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Abstract Different polyurethanes (PU) were synthesized from polycaprolactone
diol, 1.6-hexamethylene diisocyanate and bis(2-hydroxyethyl)terephthalate, using a
two- and one-step methods providing regular and random distributions of starting
monomers in the polyurethane chains. Even with an identical molar monomer
composition, the properties of obtained PU are different depending on the method of
synthesis. The chemical structure of PU was characterized by 'H and '>°C NMR
spectroscopy, as well as by FTIR and UV-Visible spectroscopy. The thermo-
mechanical and hydrophilic properties of synthesized PU were also studied dem-
onstrating the influence of aromatic ring in the macromolecular chain.

Keywords Polyurethane - Poly(e-caprolactone) - Biodegradable polymer -
Thermo-mechanical properties

Introduction

The segmented polyurethanes (PU) can be considered as multiblock copolymers
composed of flexible segments and tough, rigid segments. These two segments are
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thermodynamically immiscible, leading to a phase separation and the formation of
rigid and flexible domains [1-5]. Many authors [6—14] have studied the morphol-
ogy, thermal, mechanical and wetting properties of PU depending on the chemical
composition of their structure, the type and molecular weight of soft segments and
the method of synthesis. These materials have been used to obtain elastomers
[3, 15-17], foams [18], coatings [19] and fibres [20].

Currently, biodegradable polyurethanes experience large growth due to their
excellent physical properties, biocompatibility and biodegradability [10, 21-29].
They are widely used in the medical field as yards of sutures [30, 31], controlled
release systems of active ingredients [32, 33], implants for orthopaedic surgery [21,
34] or in tissue engineering [35, 36]. Biodegradable polyurethanes are synthesized
by incorporating flexible segments which are able to be hydrolysed such as poly
(e-caprolactone) (PCL), poly(lactide), poly(glycolide) and poly(alkyl adipate) [21—
36]. The polyurethanes based on PCL have been widely studied. Indeed, PCL is
linear aliphatic polyester, semi-crystallin, hydrophobic, biocompatible, bioresorb-
able, biodegradable and characterized by the degradation time in vivo which is
remarkably long when compared to poly(lactide). In addition, PCL has a very mild
inflammatory response with tissues [37].

PCL is also interesting in the field of packaging. However, this application
remains restricted because the PCL suffers from a number of disadvantages,
notably a limited service temperature induced by its low melting temperature and
a low Young’s modulus. According to the literature [38—41], the introduction of
terephthalic units in the structure of polyester improves its physical properties.
Poly(butylene adipate-co-terephthalate) is one of the copolyesters which has been
widely studied and is marketed under the name of Ecoflex®. Witt et al [39]
showed that this copolyester has good mechanical and thermal properties when the
molar concentration of terephthalic acid is superior to 25%, but its rate of
biodegradation declines sharply at a concentration higher than 50%. Therefore, the
ratio of aliphatic and aromatic monomers must be chosen judiciously for
syntheses. For a terephthalic acid molar concentration between 25 and 50%, the
copolyesters reach a good compromise between biodegradability and properties of
use.

bis(2-Hydroxyethyl)terephthalate (BHET) is a commercial low molecular weight
diol with a terephthalic unit and can be used as a chain extender in the development
of PU materials. Robin and co-workers [42] used BHET to synthesize polyurethanes
miscible with PVC; the mixture of two polymers possesses good mechanical
properties.

In this study, we planned to improve the performance of the PCL by synthesizing
polycondensates, the structures of which contain urethane links and aromatic rigid
segments in limited quantities to preserve the biodegradability of the polymers.
During these syntheses, BHET was used as low molecular weight diol and the molar
of the initial mixture [oligomers dihydroxy]/[diisocyanate] was varied. These
conditions enabled us to obtain polyurethanes with different structures and
properties. This article describes different synthesized polymers and their thermal,
mechanical and wetting properties.
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Experimental part
Equipments and syntheses
Reagents

Poly (e-caprolactone) diol (PCL) (number average molecular weight 2000 g/mol)
and BHET were purchased from Aldrich and kept in a vacuum desiccator in the
presence of P,Os. 1,6-Hexamethylene diisocyanate 98% (HDI), tetrahydrofurane
(THF), chloroform (CHCIl3) and dibutyl tin dilaurate (DBTDL) were also supplied
by Aldrich. All reagents were used without further purification.

Two-step synthesis of segmented polyurethane PUO

In a 250-mL reactor, equipped with a mechanical agitation and a supply of
nitrogen, 20 g (0.01 mol) of PCL, 3.53 g (0.02 mol) of HDI and 15 mL of THF
were introduced. The mixture was heated to 60 °C until all products fused. The
catalyst, DBTDL (0.3 wt%), was then introduced to the reaction mixture. The
reaction remained at this temperature for 2 h. 2.54 g (0.01 mol) of BHET in
10 mL of THF were added. After 3 h of reaction, the temperature was risen to
80 °C to remove THF. A solid polymer was obtained and polymer films were
prepared by casting.

One-step synthesis of random polyurethane PUi

In a 250-mL reactor, equipped with a mechanical agitation and a supply of nitrogen,
PCL, BHET, HDI and 20 mL of THF were simultaneously introduced. The mixture
was heated to 60 °C until all products fused. The catalyst (DBTDL) was then
introduced. After 5 h of reaction, the reaction mixture was heated to 80 °C to
remove THF and films were prepared by casting using chloroform as a solvent
according to the conditions described below. The molar ratios of reagents used are
given in Table 1.

Table 1 Theoretical and experimental compositions of PU

PU HDI/PCL/BHET (TU%) e % of PCL in PU (TU%)exp
"H-NMR UV-visible

PUO 21111 25 81.5 23 27

PUI1 2/1/1 25 81.5 224 25.9

PU2 3112 333 71.2 28.2 30.3

PU3 a1/3 375 63.3 33.7 33.7

PU4 3211 16.7 87.8 14.3 15.1

PU5 4/3/1 12.2 90.2 12.1 14.6

TU%. theoretical value, TU%.,., experimental value
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Preparation of films by casting

In a beaker, 10 g of polymer were introduced to 50 mL of chloroform. After
complete polymer dissolution, the solution was poured into a petri dish. The solvent
was evaporated at 30 °C for 2 h. Films were dried under vacuum for 48 h.

Techniques
Fourier Transform Infrared Spectroscopy (FTIR)

The IR spectra were recorded on an FTIR 8400 SHIMADZU between 4000 and
600 cm~' with a resolution of 4 cm™'. The number of scans was 20 for each
sample. Samples were in film form.

Nuclear magnetic resonance

'H and "*C NMR spectra were recorded on a Bruker spectrometer 250 MHz, at
room temperature. The solvent used was CDCl;. Chemical shifts are given in ppm
relative to TMS as an internal reference.

UV-visible absorption spectroscopy

Measurements were carried out using an UV-Visible absorption spectrometer
UVIKON 932 with double beam, deuterium and tungsten lamps. It can operate on a
range of wavelengths between 190 and 900 nm. Parallelepiped quartz cells with a
length and width of 1 cm and a height of 5 cm were used. Dilute solutions (1 g/L) in
chloroform were prepared and placed in measurement cells. The measurements
were carried out within a wavelength range of 200-400 nm. The maximum
absorption of BHET is at 285 nm. The terephthalic unit percentage in polyurethanes
was calculated using a calibration curve performed with solutions of different
concentrations in BHET (0.1, 0.2, 0.3 and 0.4 g/L) and the absorption intensity at
285 nm.

Size exclusion chromatography (SEC)

The size exclusion chromatograms were recorded on an IOTA2 apparatus supplied
by JASCO with a PU-980 Intelligent HPLC pump. The columns employed were
PLgel 5 pm MIXED-D 300 x 7.5 mm, VARIAN INC. The mobile phase was
chloroform and the flow was 1 mL/min. Samples were injected using an injector of
the Agilent 100 Series. Molar masses were determined in relation to monodisperse
polystyrene standards.

Differential scanning calorimetry (DSC)

The DSC analyses were performed with a 204 F1 NETZSCH apparatus.
Experiments were carried out under nitrogen with samples ranging from 15 to
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20 mg. The temperature range was between —80 and 250 °C, with a heating rate of
10 K min~'. Glass transition temperature was taken as the midpoint of heat
capacity changed.

Thermogravimetric analyses (TGA)

To assess the thermostability of polymers, TGA were performed. These tests
provide the mass loss of a sample during heating. The TGA tests were performed on
a TG 209 F3 NETZSCH 51 apparatus. About 15 mg of the sample was put in a
ceramic pan and heated from 30 to 600 °C under nitrogen purge, with a temperature

ramp of 10 K min~".

Contact angle analyses

Contact angles were measured on a Dataphysics—Contact Angle System OCA. A
drop of water was deposited on films. The contact angle 0; was measured after
stabilization of the drop spreading by means of a camera connected to a software
image analysis. The contact angle values were obtained from the average of tests on
ten drops.

Mechanical properties

Mechanical tests were carried out with a machine of type MTS Adamel Lhomargy-
DY35XL equipped with a load cell of 500 N, on shaped dumbbell-type H3 samples
(ISO 37, 34 mm of length and 4 mm of width). The tensile speed was 10 mm/min,
at room temperature. The curves obtained enabled us to access the Young’s
modulus, tensile strength and elongation at break. For each sample, the mechanical
properties at break of the material were obtained from the average of tests on ten
specimens.

Results and discussions
Preparation and characterization of PU films
PU synthesis in two steps

To control the distribution of PCL and BHET along the polymer chain, a segmented
polyurethane (PUQ) was initially synthesized by the process of prepolymers. The
first step in this synthesis was the condensation between the «,w-dihydroxy
oligomers of PCL and HDI (Scheme 1). The initial molar reagent ratio [HDI]/[PCL]
was 2:1. The excess of HDI enables a prepolymer with NCO groups at both chain
ends to be obtained.

The FTIR spectrum of the prepolymer obtained (Fig. 1) shows the formation of
urethane groups by the presence of absorption peaks at 3319 and 1531 cm™" due to
the valence and deformation vibrations of the N—H bond, respectively. Moreover, a
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Scheme 1 Structure of prepolymer obtained by reaction of a diisocyanate (HDI) and a diol (PCL)
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Fig. 1 FTIR spectrum of diisocyanate (HDI), diol (PCL) and prepolymer obtained by their reaction

band at 1674 cmfl, characteristic of the valence vibration of C=0 bond in the
urethane group, is observed. The band at 1728 cm™' characterizes C=0 bond of
ester groups. The FTIR analysis also reveals the presence of a band at 2268 cm ™
corresponding to the isocyanate function. These results confirm that NCO
terminated polyurethane prepolymers have been obtained.

In the second step, BHET was used as a chain extender (Scheme 2). At the time
when BHET was added, the solution became slightly cloudy, probably due to phase
segregation in the material [7].

On the FTIR spectrum of PUO (Fig. 2), the characteristic band of isocyanate
groups at 2266 cm™ ' disappears completely. The appearance of two intense bands
3310 and 1541 cm_l, characteristic of valence and deformation vibrations of the
N-H bond, respectively, is also noted. Moreover, a band at 727 cm ™! characteristic
of aromatic C—H bond deformations of BHET moieties is clearly observed.

In Figs. 3 and 4, "H and '>C NMR spectra of PUO and the assignation of different
peaks are shown. All expected signals of protons and carbon atoms are present, thus
confirming the structure of PUO illustrated in Scheme 2.

@ Springer



Polym. Bull. (2011) 66:391-406 397

H (6]
i
OCN (CHZ)G,*I‘\I*‘C‘{:O'(CH) +0(CHZCHZO)2<{C (CH,)5—O J» (CHv)GfNCO
6 n/2 I
HO*CHZ*CHZ—O—COO*$*CH3—CH2*OH (IIT)
o]

I
o)
H w u i ' ?
(CHy)e— N- ¢ O(CHz)s O(CHaCHZO)r{C (CHy)s- J»c N (CHZ)(, N-C-0~(CH,),0~C @*C*O'(CHZ)Q o
2 n/2
P
PUo

Scheme 2 Structure of prepolymer extended with BHET diol
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Fig. 2 FTIR spectrum of prepolymer, BHET and PUO

From the 'H NMR spectrum, we assessed the composition of terephthalic units
(TU%) in polymers from the peak integration of aromatic protons (8.02 ppm), 4
methylene protons in o of urethane group (3.08 ppm) and 4 central protons of PCL
(3.62 ppm). After calculation according to Eq. 1, the TU% value found for PUO is
23%.

Is 0

TU% = x 100 1
" T Isor + Bos + Big m

where I, is the integration value of the signal located at x ppm.

The TU% of PUO was also determined by UV-visible spectroscopy from the
absorption intensity at 285 nm, the value obtained is 27% (Table 1). It is consistent
with the theoretical value (25%) and the value determined by '"H NMR (23%).
Moreover, the number average molecular weight determined by SEC, using
polystyrene standards, is 39200 g/mol with a polydispersity index equal to 1.57. All
results obtained show a good coherence among themselves and the synthesis was
successful for obtaining polyurethane with low molar mass distribution.
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Fig. 4 "*C-NMR (CDCls) spectrum of PUO

PU synthesis in one step

To elaborate these materials, the strategy of synthesis illustrated in Scheme 3 was
adopted. In order to obtain PU with different structures and properties, different
initial molar mixtures of PCL (II), BHET (III) and 1,6-hexamethylene diisocyanate
(I) were used.
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(x +y)(I) + x(II) + y(II) ——— Polyesters-urethane of various properties
according to the values of x and y

Scheme 3 Synthesis of PUi

FTIR, 'H and '>C-NMR spectra of the obtained PU are identical to those
previously recorded for PUOQ, the same signals were found at the same wavelengths
and chemical shifts. From the peak integration of different '"H-NMR spectra, the
value of TU% in polyurethanes was calculated according to Eq. 1. In Table 1, we
report the used initial molar reagents, the composition of polyurethanes obtained in
TU% determined by "H-NMR and UV-visible spectroscopy. These values show
that the polycondensation reactions were quantitative. For each PUi, the TU%
determined by 'H-NMR and UV-visible is almost equal to the theoretical
percentage of BHET initially introduced in the reaction. We can therefore conclude
that the strategy of introducing terephthalic units to the PCL structure is effective.

Table 2 gathers the values of number average molar mass M,,, weight average
molar mass My, and the polydispersity index (/,,) of all PU obtained. All samples
possess a relatively narrow molar mass distribution. In fact, their polydispersity
index is inferior to 2.

At this stage of syntheses, we can compare different polyurethanes obtained. PUO
and PU1 have the same chemical molar composition (Table 1), but differ in the
methods of synthesis. PUO was synthesized using the two-step method and has
average molar masses M,, and M, which are about three times inferior to those of
PU1 which was synthesized using the one-step method (Table 2). This result could
be explained, on the one hand, by the lower reactivity of NCO groups at both chain
ends of the prepolymer obtained in the first step, in comparison with the reactivity of
NCO groups in the HDI molecule. On the other hand, the reactivity of OH groups in
BHET molecule is higher than that of PCL. Thus in the second step, the
consummation of NCO groups of prepolymer could be incomplete, OH groups of
BHET could promptly react leading to short chains. Consequently, the molar masses
of PUO are much lower than those of PUI. In comparison with PU2, PU3 contains
more HDI and BHET (Table 1), this difference leads to the decrease in average
molar masses which are divided by two (Table 2). This could be explained as
follows. The molar masses of HDI and BHET are much lower than those of PCL. As
a result, their high concentration in the case of PU3 leads to the formation of low
molar weight polycondensates. A post-polycondensation should be carried out to

Table 2 Number and mass

average molar weights and PU M, (g mol™) M, (g mol™) D

polydispersity index of PU PUO 39.200 61.500 157
PU1 126,400 200,700 1.59
PU2 101,600 155,200 1.53
PU3 49,000 80,900 1.65
PU4 51,600 104,200 2.02
PU5 97,300 174,800 1.80
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obtain high polymers. To apply the same reasoning to other samples, the average
molar masses of PUS are higher than those of PU4, this result is due to its larger
concentration in PCL.

Property characterization
Analysis by DSC

Table 3 collects the glass transition temperatures 7, of various PU and PCL
determined during the second scan and the melting temperature of flexible segments
during the first scan, as well as their melting enthalpies.

Figure 5 represents the DSC thermograms obtained during the first scan. The
melting peak of flexible segments shifts to low temperatures, from 29.4 °C (PU1) to
23.9 °C (PU2) and 24.1 °C (PU3) when the composition of hard segments increases.
In the same way, the melting enthalpy of flexible segments (AH,s) increases as the
number of hard segments decreases and the PCL percentage increases (Fig. 6).
While pure PCL has a melting enthalpy of 98.64 J/g, PCL in PU becomes more
amorphous. Indeed, the melting enthalpy of PCL soft segments decreases and
stabilizes at around 20 J/g for PU samples with PCL percentage inferior to 80%.
Moreover, the hard segments influence the glass temperature transition of
polyurethanes. In fact, for PU1, PU2 and PU3, there is an increase in T, of flexible
segments as the number of hard segments increases (Table 3). For example, the T,
of PU1 of —48.7 °C shifts to —29 °C for PU3. Some authors [1, 3] explained this
phenomenon by increased interaction between flexible segments and hard segments.
Moreover, we can propose the following hypotheses. First, the observed T, below
room temperature associated with PCL soft segments depends strongly on their
miscibility with the hard domains. Secondly, the increasing number of hard
segments, formed from HDI and BHET and containing highly polar urethane
linkage, acts as thermally reversible and multifunctional crosslinks between the soft
domains. Indeed, other samples with low TU%, such as PU4 and PUS5, have low

Table 3 Contact angle, melting temperature 7}, glass transition temperature 7,, and enthalpies of
crystallization (AH,) and fusion (AH,,) during the first and the second scan of PU

PU T, (°C) T (°C) AH, (J/g) AH, (J/g) Contact angle (°)

AHmfs AFlmhs AHL AI—Imfs

PCL —65.7 59.2 98.7 - 0 81.7 -

PUO -50.9 40.9 26.7 0 7.4 6.3 93.6 + 1.9
PU1 —48.7 29.4 19 7.1 3.7 6.1 103.8 £ 4.2
PU2 —=375 23.9 20.5 239 4.1 0 111.2 £33
PU3 -29 24.1 19.2 28.3 4.5 0 1042 £ 1.3
PU4 —51.8 522 29.8 0 0 333 97.9 £2.0
PUS -50.7 48.6 34.5 0 0 42.9 850+ 24

AH, enthalpy during the first scan, AH, enthalpy during the second scan, AH, crystallization enthalpy,
AH,,;; melting enthalpy of flexible segments, AH,,,, melting enthalpy of hard segments
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Fig. 5 DSC analysis of T +
different PU during the first scan
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Fig. 6 Melting enthalpy of PCL soft segments versus PCL percentage in PU

values of T, at —51.8 and —50.7 °C, respectively. A melting peak also emerges at
156 °C due to hard segments of PU containing more than 25% of TU. The melting
enthalpy (AH,,) of this peak increases proportionally with the number of hard

segments (Table 3).

By comparing the thermal transitions of PUO and PU1, both contain the same
composition in TU% and in flexible segments, have almost the same 7, value, but
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Fig. 7 DSC analysis of
different PU during the second
scan
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the melting of flexible segments in PUO takes place at a higher temperature, 40.9 °C
instead of 29.4 °C. Moreover, the absence of the endothermic melting of hard
segments in PUO is observed (Fig. 5). Thus the thermal properties of PU are
strongly influenced by the method of synthesis which could lead to various polymer
morphologies.

After rapid cooling, the samples underwent a second rise in temperature. We can
see on the thermograms obtained that the (Fig. 7) flexible domain is no longer pure,
it contains rigid segments (HDI-BHET) which have not had time to separate more
fully because of the rapid cooling applied to the sample. In fact, the endothermic
melting peaks of flexible segments and hard segments of PU containing more than
25% of BHET are absent (PU2 and PU3). Moreover, exothermic crystallization
takes place for PU containing 25% or more of BHET. The area of these exothermic
peaks (AH.) remains almost constant with the increasing percentage of rigid
segments in the PU samples (PU1, PU2 and PU3). Besides, PUO and PUI, both
having an identical molar composition, present a similar behaviour during
the second DSC scan. PUO and PU1 present a crystallization peak at —21.9 and
—16.1 °C followed by fusion at 24.7 and 33.7 °C, respectively.

Thermogravimetric analysis
The thermogravimetric curves obtained (Fig. 8) show that all PU samples
decompose with a same mechanism, they are stable up to 260 °C, after that the

first stage of degradation starts. This step most likely corresponds to the degradation
of flexible segments. The second stage begins at 340 °C and depends on the
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Fig. 8 TGA analysis of polyurethanes

composition of PU in terephthalic units. This step is absent in samples containing
more flexible segments, such as PU4 and PUS5. Moreover, with an increasing
percentage of hard segments, the decomposition rate becomes slower towards
elevated temperatures. Thus, the presence of terephthalic units gives polymer
material thermal stability. Effectively, PU3 is the most thermally stable.

Contact angle

The hydrophobic nature of PU was determined by their contact angle with water.
The values obtained (Table 3) show that the polyurethanes become more
hydrophobic as the percentage of BHET increases. In fact, it notes that the
hydrophilic character of the film decreases as BHET increases in PU1, PU2 and
PU3, with a contact angle superior to 100°. Moreover, the hydrophilic character
decreases sharply in the case of ordered polyurethane PUO (0 = 93.6°) in
comparison with random polyurethane PU1 (0 = 103.8°). This result is probably
due to the hydrophobic nature of aromatic rings which are randomly distributed on
the polymer chain of PUIl and are easily agglomerated together. Therefore, this
structure induces a more important hydrophobicity in PU1 than in PUO, in spite of
the fact that their composition in BHET is identical.

Mechanical properties

The stress—strain curves of all polyurethanes give the numerical values of
mechanical characteristics collected in Table 4. All curves show the resilience of
the sample at break. They have three types of behaviour. The first, at low
deformation, is attributed to the elastic deformation which characterizes the
elastomers [43]. The second, for plastic deformation between 300 and 500%,
characterizes all materials studied and is due to shear-induced crystal fragmentation.
In the last, for strains higher than 500%, there is a regular rise of stress which can be
attributed to the crystallization of flexible segments. Similar results were found in
the case of PCL-based polyurethanes [12].

PUO and PU1, despite their identical chemical composition, do not have the same
mechanical properties. PU1, with a random distribution of flexible and hard
segments in the macromolecular chains, has tensile strength and elongation at break
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Table 4 Mechanical properties

of PU Deformation Young’s Stress at

at break (%) modulus (MPa) break (MPa)
PUO 1043 £+ 211 478 + 8.4 10+ 1.2
PU1 1709 + 321 54 +0.6 29.7 + 3.5
PU2 1595 + 374 114+ 1.6 31.5 £ 10.7
PU3 481 £+ 58 239 + 1.7 10.7 £ 0.9
PU4 1955 £ 75 19.2 + 3.3 2334+72
PU5 1850 £ 180 129 +£ 23 32 £ 6.2

superior to those of PUO, which has a regular distribution. Moreover, the Young’s
modulus of PUO is about nine times superior to that of PU1. This is logical owing to
higher molar masses of PU1. For other samples, the tensile strength and elongation
at break decrease as terephthalic units increase and soft segments decrease. These
results confirm well the rigidity of aromatic rings and the softness and flexibility of
PCL. In fact, PU3 having the highest TU% and the lowest percentage of PCL, has
the lowest elongation at break.

Conclusion

The syntheses of PU were implemented in two ways. The first is a two-step
synthesis giving polyurethane with an ordered and regular distribution of three
components HDI/PCL/BHET. While, the second synthesis, a one-step method,
yields a random copolymer. Even with an identical molar composition of
monomers, having two methods of synthesis produces two polyurethanes with
different properties, such as molar masses, mechanical properties, etc. The 'H and
'3C NMR spectra confirm the expected structures of all PU, as well as the FTIR and
UV-visible spectroscopy. The thermal and mechanical characterizations highlight
the influence of hard segments. They contain a highly polar urethane linkage and
hence play an important role in reinforcing fillers thus providing both dimensional
stability and good mechanical properties. The improvement of properties is
therefore most likely due to the increased interaction occurred in PU because of the
increase in hard segments.

Acknowledgments The authors thank the Franco-Moroccan Mixed Committee for the financial support
of this study, in the setting of the Integrated Action no MA/07/176. The authors are indebted to Philippe
DONY for his technical assistance.

References

1. Li F, Hou J, Zhu W, Zhanc X, Xu M, Luo X, Ma D, Kim B (1996) Crystallinity and morphology of
segmented polyurethanes with different soft-segment length. J Appl Polym Sci 62:631-638

2. Ping P, Wang W, Chen X, Jing X (2007) The influence of hard-segments on two-phase structure and
shape memory properties of PCL-based segmented polyurethanes. J Polym Sci B 45:557-570

@ Springer



Polym. Bull. (2011) 66:391-406 405

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

. Furukawa M, Mitsui Y, Fukumaru T, Kojio K (2005) Microphase-separated structure and mechanical

properties of novel polyurethane elastomers prepared with ether based diisocyanate. Polymer
46:10817-10822

. Yen MS, Tsai HC, Hong PD (2007) Effect of soft segment composition on the physical properties of

nonionic aqueous polyurethane containing side chain PEGME. J Appl Polym Sci 105:1391-1399

. Yen MS, Kuo SC (1997) PCL-PEG-PCL triblock copolydiol-based waterborne polyurethane. I.

Effects of the soft-segment composition on the structure and physical properties. J Appl Polym Sci
65:883-892

. Mondal S, Hu JL (2006) Structural characterization and mass transfer properties of polyurethane

block copolymer: influence of mixed soft segment block and crystal melting temperature. Polym Int
55:1013-1020

. Elidrissi A, Krim O, Ramdani A, Ouslimane S, Ameduri B (2006) Elastomers polyurethans: effect of

the concentration in soft sequence on the thermal properties. Phys Chem News 27:124-130

. Abraham GA, Marcos-Fernandez A, San Roman J (2006) Bioresorbable poly(ester-ether urethane)s

from L-lysine diisocyanate and triblock copolymers with different hydrophilic character. Inc J
Biomed Mater Res 76A:729-736

. Lee DK, Tsai HB, Tsai RS, Chen PH (2007) Preparation and properties of transparent thermoplastic

segmented polyurethanes derived from different polyols. Polym Eng Sci 47:695-701

Sarkar D, Yang YC, Lopina ST (2008) Structure-property relationship of L-tyrosine-based poly-
urethanes for biomaterial applications. J Appl Polym Sci 108:2345-2355

Vlad S, Oprea S (2008) Chain extender and diisocyanate amount effects on the thermal, mechanical
and wettability properties of some polyurethane elastomers. e-Polymers 27:1-10

Heijkants RGJC, Van Calck RV, Van Tienen TG, de Groot JH, Buma P, Pennings AJ, Veth RPH,
Schoute AJ (2005) Uncatalyzed synthesis, thermal and mechanical properties of polyurethanes based
on poly(e-caprolactone) and 1,4-butane diisocyanate with uniform hard segment. Biomaterials
26:4219-4228

. Ajili SH, Ebrahimi NG, Ansari M (2008) Rheological study of segmented polyurethane and

polycaprolactone blends. Rheol Acta 47:81-87

Tatai L, Moore TG, Adhikari R, Malherbe F, Jayasekara R, Griffiths I, Gunatillake PA (2007)
Thermoplastic biodegradable polyurethanes: the effect of chain extender structure on properties and
in-vitro degradation. Biomaterials 28:5407-5417

Hepburn C (1992) Polyurethane elastomers, 2nd edn. Elsevier, New York

Clayden NJ, Jayasooriya UA, Stridea JA, King P (2000) Dynamics of polyurethane elastomers by
muon spin relaxation. Polymer 41:3455-3461

Rogulska M, Podkomcielny W, Kultys A, Pikus S, Posdzik E (2006) Studies on thermoplastic
polyurethanes based on newdiphenylethane-derivative diols. I. Synthesis and characterization of
nonsegmented polyurethanes from HDI and MDI. Eur Polym J 42:1786-1797

Frisch CK, Klempner D (1989) In: Eastmond GC, Ledwith A, Russo S, Sigwalt P (eds) Compre-
hensive polymer science, vol 5. Pergamon Press, Oxford, pp 413426

Braun D, Cherdron H, Ritter H (2001) Polymer synthesis: theory and practice. fundamentals methods
experiments. Springer, Berlin

Rudd RG (1992) In: Harper CA (ed) Handbook of plastics, elastomers and composites. McGraw Hill,
New York

Lambda NMK, Woodhouse KA, Cooper SL (1998) Polyurethanes in biomedical applications. CRC
Press, New York, pp 205-241

Cohn D, Stern T, Gonzalez MF, Epstein J (2002) Biodegradable poly(ethylene oxide)/poly(e-cap-
rolactone)multiblock copolymers. Inc J Biomed Mater Res 59:273-281

Hong JH, Jeon HJ, Yoo JH, Yu WR, Youk JH (2007) Synthesis and characterization of biodegradable
poly (e-caprolactone-co-b-butyrolactone)-based polyurethane. Polym Degrad Stab 92:1186-1192
Wang W, Ping P, Chen X, Jing X (2006) Polylactide-based polyurethane and its shape-memory
behaviour. Eur Polym J 42:1240-1249

Lee SI, Yu SC, Lee YS (2001) Degradable polyurethanes containing poly-(butylenes succinate) and
poly(ethylene glycol). Polym Degrad Stab 72:81-87

Reddy T, Hadano M, Takahara A (2006) Controlled release of model drug from biodegradable
segmented polyurethane-ureas: morphological and structural features. Macromol Symp 242:241-249
Borda J, Kéki S, Bodnar I, Nemeth N, Zsuga M (2006) New potentially biodegradable polyurethanes.
Polym Adv Technol 17:945-953

@ Springer



406 Polym. Bull. (2011) 66:391-406

28. Jiang X, Li J, Ding M, Tan H, Ling Q, Zhong Y, Fu Q (2007) Synthesis and degradation of nontoxic
biodegradable waterborne polyurethanes elastomer with poly(e-caprolactone) and poly(ethylene
glycol) as soft segment. Eur Polym J 43:1838-1846

29. Yeganeh H, Jamshidi H, Jamshidi S (2007) Synthesis and properties of novel biodegradable poly(e-
caprolactone)/poly(ethylene glycol)-based polyurethane elastomers. Polym Int 56:41-49

30. Storck M, Orend KH, Schmitzrixen T (1993) Absorbable suture in vascular surgery. Vasc Surg
27:413-424

31. Zhang L, Chu CC, Loh IH (1993) Effect of a combined gamma irradiation and parylene plasma
treatment on the hydrolytic degradation of synthetic biodegradable sutures. J Biomed Mater Res
27:1425-1441

32. Park K, Shalaby WSW, Park H (1993) Biodegradable gels for drug delivery. Technomic, Lancaster

33. Jeong B, Bae YH, Lee DS, Kim SW (1997) Biodegradable block copolymers as injectable drug-
delivery systems. Nature 388:860-862

34. Cohn D, Elchai Z, Gershom B, Karck M, Lazarovich G, Sela J, Chandra M, Marom G, Uretzky G
(1992) Introducing a selectively biodegradable filament wound arterial prosthesis: a short-term
implantation study. J Biomed Mater Res 26:1185-1205

35. Danielsson C, Ruault S, Simonet M, Neuenschwander P, Frey P (2006) Polyesterurethane foam
scaffold for smooth muscle cell tissue engineering. Biomaterials 27(8):1410-1415

36. Peter SJ, Miller MJ, Yasko AW, Yaszemski MJ, Mikos AG (1998) Polymer concepts in tissue
engineering. J Biomed Mater Res 43:422-427

37. Lowry KJ, Hamson KR, Bear L, Peng YB, Celaluce R, Evans ML, Anglen OJ, Allen WC (1997)
Polycaprolactone/glass bioabsorbable implant in a rabbit humerus fracture model. J] Biomed Mater
Res 36:536-541

38. Shaik A, Richter M, Kricheldorf HR, Kriiger RP (2001) New polymer syntheses. CIX. Biodegrad-
able, alternating copolyesters of terephthalic acid, aliphatic dicarboxylic acids, and alkane diols.
Polym Chem 39:3371-3382

39. Witt U, Muller RJ, Deckwer WD (1997) Biodegradation behavior and materiel properties of ali-
phatic/aromatic polyesters of commercial importance. J Environ Polym Degrad 5(2):81-87

40. Lee SH, Lim SW, Lee KH (1999) Properties of potentially biodegradable copolyesters of (succinic
acid-1,4-butanediol)/(dimethyl terephthalate-1,4-butanediol). Polym Int 48:861-867

41. Lim KY, Kim BC, Yoon KJ (2002) Effect of structural characteristic on physical properties of
copolyesters from poly(ethylene terephthalate) oligomer and polycaprolactone. Inc J Polym Sci B
40:2552-2560

42. Lusinchi JM, Pietrasanta Y, Robin JJ, Boutevin B (1998) Recycling of PET and PVC wastes. J Appl
Polym Sci 69:657-665

43. West JC, Cooper SL (1978) Thermoplastic elastomers. In: Eirich FR (ed) Science and technology of
rubber. Academic Press, New York, p 531

@ Springer



	Synthesis and characterization of new polyurethanes: influence of monomer composition
	Abstract
	Introduction
	Experimental part
	Equipments and syntheses
	Reagents
	Two-step synthesis of segmented polyurethane PU0
	One-step synthesis of random polyurethane PUi
	Preparation of films by casting

	Techniques
	Fourier Transform Infrared Spectroscopy (FTIR)
	Nuclear magnetic resonance
	UV--visible absorption spectroscopy
	Size exclusion chromatography (SEC)
	Differential scanning calorimetry (DSC)
	Thermogravimetric analyses (TGA)
	Contact angle analyses
	Mechanical properties


	Results and discussions
	Preparation and characterization of PU films
	PU synthesis in two steps
	PU synthesis in one step

	Property characterization
	Analysis by DSC
	Contact angle
	Mechanical properties


	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


