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Abstract Two series of polyurethane elastomers were synthesized to investigate
what effect does the incorporation of various new chain extenders have on the
mechanical and thermal properties of polyurethane elastomers. The polyurethane
soft segments were based on poly(e-caprolactone) polyol. The hard segment was
based on 1,6-hexamethylene diisocyanate in combination with 2,5-dimethyl-3-
hexine-2,5-diol (DHD), hexaethylene glycol, glycerin, or castor oil. The results
showed that the degradation rate and mechanical properties of the final products can
be controlled through the structure of diol chain extenders or/and hard segment
cross-linking present in the polyurethane elastomers. The DHD-based polyurethane
displayed a relatively low glass transition temperature of —57 °C and a tensile
strength of 11-14 MPa and elongation at break of 600-700%. These kinds of
materials have potential application in many domains.

Keywords Polyurethane elastomers - Chain extenders - Cross-linker -
Mechanical properties

Introduction

Polyurethanes (PUs) are an important class of materials with wide application such
as in coatings, binder resins, fibers, and high-performance elastomeric products.
PU elastomers are multiblock copolymers and exhibit good elasticity even with a
wide variation of hardness. The thermodynamic incompatibility between hard and
soft segments leads to microphase separation, which is responsible for the excellent
elastomeric properties of PUs. Microphase separation, as well as the chemical
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structures of soft and hard segments, the types of extender cross-linked reagents that
were used, crosslink density and reaction conditions all strongly influence the
mechanical properties and thermal stabilities of PU elastomers [1-5]. Choosing a
suitable diisocyanate and chain extender results in various influences on the final
properties of PUs. Mechanical properties of PU elastomers depend strongly on the
ratio of hard and soft segments and the structure or length of chain extenders [6, 7].

For potential utility in biomedical applications it is required to obtain good
biocompatibility and low hydrolytic and enzymatic degradable tendency. In order to
do so, PUs are generally synthesized with soft segments such as poly(e-caprolac-
tone), poly(ester)diol and poly(carbonate)diol and aliphatic diisocyanates which
provide better light stability and better resistance to hydrolysis and thermal
degradation [8-16]. Hard segments usually exhibit inter-chain interactions which
determine the strength of the hard segment and thus the macroscopic properties.
A large amount of hard segment in polymer structure leads to determine higher
hardness and glass transitions [17-19].

It is well-known that inter-urethane hydrogen bonding between the carbonyl and
N-H groups and microphase composition are important parameters for designing
biodegradable materials [9, 20]. The distribution of hydrogen bonds can be
disturbed by the existence of a branched structure of the chain extender or by
chemical cross-links that impeded the free movement of macromolecular chains.

This work describes the catalyst-free synthesis of PUs with various new hard
segments with 1,6-hexamethylene diisocyanate (HDI) and poly(caprolactone) (PCL)
as soft segment. It evaluates the effect that the variation of the chain extending diols’
structure and the cross-linkers’ nature have on the thermal and mechanical properties.
This new group of PUs shows good mechanical properties and processability.

Experimental
Materials

HDI provided by Fluka was used as received. The polydiol was PCL. This polymer
was provided by Aldrich. The polydiol average molecular weight is 2,000 g/mol.
The chain extenders: 2,5-dimethyl-3-hexine-2,5-diol (DHD) [linear formula:
HO-C(CH;),—C =C-C(CH3),—OH] and glycerin (Gly) were provided by Aldrich,
hexaethylene glycol (HEG) [linear formula: H(OCH,CH,)sOH] was provided by
Fluka, castor oil (CO) provided from Aldrich and were used as received. Polyester
and chain extenders were dried under a vacuum until the content of water was below
0.03%.

Methods
Synthesis

As usually done, the synthesis of PU was done by the following procedure and the
moles of added reagents for the various PU are shown in Table 1.
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Table 1 Formulations of the obtained polyurethanes

Designation Molar ratio PCL/HDI/ Chain extenders

samples chain extenders

PU1 1:2:1 2,5-Dimethyl-3-hexine-2,5-diol

PU2 1:2:1 Glycerin + 2,5-dimethyl-3-hexine-2,5-diol
PU3 1:2:1 Castor oil + 2,5-dimethyl-3-hexine-2,5-diol
PU4 1:2:1 Hexaethylene glycol

PUS5 1:2:1 Glycerin + hexaethylene glycol

PU6 1:2:1 Castor oil + hexaethylene glycol

The PUs were synthesized in a two-step polymerization procedure. The average
hard segment (HS) composition was controlled by the molar ratios of poly-diol/
HDI/diol and triol of chain extenders and by the nature of diol and triol used in the
synthesis. The OHg;,/OH,;o ratio used was of 1/1 in each of the synthesized PU
samples. The synthesis of PUs was performed in a 500 mL glass reactor at normal
pressure, under a nitrogen blanket and vigorous agitation. The NCO/OH ratio of all
formulations was shown in Table 1.

Polyester diol was reacted with a diisocyanate at 80 °C for 2 h, in order to yield a
prepolymer that was mixed in the second step with chain extenders at 80 °C for
10 min. The progress of the reaction was monitored by measuring the infrared
absorption of the isocyanate band at 2,200-2,300 cm~! and the reaction was
considered to be complete when this band disappeared. The resulting material was
poured into a mold and left to cure at 80 °C for 20 h. Under these conditions, the
addition of catalysts was not necessary. PU sheets thus prepared were used for the
determination of mechanical and physical properties and for the thermal resistance
study.

Measurements

The FTIR spectra were recorded on a Bruker VERTEX 70 Instruments equipped
with a Golden Gate single reflection ATR accessory. The spectra were recorded in
the range of 600—4,000 cm™' with a nominal resolution of 4 cm™".

The thermal stability of PUs was tested in an air atmosphere by thermogravi-
metric analysis (TGA) using a DERIVATOGRAF Q-1500 D apparatus (Hungary).
The rate of TGA scans was 10 °C/min. The initial weight of the samples was about
50 mg and the temperature range was 30-700 °C.

A differential scanning calorimeter (DSC) type DSC-7 Perkin-Elmer was used
for thermal analysis and was operated at a heating rate of 10 °C/min. The thermal
transition behavior was studied using measurements involving a temperature range
of —100 to 100 °C. Tests were conducted on samples of about 10 mg exposed to a
gradual heating procedure in order to observe the glassy transition temperature (7).

Dynamic mechanical analysis (DMA) was performed using a Perkin-Elmer
Diamond DMA to determine the storage modulus (E”) and the loss factor (tan d). All
samples were scanned from a temperature sweep of —100 to 200 °C at a constant
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heating rate of 2 °C/min. The resulting plots for £’ and tan 6 are displayed as a
function of frequency at 1 Hz.

Stress—strain measurements were performed on dumbbell-shaped samples cut
from the obtained PU sheets. The tests were performed at room temperature using a
Shymadzu EZTest (Japan), equipped with a 5 kN load cell. The used cross-head
speed was 50 mm/min. At least five identical dumbbell-shaped specimens for each
PU sheet were tested, and their average mechanical properties were reported.

Contact Angle Measurements (CA) were performed using deionized water and
ethylene glycol droplets of 5 uL. over the different neat PUs surfaces’ using a
Dataphysics Contact Angle System KSV Instruments LTD, Finland. Water CA
measurements were acquired using the sessile drop method [21]. The CA was
measured within 45-60 s of the addition of the liquid drop with an accuracy of +1°.
Measurements were repeated six to ten times with different test pieces of the same
PU type to check the accuracy.

Results and discussions

FTIR spectroscopy was used to investigate the structural differences of the hard
segments of PU elastomers synthesized.

The FTIR spectra of the two PU series with different hard segment structures are
shown in Figs. 1, 2.

The infrared research on PUs has focused on two principal vibration regions: the
N-H stretching vibration (3,200-3,500 cm™") and the carbonyl C=O stretching
vibration in the amide I region (1,690-1,730 cm™"). PUs are capable of forming
several kinds of hydrogen bonds due to the presence of a donor N-H group and a
C=0 acceptor group in the urethane linkage [22]. These bands have been widely
used to characterize the hydrogen bonding state of the polymer, and was used in
correlation with the phase separation in the system. It is well-known that in

PU1
PU2

R 3

=

O ]

m PU3

Rl

£ 1

T3]

= 3

i

=

4000 3000 2000 1000

Wavenumber (cm™")

Fig. 1 FTIR spectra of polyurethane elastomers synthesized with DHD
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Fig. 2 FTIR spectra of polyurethane elastomers synthesized with HEG

hydrogen-bonded urethanes, N-H and C=0O bands appear at lower wave numbers
than the bands that appear in urethanes free from hydrogen bonding [22-24]. In the
case of HEG—PU elastomers, the appearance of a single N-H band at 3,300 cm™'
suggested that most of its N—H groups were hydrogen bonded. In the case of DHD-
based PU, an N-H absorption band was found at 3,330 cm™!, indicating a much
lower tendency to form hydrogen bonds than the PUs formed with HEG. This is due
to a steric-hindrance effect caused by the branched chains appearing in DHD, which
block the formation of hydrogen bonds. Cross-linked PUs elastomers show an
enlarged area of absorption band at 3,300 cm™" and this suggests that the degree of
hydrogen bonding between hard segment and soft segment is low.

TGA is the most favored technique for the evaluation of the thermal stability of
polymers. TGA curves of the PU elastomers with various chain extenders are shown
in Figs. 3, 4.

For PU1, PU2, and PU3 the weight loss was very slow until 300 °C, followed by
a rapid increase of weight loss that ended approximately at 450-500 °C. For PU4,
PUS, and PU6 the decompositions started approximately at 250 °C. In the
temperature range of 300 to 500 °C it was found that the weight loss curves of
DHD-PU were similar among each other, while those of HEG-PU exhibited
differences from one curve to the other.

TGA data for PU4, PUS, and PU6 reveal different degradation processes
correlated with the structure of the hard segments. The PU based on CO had its
fastest rate of loss at 250 °C, while the PU based on Gly had its fastest rate of loss at
350 °C. The weight loss of the PU based on CO takes place at lower temperature,
which is in accordance with the existence of the plasticizing effect of the dangling
chains of CO. The presence of HEG in the chemical structure of the PU (linear chain
extender and high amount of hydrogen bonding in PU chains) results in a switch of
the beginning of degradation from 250 to 235 °C. The main degradation process can
be observed at temperatures around 400 °C.
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Fig. 3 TGA curves of DHD-based polyurethane elastomers

In the TG curve of PUs, a maximum is present at about 380-410 °C for PUs with
DHD and at 330400 °C for PUs with HEG.

The increase of the maximum temperature for cross-linked PU indicates a lower
rate of diffusion of the degraded products within of the matrix.

DSC thermograms obtained for the different PUs in a range between —100 and
100 °C are shown in Figs. 5, 6.

For these HDI-based PUs, glass transition values indicate the importance of the
hard segment on the PU composition. In this case, the difference is due to the
differences in the chain extender used. The changes in 7, are attributed to a certain
degree of phase mixing of hard and soft segments. It is known that (physical) cross-
links can have a major influence on the soft segment’s T, [12]. For DHD-based PUs,
glass transition values (T, = —57 °C) indicate the presence of small physical cross-
links between the hard segments of the PU. The lower 7} is an indication for the
existence of better phase separation. From thermal data for HEG-based PUs, it can
be observed that they exhibit higher glass transition temperatures (7, = —44 °C)
than those of DHD-based PUs with the same hard segment content. The transition
that was observed could be explained through the hindering effect of the more
ordered hard segment structures on the chain extenders’ mobility. The fixation of
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Fig. 4 TGA curves of HEG-based polyurethane elastomers
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Fig. 5 The DSC scan plots for polyurethane based on DHD
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Fig. 6 The DSC scan plots for polyurethane based on HEG

the hard blocks by chemical cross-linking made the glass transition temperature be
lower for DHD-based PUs. It was attributed to the reduction of chain mobility and
the effect of branched chain extender that hinders the formation of hydrogen bonds.
HEG-based PUs have relatively similar soft segment 7, for the various hard
segment structures and higher values of7, are an indication that there is some
mixing of hard segments in the soft segment domain [25]. The more ordered hard
segment structures that are formed by chemical cross-linking have a mobility-
hindering effect on the soft segments, which leads to having less soft segment-
ordered structures or crystals.

DMA of the molded PUs provides information on viscoelastic properties. The
elastic modulus (E”) and loss tangent (tan ) of the DHD- and HEG-based PUs with
different hard segment cross-links in the temperature range from —100 to 230 °C
are shown in Figs. 7, 8.

The elastic modulus (E) shows a decrease at low temperatures (—45 °C) and tan
0 shows a peak associated with the glass transition temperature of the soft segment.
For PUs based on DHD, E' decreases continually with the increase of the
temperature. This means those hard segments are not able to form a sufficient
amount of physical cross-links.

For HEG PUs, the modulus curve shows a plateau, which indicates the existence
of physical cross-links which increase the size of the inter-connectivity of hard
segment domains, resulting in a significant structural reinforcement. This plateau is
more extensive for PUs based on Gly cross-linker.

The E’ has an abrupt decrease at 50 °C that can be ascribed as melting of the soft
segment phases. The E’ sharp decreases upon heating at 220 °C for PU based on
DHD and at 250 °C for PU based on HEG, indicating that the physical and chemical
cross-linking sites between hard segments are totally destroyed [26].
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The mechanical behavior of PU elastomers is dependent on the intermolecular
interactions between their hard segments. Stress—strain, modulus, and elongation are
important for polymer characterization, and they show how the variation of the
diisocyanate and/or chain extender’s molecular weight, as well as variation of chain
extenders’ structure has led to modifications of the PU mechanical properties [5, 27].
The stress—strain curves representing the various chain extender PU elastomers, but
with a common soft segment, are grouped in Figs. 9, 10.
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Fig. 10 Stress versus strain curves for the HEG—polyurethane

Three different regimes are visible. The pure elastic deformation appears in the
case of low deformations [28]. Second, for all the polymers studied an area of
plastic flow appears. Finally, at strains above 300% an increase in the curves can be
observed, which can be attributed to strain-induced crystallization of the soft
segment chains [12].

In the case of PU with DHD the tensile strength at break is 10.5 MPa and
maximum elongation is 650%. PU sheets with DHD and Gly display a tensile
strength of 12.5 MPa followed by a decrease and then increase until break. The PU
with CO is more rigid, having a tensile strength of 13.5 MPa and elongation at break
of 200%.
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Cross-linking present in the hard segment structure leads to an increase in stress
and a decrease in strain. Uniform soft segments are used and consequently only the
hard segments influence the deformation stress.

In the case of the branched chains of the difunctional chain extender, and
consequently for a low physical cross-linkage density, there was a decrease in
strength. It is clear that the variation of the chain extender structure and the cross-
linking nature affect the tensile properties of the cross-linked PU materials.

In segmented PUs, the mechanical properties were generally accredited to a
pseudo-cross-linking effect resulting from the HS aggregation. The HS domain
generally exhibits a different degree of ordered structure, which was considered to
be able to reinforce the hard segment domain and, in the case of these PUs, added a
cross-linking effect deriving from the usage of Gly or CO.

The surface hydrophilicity of the various samples was characterized through
static water CA. The CA is a quantitative measure of the wetting of a solid by a
liquid. Wettability of PU elastomers was examined by CA measurements using two
probe liquids, water and ethylene glycol. The droplets of the different pure liquids
(distilled water and ethylene glycol) were placed on the solid surface. In order to
obtain reproducible results for the CA determinations, several conditions had to be
fulfilled, such as: constant temperature during the determinations, same volume of
the solvent drops, evaluation of the CAs in different points of the studied surface,
and the final result being the average of the obtained values. The precision in
evaluating the components of the free surface energy is given by the precision in
reading the CAs between the polymer surface and the pure liquids that were used.
The hard segment fraction was varied in the PU films’ formulation in order to
determine its influence on the wettability.

Table 2 shows CAs and the work of adhesion obtained for the different materials
depending on the hard segment composition used.

The DHD-based PUs had higher CAs than HEG-based PUs, meaning lower
polarity. These variations in CAs can be ascribed to the modification of the degree
in which the hard segments interact among themselves and the difference in phase
segregation behavior [9]. The DHD-based PUs, poorly phase segregated, provide
the materials with a more hydrophobic surface character. The CAs for the PU based
on CO 4+ HEG were 10° higher than those of the PU based on HEG. Hydrophobic
surfaces are known to inhibit the proliferation and increase the rate of apoptosis of
osteoblastic cells compared to cells grown on hydrophilic surfaces [29].

Table 2 Contact angle (0) and

work of adhesion (W,) values of Sample Water Ethylene glycol
the polyurethane film surfaces 0 W, (mN/m) 0 W, (mN/m)
PU1 79 86 62 70
PU2 82 83 71 63
PU3 80 85 45 82
PU4 79 94 71 49
PU5 76 89 69 65
PU6 90 73 75 60
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Table 3 Interfacial tension

p d
for a solid-liquid system (ys) Sample A5 (mN/m) A, (mN/m) 7 (mN/m)

polyurethane elastomers Water  Ethylene glycol
obtained

PU1L 13.9 12 13 4

PU2 174 6 135 8.3

PU3 44 34.5 27.8 5.4

PU4 3.6 31.7 28.49 6.1

PU5 17.7 9.4 11 54

. PU6 8.7 104 19.5 6.6
p Polar, d disperse

The work of adhesion, W,, was calculated using the following equation:
Wa:",)lv(1+0059), (1)

where 7y, is the surface tension of the liquid used for the CA measurement.
The interfacial tension for a solid-liquid system (y,)) was calculated using the
following equation [29, 30]:

The resulting interfacial tensions are listed in Table 3.

From Table 3, we can see that the values of the interfacial tension of polymers
containing DHD are lower compared to those of the other compositions. Again, for
the Gly systems the interfacial tension is slightly lower compared to that of other
compositions. The variation of the hard segment structure in the polymer matrix
may have also affected the surface properties. Phase segregation and hydrogen
bonding provide hardness and hydrophilic character to the materials as proved by
hardness and CA measurements.

Conclusions

PU elastomers have been prepared by reacting polyols with terminal primary
functional groups with aliphatic diisocyanate. The prepolymers were chain-
extended with bifunctional precursor chains and with CO or Gly as a trifunctional
cross-linker at stoichiometric ratios.

Longer chain lengths between cross-links produce higher elongations at break
and lower mechanical moduli. The branched chains of the difunctional chain
extender decrease the physical cross-links density, and thus results a decrease in
strength. The cross-linking process increases the urethane domain rigidity and
decreases the soft segment crystallinity. These factors enhance the tensile strength
of the materials.

The thermal stability is a function of the components present in the formulation.
Higher length of the hard segment and the presence of Gly linkages increased the
PU’s thermal stability. PU based on CO exhibited a T, decrease of about 12 °C that

@ Springer



Polym. Bull. (2010) 65:753-766 765

resulted from the presence of dangling chains in the triglyceride structures that act
as plasticizers.

The DHD-PU displayed a relatively low glass transition temperature of —57 °C
and a typical behavior of a PU rubber at room temperature having a tensile strength
of 11-14 MPa and elongation at break of 600-700%.

The variation of the hard segment structure in the polymer matrix may also have
affected the surface properties.
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