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ABSTRACT: Different polyurethane (PU) were synthe-
sized from e-polycaprolactone diol, 4,40-diphenyl methane
diisocyanate (MDI) and bis(2-hydroxyethyl)terephthalate
(BHET), using a two-stepmethod and a one-stepmethod pro-
viding regular and random distributions of starting mono-
mers in the PU chains. Evenwith an identicalmolarmonomer
composition, the properties of obtained PU are different
depending on the method of synthesis. The structure of PU

was characterized by 1H and 13C-NMR and Fourier transform
infrared spectroscopy (FTIR). The thermomechanical proper-
ties of synthesized PU were also studied demonstrating the
influence of aromatic ring in themacromolecular chain.VC 2009
Wiley Periodicals, Inc. J Appl Polym Sci 115: 3651–3658, 2010
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INTRODUCTION

The development of biodegradable polyurethanes
(PUs) has drawn much attention last two decades
for their excellent physical properties, their biocom-
patibility and biodegradability.1–8 These materials
are mainly used in biomedical field as the suture
yards,9,10 controlled release systems of active ingre-
dients,11,12 implants for orthopaedic surgery13,14 and
in tissue engineering.14,15

PU materials are composed of flexible segments
and rigid segments. The flexible and soft segment is
usually an amorphous prepolymer diol of molecular
weight relatively high. The rigid segment is com-
posed of a diisocyanate and a diol, and both have low
molecular weight. The composition or the ratio of
flexible to rigid segments lends a wide range of physi-
cal properties to PU materials. Many authors16–21

have studied the morphology, the thermal and me-
chanical properties, the permeability of PUs and their
biodegradability depending on their composition in
flexible and hard segments, the nature and the mo-

lecular weight of the flexible segment, as well as
their synthesis method.
The biodegradable PU are synthesized by incorpo-

rating flexible segments which are able to be hydro-
lyzed, such as poly(e-caprolactone) (PCL), poly(lac-
tide), poly(glycolide), and poly(alkyl adipate).1–15

The PU based on PCL has been widely studied.
Indeed, PCL is a linear aliphatic polyester, semicrys-
talline, hydrophobic, biocompatible, bioresorbable,
and biodegradable. Moreover, it is characterized by
a degradation time in vivo which is remarkably long
compared to polylactide. In addition, PCL has a
very light inflammatory response with tissue.22

PCL is also interesting in the field of environment,
especially in the packaging. However, the latter
application remains restricted because PCL suffers
from a number of disadvantages, notably a limited
service temperature induced by its low melting tem-
perature and a low Young’s modulus.
According to the literature,23–26 the introduction of

terephthalic units (TU%) in the structure of polyest-
ers improves their physical properties. The poly
(butylene adipate-co-terephthalate) is one of the
copolyesters which has been widely studied and
marketed under the name of EcoflexV

R

. Witt et al.24

have shown that this copolyester has good mechani-
cal and thermal properties when the molar concen-
tration of terephthalic acid is superior to 25%, but its
rate of biodegradation declines sharply at a concen-
tration higher than 50%. Therefore, the ratio of
aliphatic and aromatic units must be chosen
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judiciously for syntheses. For a terephthalic acid
molar concentration between 25 and 50%, the copo-
lyesters reach a good compromise between biode-
gradability and properties of use.

In this study we planned to synthesize new poly-
condensates based on PCL. Their structure contains
urethane groups and aromatic rigid segments in lim-
ited quantities to preserve the polymer biodegrad-
ability. For these syntheses, 4,40-diphenylmethane
diisocyanate (MDI) and bis(2-hydroxyethyl) tereph-
thalate (BHET) as a chain extender will be used. Dif-
ferent molar ratios of the initial mixture [dihydroxy
oligomers]/[diisocyanate] will be studied. These
conditions enable us to obtain PUs with different
structures and properties. This article describes dif-
ferent synthesized PUs and their thermal, mechani-
cal and wetting properties.

EXPERIMENTAL

Materials and syntheses

Reagents

PCL diol (2000 g/mol), 2-hydroxyethyl terephthalate
(BHET) were supplied by Aldrich and kept in a vac-
uum desiccator in the presence of P2O5. 4,4

0-diphe-
nylmethane diisocyanate (MDI), tetrahydrofurane
(analysis grade) (THF) and chloroform (analysis
grade) (CHCl3) were also purchased from Aldrich.
MDI might dimerize at room temperature, therefore
it was stored in a refrigerator at �10�C.

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, 5.26 g (0.021 mol) of MDI and 15 mL of THF
were simultaneously introduced. The mixture was
heated at 60�C for 2 h.

In the second stage, a solution of 2.54 g (0.01 mol) of
BHET in 10 mL of THF was added. The mixture was
then heated at 60�C for 3 h. THF was removed by heat-
ing at 80�C.A solid PUwas obtained and PU filmswere
prepared by casting using chloroform as a solvent.

One-step synthesis of random polyurethane PUi

In a 250 mL reactor, equipped with a mechanical agita-
tion and a supply of nitrogen, PCL, BHET, MDI solubi-
lized in 20 mL of THF were simultaneously intro-
duced. The mixture was heated at 60�C for 5 h. THF
was then removed by heating at 80�C. PU films were
prepared by casting using chloroform as a solvent.

Preparation of films by casting

In a beaker, 10 g of PU to 50 mL of chloroform was
introduced. After complete polymer solubilization,
the solution was poured into a petri dish. The sol-
vent was evaporated at 30�C for 2 h. PU films were
dried under vacuum for 48 h.

Techniques

Fourier transform infrared spectroscopy

The fourier transform infrared spectroscopy (FTIR)
spectra were recorded on an FTIR 8400 SHIMADZU
between 4000 and 600 cm�1 with a resolution of 4
cm�1. Samples were in film form. The number of
scans was 20 for each sample.

Nuclear magnetic resonance

The 1H and 13C-NMR spectra were recorded on a
Bruker spectrometer Spectrospin 250 MHz. The sol-
vent used was CDCl3. Chemical shifts are given in
ppm relative to Tetramethylsilane (TMS) as an inter-
nal reference.

Size exclusion chromatography

The size exclusion chromatograms (SEC) were
recorded on an IOTA2 equipped with a Jasco PU-
980 Intelligent HPLC pump and a column PLgel 5
um MIXED-D 300 � 7–5 mm (VARIAN INC). The
eluent phase was chloroform and the flow rate was
1 mL/min. Samples were injected using an injector
of the Agilent 100 Series. Molar masses were
determined by using monodisperse polystyrene
standards.

Scheme 1 Structure of prepolymer obtained by reaction of a diisocyanate (MDI) and a diol (PCL).
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Differential scanning calorimetry

The Differential scanning calorimetry (DSC) analyses
were performed with a 204 F1 NETZSCH apparatus.
Experiments were carried out under nitrogen with
samples ranging from 15 to 20 mg. A heating scan
was conducted from �80 to 250�C with a heating
rate of 10 K/min. Glass transition temperature was
taken as the midpoint of heat capacity change.

Contact angle measurements

Contact angles were measured on a Dataphysics—
Contact Angle System OCA. A drop of water was
deposited on films. The contact angle yi was meas-
ured 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 10 drops.

Mechanical properties

Mechanical tests were carried out with a machine of
type MTS Adamel Lhomargy-DY35XL equipped
with a load cell of 500N on shaped dumbbell type

H3 samples (ISO 37, 34 mm of length, and 4 mm of
width). Tensile speed was 10 mm/min, at room tem-
perature. The curves obtained enabled us to access
the Young’s modulus, tensile strength and elonga-
tion at break. For each sample, mechanical proper-
ties were obtained from the average of tests on 10
specimens.

RESULTS AND DISCUSSION

Preparation and characterization of PU films

Two-step synthesis of segmented polyurethane PUo

To control the distribution of PCL and BHET along
the polymer chain, a segmented PUo was initially
synthesized by the method of prepolymers. The first
step in this synthesis was the condensation between
the a,x-dihydroxy oligomers of PCL and MDI
(Scheme 1). The initial molar reagent ratio [MDI]/
[PCL] was 2.1. The excess of MDI enables a prepoly-
mer with NCO groups at both chain ends to be
obtained.
The FTIR spectrum of PU prepolymer obtained

(Fig. 1) clearly shows the formation of urethane

Scheme 2 Structure of prepolymer extended with BHET diol.

Figure 1 FTIR spectrum of reagents and prepolymer obtained by reaction of a diisocyanate (MDI) and a diol (PCL).
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groups by the presence of absorption bands at 3342
and 1531 cm�1 due to elongation and deformation
vibrations of NAH bond, respectively. The presence
of the absorption band at 1724 cm�1, characteristic of
the valence vibration of C¼¼O bond in urethane
groups and ester groups is also noticed. Moreover,
the band at 1597 cm�1 characterizes the aromatic ring
vibration. FTIR analysis also reveals the presence of a
band at 2268 cm�1 corresponding to the isocyanate
function. These results confirms that NCO terminated
PU prepolymers have been obtained.

In second step, BHET was used as a chain ex-
tender (Scheme 2). At the time when BHET was
added, the solution became slightly cloudy, probably

due to a segregation phase in the material relating to
soft and hard domains.21

On the FTIR spectrum of PUo (Fig. 2), the charac-
teristic band of isocyanate group at 2268 cm�1 com-
pletely disappears. This fact affirms that the chain
extension was complete. Besides, the appearance of
an intense band at 3325 cm�1 characteristic of va-
lence vibration of bound NAH linkage and a band
at 731 cm�1 characteristic of aromatic CAH linkage
deformation is clearly observed. These results con-
firm that the PUo synthesis was successful and the
chemical structure of PU is well that expected.
In Figures 3 and 4, 1H and 13C-NMR spectra of

PUo and the attribution of different signals are

Figure 3 1H-NMR (250 MHz, CDCl3) spectrum of PUo. [Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com]

Figure 2 FTIR spectrum of prepolymer, BHET and PUo.
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given. All expected signals of protons and carbon
atoms are clearly noted. Furthermore, the integration
of all proton peaks shows that the structure of PUo
corresponds to that illustrated in Figures 3 and 4.

From the 1H-NMR spectrum and according to eq.
(1), the TU% composition can be estimated from the
integration of BHET aromatic protons at 8.02 ppm,
MDI methylene protons at 3.88 ppm and four central
protons of PCL at 3.62 ppm. After calculation, the
TU% value found for PUo is 27%.

TU% ¼ I8:02
I8:02 þ I3:62 þ 2I3:88

� 100 (1)

where I is the integration value of signals at these
ppm.

This value is consistent with the theoretical value
(25%). Moreover, the number average molecular
weight determined by SEC, using polystyrene stand-
ards, is 34,280 g/mol with a polydispersity index
equal to 1.56. This latter result shows that the syn-
thesis in two stages leads to a PU with a relatively
narrow molar mass distribution.

One-step synthesis of random polyurethane PUi

To obtain various structures and properties of PUs,
different initial molar mixtures of dihydroxy oligom-
ers (II), BHET (III) and diisocyanate (I) were used.
These syntheses are illustrated in Scheme 3 where x
and y stand for number of monomer moles.

FTIR, 1H and 13C-NMR spectra of the obtained PU
are identical to those previously recorded for PUo,
the same signals were found at same chemical shifts.
From 1H-NMR spectra, TU% in each PU was calcu-

lated according to eq. (1). Table I collects initial
molar reagent ratios, composition of PU in TU%
determined by 1H-NMR, number average molar
mass Mn, weight average molar mass Mw and poly-
dispersity index (Iw). In addition, we can note that
PU1 synthesized by one-step route has a Mn approx-
imately twice that of PUo synthesized by two-step
route, in spite of their same molar composition.
The results obtained (Table I) show that all poly-

condensation reactions were quantitative. For each
PUi, the composition of PUs in TU% is almost equal
to the percentage of BHET initially introduced in the
reaction mixture. Therefore, we can conclude that all
syntheses were effective to insert hard segments
according to the desired concentration.

Study of properties

Thermal properties

Figure 5 represents the DSC thermograms of various
PUs obtained during the first scan. There is an
increase in melting temperature of flexible segments
when the composition of PU in TU% rises to 35.80%.
Indeed, the melting temperature of PU1 with 26.50%
is 46.7�C, it shifts to 54.1�C in the case of PU3 with
35.80%. This behavior can be explained by the pres-
ence of numerous aromatic rings in the structure of
PU, they come not only from BHET molecules but

Scheme 3 Synthesis of PUi. x and y are number of moles
of monomers.

Figure 4 13C-NMR (CDCl3) spectrum of PUo.
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also from MDI molecules. Besides, PU5 with a low-
est TU% composition has a highest melting tempera-
ture, we can see that it is the poorest in aromatic
rings (Tables I and II). The highest melting tempera-
ture for PU5 may be attributed to highest soft seg-
ment content. Furthermore, PU5 shows clearly the
presence of two melting peaks, due probably to two
different crystalline morphologies generated by the
influence of two different chemical structures of
MDI and BHET. The TU% concentration influences
not only the melting temperature, but also the melt-
ing enthalpy of soft segments. Indeed, in the case of
PU1 and PU3, the soft segment melting enthalpy
(DHms) decreases from 24.89 to 21.81 J/g when TU%
increases from 26.5 to 35.80%. At the same time,
there is an emergence of a melting peak at 189.3�C
due to rigid segments of PU3 with the highest TU%
value equal to 37.5% (Table II).

Besides, we can observe the appearance of a little
exothermic peak located at about 25�C, probably
due to the crystallization of flexible segments. The
intensity of this peak is relatively slight for PU with
a value of TU% superior to 25%, and becomes insig-
nificant for PU4 and PU5 which have the TU% val-
ues inferior to this value (Fig. 5, Table II).

By comparing the thermal transitions of PU1 and
PUo, both contain the same composition in TU%,
they have identical thermal behavior. Thus, thermal
properties of PU are not influenced by the method
of synthesis.

After a rapid cooling, samples underwent a sec-
ond rise in temperature. We can see on the thermo-
grams obtained (Fig. 6) that the flexible phase is no
longer pure as it was initially, now it contains rigid
segments (MDI-BHET) which have not had time to
separate more fully because of the rapid cooling
applied to the sample. This fact explains the absence
of endothermic melting peaks of flexible segments
and rigid segments in PUs having TU percentage
less than 37%, such as PUo, PU1, PU2, and PU4. The
PU5 sample presents a comportment completely dif-
ferent, an important flexible segment exothermic
crystallization peak followed by a melting peak in
the temperature range from 25 to 50�C. We can note

that this sample contains a lowest value of TU%.
The thermogram of PU4 shows a similar feature but
both exothermic crystallization and endothermic
fusion are hardly seen. PU3 with the highest value
of TU% shows a crystallization peak followed by a
melting peak of hard segments in the temperature
range between 100 and 170�C.
Table II collects the glass transition temperatures of

various PU and PCL determined during second scan
and the melting temperature of flexible segments
determined during first scan. For PU1, PU2, and
PU3, Tg and Tm of flexible segments increase with
increasing TU%. Some authors20,21 explain this phe-
nomenon by strong interaction between flexible and
hard segments. The presence of aromatic ring in hard
segments could favor the intermolecular interactions
with flexible segments and their crystal growth.

Hydrophobic properties

Contact angle measurement gives an idea of material
surface polarity. The hydrophobic nature of PUs was

Figure 5 DSC analysis of different PU during the first
scan.

TABLE I
Composition and Average Molar Weight of Different PU

PU
MDI/PCL/

BHET (TU%)the

% PCL
in PU (TU%)exp

Mn

(g/mol)
Mw

(g/mol) Iw

PUo 2/1/1 25 72.61 27 34,280 53,476 1.56
PU1 2/1/1 25 72.61 26.50 63,298 84,710 1.34
PU2 3/1/2 33.33 61.37 31.50 36,288 64,784 1.76
PU3 4/1/3 37.5 53.12 35.80 14,162 32,498 2.29
PU4 3/2/1 16.66 79.92 15.25 41,949 71,176 1.71
PU5 4/3/1 12.15 82.7 11.70 35,182 59,226 1.68

(TU%)the, theoretical value; (TU%)exp, experimental value.
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determined by their contact angle measured with
water. The values of contact angle obtained (Table
II) increase with the percentage of BHET in PUs.
This result means that the hydrophilic character of
films decreases as the percentage of BHET increases.
This is mainly due to the hydrophobic character of
phenyl rings. Indeed, PU5 with the lowest TU% is
the most hydrophilic. Besides, PUo and PU1, both
having a same molar composition, but a different
monomer unit distribution along polymer chain, do
not have the same contact angle value. PU1 (yi ¼
98�) is more hydrophobic than PUo (yi ¼ 102�). This
result is probably due to the hydrophobic nature of
aromatic rings in BHET which are randomly distrib-
uted on the polymer chain of PU1 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 composi-
tion in BHET is identical.

Mechanical properties

The stress–strain curves of PU are shown in Figure
7. The numerical values of data are collected in Ta-
ble III. All curves show the resilience of the sample
at break. They have three types of behavior. The
first, at low deformation, is attributed to the elastic
deformation which characterizes the elastomer
phase.27 The second, for plastic deformation between
200 and 400%, characterizes all materials studied
and is due to shear-induced crystalline fragmenta-
tion. In the last, for deformations higher than 400%,
there is an increase in stress which can be attributed
to the crystallization of flexible segments. Similar
results were found in the case of PCL-based PUs.28

An increase in hard segment content in PUs
improves their mechanical properties. Effectively,
hard segments can act as a material reinforcing or
physical crosslinking in the whole polymer network.
Indeed, the Young’s modulus increases as TU%
increases (Table III), from 10 MPa for PU1 to 20.35
MPa for PU3. The highest Young’s modulus is
observed for PU5. At this stage of study we can not
explain this result which is due perhaps to the pres-
ence of high molar concentration of MDI and despite
its lowest value of TU%. Probably, both MDI and
BHET molecules contribute to this high value of the

Figure 6 DSC analysis of different PU during the second
scan. Figure 7 Stress–strain curves of PU films.

TABLE II
Contact Angle, Melting Point, Glass Transition Temperature and Heat of

Crystallization (DHc) and Fusion (DHms) During the First and the Second Scan of PU

PU Tg (�C) Tm (�C)

DH1 (J/g) DH2 (J/g)

Contact angle (�)DHc DHms DHc DHms

PCL �65.7 59.2 0 98.64 0 81.73 –
PUo �28.3 50.9 0 36.29 0 0 98.1 6 3.3
PU1 �28.2 46.7 3.59 34.28 0 0 101.2 6 2.1
PU2 �28 50.9 5.46 37.51 0 0 103.1 6 40
PU3 �13.4 54.1 0 41.06 0 0 107.2 6 1.30
PU4 �37.8 47.7 0 39.26 0.84 1.55 99.5 6 1.5
PU5 �45.1 56.2 0 62.89 51.38 48.54 83.8 6 3.2

DH1, heat during the first scan; DH2, heat during the second scan; DHms, melting heat
of soft segments.
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Young’s modulus of PU5. Furthermore, the lowest
elongation at break of PU3 can be attributed to its
low molecular weight.

CONCLUSIONS

The syntheses of PU were implemented in two
ways. The first is a two-step synthesis giving a PU
with an ordered and regular distribution of three
components MDI/PCL/BHET. In the meanwhile,
the second synthesis, one-step method, yields a ran-
dom copolymer. Even with an identical molar com-
position of monomers, having two different methods
of synthesis produces two PUs with different prop-
erties, such as molar masses, mechanical properties,
etc. The 1H and 13C-NMR spectra confirm the
expected structures of all PU, as well as the FTIR
spectroscopy. The thermal and mechanical character-
izations highlight the influence of BHET and hard
segment content. They enhance the thermomechani-
cal properties of PUs, due to the presence of aro-
matic rings in their molecules.

The authors are indebted to Philippe Dony for his technical
assistance.
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