® Expected content of OLG for the product as calculated from the starting materials

© Calculation based on the M,-values obtained from 'H-NMR spectroscopic data

Table 2 Synthesis of N-G*OPG-bl-OLG networks

Sample ID* G>0PG-bI-OLG TMDI

n (mmol)®  m (g n(mmol) V (ul)
N-G*OPG(1)-bI-OLG(2)  0.45 1.02 0.71 147.2
N-G’OPG(1)-bI-OLG(4)  0.25 1.05 039 81.6
N-G’OPG(1)-bI-OLG(6)  0.16 1.07 0.6 53.8
N-G3OPG(1)-bl-OLG(9) 0.11 0.98 0.17 35.4
N-G’OPG(3)-bl-OLG(4)  0.23 098  0.36 75.7
N-G’OPG(3)-bI-OLG(6)  0.21 137 033 69.2
N-G*OPG(3)-bI-OLG(9)  0.12 1.06 0.18 38.3

a N—G3OPG(x)—bl—OLG(y) are polymer networks (N) obtained by
crosslinking G3OPG(X)-bl-OLG(y) precursors, for G*OPG(x)-bl-
OLG(y) see Table 1 note a

® Calculation based on the M,-values obtained from 'H-NMR spec-
troscopic data

carried out as described for the polymer networks from
G OPG-bI-OLG. After addition of diisocyanate to the
reaction mixture DBTDL (100 pl/g starting material) was
added as catalyst so that the reaction started at room
temperature. The quantities of the reactants are shown in
Table 3.

2.3 Polymer characterization methods

'"H-NMR spectra (400 MHz) were recorded on a VARIAN
INOVA 400 in deuterated chloroform (CDCl3) or dimeth-
ylsulfoxide (DMSO-dg) with tetramethylsilane as internal
standard. The comonomer content and the number average
molecular weight of the cooligomers were determined
according to the data from NMR spectra. Signal assign-
ments are listed in Table 4.

The M, of the G’OPG segments was determined
according to the following equation:

Mn = (NP +NPe) 'N[:e] 'f'MP (1)

Mp is the molecular weight of a single propylene glycol
unit (58.1 g mol™') and f the number of functionalities of
the star (f = 3). The relative number of the terminal
propylene glycol units at the chain ends (Np.) and the
propylene glycol units within the chain (Np) were
determined by 'H-NMR signal integration. Np is the sum
of integrals of the signals of the methylene and methine
protons of the internal propylene glycol units (CH,-P and
CH-P) divided by 3. Np, is the integral of the signal of the
methylene protons of the terminal propylene glycol units
(CH»,-P,). The M,, of the P*OLG precursors was determined
according to the following equation:

M, = (NG - Mg + N - My) - Ny + My (2)

My and Mg are the molecular weights of the monomers 3
and 4 respectively, and M of the initiator pentaerythrite 2.
The relative numbers of the monomer segments (Ng, NL)
and of the initiator (N;) were determined by "H-NMR
signal integration. Ng is the integral of the signal of the «-
methylene protons of the glycolide units (CH,-G) divided
by 2. Ny is the integral of the signal of the methine protons
of lactide units (CH-L) and Nj is integral of the signal of
the methylene protons of initiator unit (CH2-P4) divided by
8. The M, of the G’OPG-OLG precursors was determined
according to the above mentioned equation for the G?OPG
segments with My as the molecular mass of the respective
initiating G?OPG triol and N; determined as the sum of
integrals of the signals of the methylene and methine
protons of the internal propylene glycol units (CH,-P and
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Table 3 Synthesis of polymer networks by crosslinking G*OPG or mixtures of G*OPG and P*OLG with TMDI

Sample ID* P*OLG G’0PG TMDI

n (mmol)® m () n (mmol)® m () n (mmol) V (ul)
N-G*OPG(1) - - 1.08 1.00 1.69 351.6
N-G*OPG(1;10)/P*OLG 0.08 0.87 0.11 0.10 0.34 71.4
N-G*OPG(1;20)/P*OLG 0.07 0.72 0.19 0.18 0.45 93.2
N-G*0OPG(1;30)/P*OLG 0.21 2.15 0.98 0.91 1.97 409.4
N-G*0PG(1;50)/P*OLG 0.14 151 1.65 1.53 2.89 600.8
N-G*0PG(1;70)/P*OLG 0.08 0.86 2.37 2.20 3.90 809.4
N-G*0PG(3) - - 0.28 0.98 0.44 92.4
N-G*OPG(3;10)/P*OLG 0.09 0.91 0.03 0.10 0.23 473
N-G*OPG(3;20)/P*OLG 0.08 0.80 0.06 0.20 0.25 52.1
N-G*OPG(3;30)/P*OLG 0.07 0.73 0.09 0.31 0.29 59.6
N-G*0OPG(3;50)/P*OLG 0.06 0.61 0.18 0.61 0.40 82.9
N-G*0OPG(3;70)/P*OLG 0.08 0.86 0.65 2.26 1.20 248.8
N-G*0PG(6) - - 0.19 1.05 0.30 61.5
N-G*OPG(6;10)/P*OLG® 0.08 0.86 0.02 0.09 0.20 41.1
N-G*OPG(6;20)/P*OLG* 0.08 0.81 0.04 0.20 0.22 454
N-G*OPG(6;30)/P*OLG® 0.07 0.70 0.05 0.30 0.22 46.7
N-G*0OPG(6;50)/P*OLG® 0.05 0.50 0.09 0.51 0.24 50.7

? N-G*OPG(x) are polymer networks from crosslinked G*OPG segments with the M, (x x 1000 g mol™") given in parentheses, N-GOPG(x;y)/
P*OLG are polymer networks obtained by crosslinking G’0PG segments with the M, (x x 1000 g mol~") and the mass fraction Ltopg (y Wt%)

given in parentheses

° Calculation based on M, derived from "H-NMR spectroscopic data

¢ Macroscopic phase separation lead to inhomogeneous materials

CH-P) divided by 3. The mass fraction of OPG (uopg) of
N-G’OPG/P*OLG networks was determined after treat-
ment with trifluoroacetic acid comparing the signals of the
fragments.

The GPC measurements were performed with a multi-
detector setup consisting of a LC1120 pump and
600 mm x 7.5 mm mixed-D column (Polymer Laborato-
ries Ltd., Shropshire, UK), a combination of a differential
viscosimetry/90° angle light-scattering detector (Viscotek
GmbH, Weingarten, Germany), and a differential diffrac-
tometer (ERC Inc., Kawaguchi-City, Japan). Chloroform
was used as eluent with a flow rate of 1.0 ml min~'.
Polystyrene standards (580-995600 g mol ') were applied
for the universal calibration.

For the determination of the gel content G and the mass
related degree of swelling S, a specified amount of polymer
network film (m, from 0.2 to 0.5 g) was swollen in a 50 ml
mixture of chloroform and diethylether (volume ratio 1:1)
for 24 h at room temperature. The mass of the swollen
material mg, was weighted. After drying of the films to
constant weight at 80°C in vacuum (1 mbar) the mass of
these films was determined (14). The gel content is given by:

@ Springer

G = mq/m; (3)

The mass related degree of swelling was calculated
according to the following equation:

S = (mq/md) 4)

The differential scanning calorimetric measurements
(DSC) were recorded on a Perkin-Elmer DSC 7 (Rodgau-
Juegesheim, Germany). The temperature range was
between —100 and 150°C depending on the thermal
properties of the cooligomers and networks. The heating
and cooling rates were 10°C min~'. Thermal properties
were determined from the second heating.

The tensile tests were performed on a ZWICK 1425
(Zwick GmbH & Co., Ulm, Germany) having a load
sensor suitable up to 50 N and a thermo chamber. The
deformation rate was 10 mm min~'. The bone-shaped
samples have dimensions of 10 mm x 3 mm (parallel
area), a thickness of 0.1-0.3 mm and a free length of the
clamped samples of 4-6 mm. They were annealed for
20 min at the operating temperature before each
experiment.
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Table 4 'H-NMR signal assignments

Samples Chemical shift Multiplicity Assigned
(ppm) protons®
G’OPG triols® 0.90-1.30 m CH;-P/P,
3.18-3.23 m CH-P,
3.27-3.45 m CH-P
3.45-3.76 m CH,-P
3.87-3.98 m CH,-P,
P*OLG tetrols 1.40-1.70 m CH;-L/L.
4.05-4.25 s CH,-P*
423432 m CH,-G.
4.32-4.44 m CH-L,
4.50-4.90 m CH,-G
5.00-5.30 m CH-L
G>0PG-bl-OLG triols® 1.00-1.15 m CH;-P
1.15-1.28 m CH;-P,
1.35-1.60 m CH;5-L/L.
3.22-3.40 m CH-P/P,
3.40-3.76 m CH,-P/P,
4.09-4.28 m CH,-G,
4.28-4.43 m CH-L.
4.45-4.90 m CH,-G
4.95-5.30 m CH-L
N-G*OPG/P*OLG® 0.82-1.07 d CH;-P;
1.08-1.60 d CH;-L¢
3.10-3.65 d CH-P/CH,-P;
3.80-5.15 d CH-L/CH,-Gy

# Protons from pentaerythrite Ph, propylene glycol (P), lactic acid
(L) and glycolic acid (G), subscript e indicates a terminal unit at the
end of the oligomer chain, a subscript f indicates a fragment

® Signals of the initiator units were not detected

¢ Fragments of the networks after treatment with trifluoroacetic acid
were investigated

d Complex of partially overlapping multiplets
3 Results and discussion

The two network architectures were expected to generate a
tendency of microscopic phase segregation. Within the first
set of polymer networks (N-GOPG-bI-OLG) three armed

Scheme 1 Synthesis of star-
shaped hydroxytelechelic
precursors by ROP; I(OH).
initiator, f: number of

. L. . I(OH),
functionalities of the initiator,
DBTO: dibutyltin oxide 1 =3
2 (f=9

hydroxyl-telechels were crosslinked with diisocyanate
forming diurethane bridges, which increase the block
length of the OLG sequences. The second set of polymer
networks contains a mixture of star-shaped G’OPG and
P*OLG segments, which would separate phases macro-
scopically in a blend. Therefore, both sets of polymer
networks are expected to show a more or less pronounced
microscopic phase segregation.

The star-shaped co-oligoester segments that constitute
the crosslink points within the polymer networks were
synthesized by using either three-armed hydroxyl-telech-
elic G?OPGs (1) or pentaerythrite (2) as initiators for ROP
of the monomers rac-dilactide (3) and diglycolide (4, see
Scheme 1). An undesirable blocky structure of the
copolyesters due to differences in reactivity can be mini-
mized by using tin-catalysts that also catalyze transesteri-
fication [21]. A mass ratio of the monomers of 15/85 was
adjusted where the resulting copolymer has been shown to
be amorphous and has been applied in medical applications
previously [1, 19, 22].

G’0PG(1), G’0OPG(3) and G’OPG(6) (digit given in
parentheses is M, in 1000 g mol™") were used as macro-
initiators in ROP for the synthesis of the G*OPG-bl-OLG
segments.

Polymer networks were synthesized by coupling of the
precursors with an isomeric mixture of 1,6-diisocyanato-
2,2, 4-trimethylhexane and 1,6-diisocyanato-2,4,4-trimeth-
ylhexane (TMDI, see Scheme 2). The mixture of TMDI-
isomers was chosen to further reduce the probability of the
occurrence of crystalline domains within the networks.
During the network synthesis the macromonomers have to
be lowly viscous liquids in order to obtain a high extent of
macroscopic homogeneity of the polymer network and to
ensure a sufficient crosslink density.

Chemical composition of the polymer networks was
controlled by variation of the mass fraction of the
copolymers and the molecular weight of the G°OPG seg-
ments. Homonetworks from G’OPG triols were synthe-
sized to investigate the influence of the OLG segments. For
the G?OPG-bI-OLG precursors the stoichiometric ratio of
monomer/initiator was varied in order to obtain diblock
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Scheme 2 Crosslinking of hydroxyltelechelic precursors; I: see Scheme 1, L: 2,2.4-trimethylhexylene or 2,4,4-trimethylhexylene segment,

R: OLG segment

cooligomers with calculated molecular weights (M, ,.) in
the range from 2000 to 12000 g mol~'. In the resulting
polymer networks the length of the OLG segments (elon-
gated over the diurethane bridge) as well as the density of
crosslinks was thereby altered and dependencies for the
resulting properties recorded. The P*OLG tetrol (6) was
synthesized with an initiator/monomer ratio that resulted in
a calculated M, value of 10000 g mol™'. The segment
length was chosen to be long enough to support phase
segregation within the polymer network.

For all synthesized N-G>OPG/P*OLG polymer networks
the content of G’OPG (uopg) in the reaction was varied
between 10 and 70 wt% and the resulting uopg within the
polymer networks was determined after destruction of the
covalent network structures with trifluoroacetic acid (TFA)
and following 'H-NMR spectroscopic analysis. $ and G
were also determined.

3.1 Characterization of the G°OPG-bI-OLG triols
The M, of the G?OPG triols as well as of the obtained

diblock-cooligomers was determined by 'H-NMR
spectroscopy and GPC analysis. These values of M, and

the calculated values with respect to the initial weight
of the starting materials (M.,.) are compared in
Table 5.

The ratio of conversion (r.) is given by means of the
amount of transformed terminal hydroxyl groups relatively
to the amount of hydroxyl groups in the starting material
terminated by "H-NMR-spectroscopy. Hydroxyl-telechels
with r. above 90% are considered to mainly consist of the
desired G>OPG-bI-OLG. The application of G?OPG(6) as
initiator in the ROP for instance leads to hydroxyl-telechels
with r. lower than 90%, which implies a rather incomplete
extent of defined terminal hydroxyl groups. Hence, these
polymers were not used in the formation of the networks
and not further characterized.

No melting or crystallization process was apparent for
the G?OPG-bI-OLG triols in DSC measurements that pro-
vides evidence for the oligomers to be completely amor-
phous. For the G’OPG-bI-OLG triols synthesized from
G’0PG(1) and G’OPG(3) only one glass transition was
found. The T, of the precursors decreased with decreasing
M, and consequentially increasing content of OPG (Fig. 2).
The polymers represented a mixed phase system since for
complete phase segregation the system was expected to

Table 5 Mass fraction popg, M, according to NMR and GPC, ratio of conversion (r.) and polydispersity (D) of G*0PG-bl-OLG precursors and

G>0OPG macroinitiators

Sample-ID* fop—R" fopc’ Meq” M, (NMR)® M, (GPC) D re
(Wt%) (Wt%) (g mol™h (g mol™h (g mol™h (GPC) (%)
G’0OPG(1) 100 100 1000 930 1200 1.03 -
G’OPG(1)-bI-OLG(2) 50 41 2000 2300 2700 1.09 95
G*OPG(1)-bI-OLG(4) 25 22 4000 4200 6000 2.35 >99
G>OPG(1)-bI-OLG(6) 17 14 6000 6500 6600 1.33 >99
G>OPG(1)-bI-OLG(9) 11 10 9000 9000 8500 1.34 >99
G OPG(3) 100 100 3000 3400 3600 1.07 -
G’OPG(3)-bl-OLG(4) 75 82 4000 4200 6100 1.01 95
G’OPG(3)-bl-OLG(6) 50 54 6000 6500 11400 2.80 98
G>OPG(3)-bI-OLG(9) 33 38 9000 9100 8700 1.41 92
G’OPG(6) 100 100 6000 5600 7000 1.44 -
G>OPG(6)-bI-OLG(9) 67 60 9000 9300 13400 1.65 86
G>OPG(6)-bI-OLG(12) 50 48 12000 11700 7600 2.56 76

* G*0PG(x) are commercially available three armed oligo(propylene glycol)s with the M, (x x 1000 g mol~", according to the manufacturer)
given in parentheses, for G3OPG(X)-bl-OLG(y) see Table 1 note a

° As calculated from the starting materials
¢ As determined by "H-NMR spectroscopy
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Fig. 2 T, (DSC, 2nd heat-up) of G®0PG-bl-OLG triols as a function
of the mass fraction of OPG (uopg according to '"H-NMR spectros-
copy); the bars give the temperature interval of the glass transition;
filled square—G>OPG(1)-bl-OLG; filled triangle- -G*OPG(3)-bl-
OLG

have two distinguishable glass transitions. The width of the
range of the glass transition was considerably increased in
case of the G?OPG(3) containing polymers with an OPG-
content of 38 or 54 wt%. This observation can be explained
with the enhanced tendency of the system to form two
segregated phases.

3.2 Characterization of the N-G>OPG-bI-OLG polymer
networks

The extent of phase segregation within the polymer net-
work is influenced by the crosslink density and the chain
segment length of the oligomer blocks. These parameters
were changed by varying the mass ratio and molecular
weight (length of chain segments) of the oligomeric pre-
cursors and the dependence of the formation of phase
segregated networks with two distinguishable glass tran-
sition temperatures was analyzed.

Characterization of the polymer networks included
determination of S and G obtained from swelling experi-
ments in chloroform (Table 6). G of the G?OPG(1) con-
taining networks (between 90% and 97%) implied a nearly
quantitative crosslinking whereas the G?OPG(3) containing
networks from hydroxyl-telechels with M, > 6000 g
mol ' showed significant lower values of G. It was shown
that S increased with increasing molecular weight of the
polymer networks. The networks N-G>OPG(3)-bl-OLG(6)
and N-G’OPG(3)-bI-OLG(9) showed significantly lower
values of S than their G?OPG(1) containing counterparts.
This difference despite having OLG segments of similar
length has been attributed to incomplete crosslinking.

Table 6 Gel content G and mass related degree of swelling S in
chloroform of N-G*OPG-bI-OLG networks

Sample ID* G (%) S (%)
N-G*OPG(1) 97 £2 n.d.®
N-G*0PG(1)-bI-OLG(2) 97 +2 350 + 10
N-G*OPG(1)-bI-OLG(4) 93 + 4 870 + 60
N-G*OPG(1)-bI-OLG(6) 94 + 1 960 =+ 10
N-G*OPG(1)-bI-OLG(9) 90 + 1 1390 + 130
N-G*0PG(3) 98 + 1 700 £ 10
N-G>OPG(3)-bI-OLG(4) 94 + 1 1330 =+ 400
N-G*0PG(3)-bI-OLG(6) 73 + 1 3670 £ 10
N-G*0PG(3)-bI-OLG(9) 58 + 1 3650 + 780

2 N-G’OPG(x) are polymer networks from crosslinked G’0PG seg-
ments with the M, (x x 1000 g mol™") given in parentheses,
N-G*0PG(x)-bI-OLG(y) are polymer networks obtained by cross-
linking G3OPG(x)—bl—OLG(y) precursors, for G3OPG(X)—bl—OLG(y)
see Table 1 note a

°® Not determined due to destruction of the networks during the
swelling in chloroform

In DSC measurements for each polymer network only
one glass transition was found. It could be shown that T, is
a function of the OPG-content (Fig. 3). Higher values of T,
were detected for the polymer networks than for the
underlying macrotriols. This trend was expected for a
mixed 7T,. As a result of an increased degree of crosslinking
the OPG(1) containing network showed a higher T, than
the OPG(3) containing network. As already found for the
hydroxyl-telechels the width of the range of the glass
transition was considerably increased in case of the
G OPG(3) containing networks with an OPG-content of 38
or 54 wt%. The effect was also comparable in quantity and
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Fig. 3 T, (from DSC, 2nd heat-up) of N-G>*OPG-bI-OLG networks
as a function of the mass fraction of OPG within the precursors (uopg
according to "H-NMR spectroscopy); the bars give the temperature
interval of Ty; filled square—N—G3OPG(1)—bl—OLG; filled triangle-
-N-G’OPG(3)-bI-OLG
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has been attributed to an incipient phase separation as a
result of the less efficient mixing of the OPG and OLG
chain segments. The mixed T, increases with increasing
chain length of the OLG segments in the direction of the T,
of the OLG precursors indicating a less effective phase
mixing. However, it was shown that based on G>0PG(1)
and G*OPG(3) no phase segregated polymer network was
obtained and the G’OPG(6) containing precursors dis-
played an incomplete conversion of the terminal hydroxyl
groups. Despite the extension of the OLG chains by linking
two segments by diurethane junction units, no phase sep-
aration was achieved. Apparently the effect of the length
extension of single OLG chain segments is not strong
enough to lead to phase separation in the investigated
polymer networks.

3.3 Characterization of the N-G*OPG/P*OLG polymer
networks

In order to reduce the inhomogeneity of the material caused
by macroscopic phase separation, the catalyst was added
after the addition of the diisocyanate to the reaction mix-
ture to start crosslinking at room temperature. For the
synthesis of networks with at least 10 wt% of G>0OPG(6)
no homogeneous material could be obtained. These mate-
rials possess a high degree of macroscopic phase separation
and were not further characterized. The high molecular
mass of the G’OPG(6) segments strongly impedes the

mixing of the phases to an extent where macroscopic de-
mixing was observed. For the polymer networks containing
GSOPG(l) and G3OPG(3) segments the results of charac-
terization are summarized in Table 7. The gel content of
the networks slightly decreases with increasing content of
G’OPG. S increases with the G*OPG content due to a lower
density of crosslinking as shown by lower gel contents. The
polymer networks show a macroscopic homogeneous
appearance.

DSC measurements indicated that the networks were
completely amorphous (see Fig. 4 for exemplary polymer
networks). Neither melting range nor crystallization was
observed. All polymer networks showed a T, between 39
and 50°C that is related to a mainly OLG containing phase.
This Ty, is between 2 and 8 K lower for the polymer net-
works with OPG(1) than for those with OPG(3) with the
same content of OPG. That finding suggests that the con-
tent of OPG segments within the phase, which is repre-
sented by Ty, is higher in the polymer networks with the
lower molecular weight of G’OPG segments.

If the content of OPG was higher than about 20 wt%, a
second glass transition could be detected (). The T, in
G*OPG(1) containing polymer networks exceeds the one of
the G*OPG(3) containing networks by 24-31 K. This
attributes to the higher density of crosslinking and the
higher content of OLG in the phase represented by this 7.

By applying the second network architecture, it was
shown that the integration of star-shaped P*OLG tetrols

Table 7 Mass fraction of OPG in the reaction ((opg.r) and mass fraction of OPG (uopg), gel content (G), mass related degree of swelling (S) in

chloroform, glass transition temperatures of N-G*OPG/P*OLG networks

Sample-ID* HorG—r" (Wi%) topc” (Wt%) G (wt%) S (%) Ty (°O) Ty (°0)
N-P*OLG 0 0 98 + 2 830 + 80 - 53
N-G*0OPG(1;10)/P*OLG 10 n.d. 98 + 8 680 + 70 - 43
N-G*0OPG(1;20)/P*OLG 20 10 91 + 1 740 + 20 - 42
N-G*0PG(1;30)/P*OLG 30 28 94 + 1 720 + 30 -35 43
N-G*OPG(1;50)/P*OLG 50 39 94 +7 830 + 130 —-26 39
N-G*OPG(1;70)/P*OLG 70 68 79+ 3 1750 + 70 —-33 44
N-G2OPG(1) 100 n.d.¢ 97 £2 n.d.? 25 -
N-G*OPG(3;10)/P*OLG 10 n.d. 9 + 8 810 + 40 - 50
N-G*0PG(3;20)/P*OLG 20 16 92 + 1 770 + 40 —58 50
N-G*0PG(3;30)/P*OLG 30 28 92 + 10 970 + 20 —-59 45
N-G*0PG(3;50)/P*OLG 50 57 9 + 12 1340 £ 90 -57 47
N-G*OPG(3;70)/P*OLG 70 n.d.? 67 + 1 2640 + 10 —57 46
N-G’OPG(3) 100 n.d® 98 + 1 700 + 10 —-55 -

* N-P*OLG are networks from crosslinked P*OLG segments with M, = 10000 g mol ', N-G*OPG(x) are polymer networks from crosslinked
G’OPG segments with the M,, (x x 1000 g mol™") given in parentheses, N-G*OPG(x;y)/P*OLG are polymer networks obtained by crosslinking
G’0PG segments with the M, (x x 1000 g mol™") and the mass fraction UopG-rR (¥ Wt%) given in parentheses

® As calculated from the starting materials

© As determined by 'H-NMR-spectroscopy of the networks after treating with trifluoroacetic acid

9 Not determined
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Fig. 4 DSC profiles of four exemplary N-G*OPG(1)/P*OLG polymer
networks (2nd heat-up)
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Fig. 5 Stress—strain-curves of N-G*OPG(1)/P*OLG networks at
25°C. — N-G*0OPG(1;10)/P*OLG, - - N-G*OPG(1;20)/P*OLG, -
N-G?0OPG(1;30)/P*OLG, -- N-G’OPG(1;50)/P*OLG, -- N-
G3OPG(1;70)/P4OLG; for identification of the networks see Table 7
note a

resulted in polymer networks with two segregated amor-
phous phases. The mass fraction of the OPG segments has
influence on the detectability of T}, being associated to the
OPG phase.

The mechanical properties of the N-G*OPG(1)/P*OLG
and the N-G’OPG(3)/P*OLG polymer networks were
investigated by tensile tests at 25°C (see Fig. 5). In addi-
tion, the N—G3OPG(1)/P4OLG networks were investigated
at 70°C in order to examine temperature dependencies and
the mechanical properties above Tg,.

For an OPG content of less than 50 wt% a yield point
could be observed. For higher OPG contents the stress—

Table 8 Mechanical properties of N-G*OPG/P*OLG networks at
25°C

Sample-ID* E (MPa) oy, (MPa) &y (%)
N-P*OLG 340 £ 60 362459 250 + 210
N-G’OPG(1;10)/P*OLG 250 £ 60 292 + 88 375 + 140
N-G0OPG(1;20)/P*OLG 120 +£40 200 £2.0 525 + 150
N-G*OPG(1;30)/P*OLG 150 = 10  19.6 + 1.7 450 + 125
N-G*0PG(1;50)/P*OLG 43 + 10 90+05 335+70
N-G*OPG(1;70)/P*OLG 2.0+ 0.9 122 +02 325 +45
N-G*0PG(1) 20+03  096=+02 60 + 15
N-G*OPG(3;10)/P*OLG 390 £20 321 +41 370+ 10
N-G’0PG(3;20)/P*OLG 450 £20 263+ 15 450 £ 15
N-G0OPG(3;30)/P*OLG 140 £20  1724+39 280 + 195
N-G0PG(3;50)/P*OLG 110 £20  13.1 +£2.1 155 £ 30
N-G*OPG(3;70)/P*OLG 43+ 09 298 +02 50 + 15
N-G*0PG(3) 09+01 054=+01 85 + 20

* For identification of the networks see Table 7 note a

strain curves resembled a typical trend for highly elastic
materials. The determined values for the mechanical
properties are listed in Table 8. The E-modulus (E)
decreased with increasing OPG content. An exception is
the N-G*OPG(3,20)/P*OLG with a slightly increased E
compared to the polymer network containing 10 wt%
G’OPG(3). The increased E might be explained by a higher
degree of crosslinking, which dominates the softening
arising from a higher OPG content. This explanation is
supported by a slightly lower S determined for that polymer
network. The polymer networks containing G’OPG(1)
segments showed a considerably lower value for E than the
networks containing G’OPG(3) segments at low OPG
contents. This observation can be attributed to the low 7, of
the OLG-rich phase of these networks. The values for the
tensile stress at break (o},) showed the same dependence.
By changing the G*OPG content of the N-G*OPG/P*OLG
polymer networks the elasticity can be altered in a wide
range with E values between 450 and 2 MPa at ambient
temperature. For the G’OPG(1) containing polymer net-
works the elongation at break (g,) remains above 300%
with increasing OPG content. The ¢, of the polymer net-
works containing G?OPG(3) segments decreased alongside
the elasticity.

The stress—strain curves obtained from tensile stress
tests with N-G’OPG(1)/P*OLG networks at 70°C showed a
progression similar to elastomers. The determined values
for E, oy, and &, are shown in Table 9. A decrease of E and
oy with increasing OPG content was observable. This
finding is contrary to the expectation that a higher porg
leads to a higher density of crosslinks. It can be explained
by incomplete crosslinking where also the swelling
experiments pointed to (Table 7).
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Table 9 Mechanical properties of N-G*OPG/P*OLG networks at

70°C
Sample-ID* E (MPa) oy, (MPa) &p (%)
N-P*OLG 1.86 £ 035 3.51+021 470+5
N-G’OPG(1;10)/P*OLG 221 + 042 250 £0.67 275 + 115
N-G?0OPG(1;20)/P*OLG  2.04 + 020 1.61 +£0.23 170 £ 10
N-G’OPG(1;30)/P*OLG 1.67 £ 0.25 137 £0.05 165 £ 35
N-G’OPG(1;50)/P*OLG  1.53 £ 0.13 1.00 + 0.14 100 + 10
N-G’OPG(1;70)/P*OLG 021 + 0.03 0.28 £ 0.06 225 + 45

? For identification of the networks see Table 7 note a

4 Conclusion

Two concepts for the incorporation of a second amorphous
phase in the synthesis of multiphase copolyesterurethane
networks were investigated. In the first concept the cross-
linking of the G’OPG-bl-OLG prepolymers containing
both segments lead to polymer networks with one glass
transition representing a mixed phase. In these polymer
networks phase segregation is structurally hindered. Phase
segregated polymer networks were obtained applying the
second concept where two different prepolymers repre-
senting the two different segments were crosslinked with
diisocyanate. These N-G’OPG/P*OLG networks possess
two distinct glass transitions with one 7, between —59 and
—25°C and the second T, between 39 and 53°C as well as
good elastic properties with &, up to 500%. It has been
shown that the mechanical properties could be adjusted by
independently altering the two parameters content and
molecular weight of the G’OPG segments. With these
polymers a promising new group of degradable biomate-
rials is available with properties being adjustable to meet
the requirements of numerous medical applications.
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