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Abstract Polyurethanes were prepared from 4,4’-meth-
ylenebis (phenyl isocyanate) (MDI), 1,4-butanediol (BD),
and poly(tetrahydrofurane) polyether polyol (PTHF) by
melt polymerization. The —OH functional group ratio of
polyol/total diol was kept constant at 0.4, while the ratio of
the isocyanate and hydroxyl groups (NCO/OH) changed
between 0.940 and 1.150. The thermal analysis of the
polymers by DSC and DMTA measurements indicated
several transitions. The three glass transition temperatures
observed were assigned to the relaxation of the aliphatic
—CH,— groups of the polyol, and to that of the soft and hard
segments, respectively. The glass transition temperature of
the soft and hard phase changed with the NCO/OH ratio
indicating changes in phase structure and composition
confirmed also by the maximum in the number of relaxing
soft segments. Changes in the relatively small number of
end-groups result in considerable modification of
mechanical properties. Strength is determined by molecular
mass and interactions, while stiffness depends mainly on
phase structure. Surprisingly enough, —OH excess yields
stiffer polymers, since the interaction of the —OH groups
results in a decrease in the amount of the soft phase. A
unique correlation was found between tensile modulus and
the number of relaxing soft segments.
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Introduction

Polyurethanes are versatile polymeric materials playing a
vital role in many industries, because their structure and
properties can be varied in a wide range [1]. They are used
as hard foams for thermal insulation in the building
industry and in appliances, elastic foams as car seats, and
furniture components, while linear elastomers as shoe soles
or medical devices [1]. In this latter field they are used as
encapsulants for hollow-fiber devices, dip-molded gloves
and balloons, asymmetric membranes, functional coatings,
and as extruded profiles for cardiovascular catheters [2, 3].
Segmented polyurethane elastomers are composed of linear
molecules the properties of which depend mostly on
molecular mass and on the chemical structure of the polyol
[4-8]. These materials are usually prepared from an ali-
phatic or aromatic isocyanate, a diol or amin chain exten-
der and a polyether or polyester polyol [9-11]. Because of
the chemical dissimilarity of the components and as a result
of competitive interactions, linear PU elastomers usually
phase separate into hard and soft phases [12-14]. The
extent of phase separation and the size as well as properties
of the phases are determined by thermodynamic [15] and
kinetic [16] factors. The latter are related to molecular
mass and preparation conditions, while the former to
composition [17]. As a result of phase separation, the
properties of these polymers are not determined only by
molecular mass and composition, but also by phase struc-
ture [18, 19].
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In a previous communication, we showed that changing
stoichiometric ratio of the functional groups modifies
molecular mass as expected, but the phase structure of the
polymer also changes considerably [20]. The extent of
phase separation, as well as the size and properties of the
dispersed phase depend very much on composition [21].
Each property of the polymer is affected differently by
molecular mass and phase structure. Melt viscosity
depends mostly on the length of the molecules [22], ulti-
mate tensile properties are influenced also by interactions
[23, 24], while stiffness is determined almost exclusively
by phase structure [25].

The main goal of this paper was to analyze the structure
of segmented polyurethane elastomers on the molecular
and supermolecular level by thermoanalytical measure-
ments. We tried to relate the mechanical properties of the
polymers to their structure and identify the most important
moieties which determine properties. Differential thermal
calorimetry (DSC) and dynamic mechanical thermal anal-
ysis (DMTA) were used for the characterization of the
samples, but supplementary measurements were also car-
ried out to support conclusions drawn from thermal data.

Experimental

The polyurethanes studied were prepared from 4,4'-meth-
ylenebis(phenyl isocyanate) (MDI), 1,4-butanediol chain
extender (BD), and poly(tetrahydrofurane) polyether pol-
yol (PTHF) with a molecular mass of 1000. The molecular
structure of a repeat unit of the polymer is shown in
Scheme 1. All three ingredients were purchased from
Sigma—Aldrich and used as received. The —OH functional
group ratio of polyol/total diol was kept constant at 0.4 in
all experiments. The ratio of the isocyanate and hydroxyl
groups (NCO/OH) changed between 0.940 and 1.150
resulting in almost constant mass ratios of 0.46/0.54 of the
hard and the soft segments. Polymerization was carried out
by melt reaction in a Brabender W 50 EHT internal mixer
at 150 °C, 50 rpm for 30 min. The polymer was com-
pression molded into 1 mm plates at 200 °C and 5 min
using a Fontijne SRA 100 machine. The molecular mass of
the samples was determined by gel permeation chroma-
tography (GPC); the results have been reported earlier [19].
The change of molecular mass on stoichiometry follows
theoretical predictions and it is an almost symmetrical
function of composition.

Scheme 1 Chemical structure —
of a repeat unit of the polymer
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The transitions of the various structural units were
studied by differential scanning calorimetry (DSC). Two
heating and a cooling runs were done on 5-10 mg samples
in N, atmosphere with a heating or cooling rate of
20 °C min~' between —120 and 250 °C using a Mettler
Toledo TA 4000 apparatus equipped with a DSC 30 cell.
Mostly data recorded in the first heating run are used for
evaluation here, because phase structure depended also on
the thermal history of the samples. Dynamic mechanical
spectra (DMTA) were recorded on samples with
20 x 10 x 1 mm® dimensions cut from compression-
molded plates between —120 and 200 °C at 2 °C min~'
heating rate in N, atmosphere in tensile mode using a
Perkin Elmer Pyris Diamond DMA apparatus. The struc-
ture of the samples was characterized also by XRD using a
Phillips PW 1830/PW 1050 equipment with CuK, radiation
at 40 kV and 35 mA in reflection mode. Mechanical
properties were determined by tensile testing on dog bone
type specimens with 50 x 10 x 1 mm® dimensions at
100 mm min~" cross-head speed using an Instron 5566
machine. Tensile strength and elongation-at-break were
derived from recorded force versus elongation traces, while
tensile modulus was determined from the initial, linear
section of the traces.

Results and discussion

The results are presented in three sections. First the various
structural units and their relaxation behavior are identified,
then the role of these units in phase separation and the
relative amount of the phases are discussed subsequently.
In the last section of the paper we try to find correlation
between structure and properties and identify the most
important structural units determining properties by taking
into account the possible interaction of functional groups.

Molecular structure, transitions

Thermal characterization offers information about the
number and characteristics of structural units constituting a
polymer. Three traces recorded during the first heating of
the samples in the DSC cell are presented in Fig. 1 for
polyurethanes prepared at different stoichiometric ratios.
The NCO/OH ratio increases from the bottom to the top.
Three transitions can be certainly observed on the traces. A
pronounced glass transition appears at around —40 °C and
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Fig. 1 DSC traces of segmented PU elastomers prepared with
different NCO/OH ratios

another one at higher temperature, at around 80 °C. At very
high temperature, above 200 °C a melting peak also can be
detected on the traces.

Glass transitions result from the relaxation of different
structural moieties in the polymer. The components have
separate transitions in immiscible blends, and the same
happens for phase-separated block copolymers. Segmented
polyurethanes are known to phase separate [1, 9, 17, 26—
28]. The two glass transitions correspond to the relaxation
of the hard segments formed from the isocyanate and the
butanediol chain extender and to that of the soft segments
consisting of the PTHF polyol, respectively. Both transi-
tions seem to shift toward higher temperatures with
increasing NCO/OH ratio.

Hard segments usually form densely packed regular
structures close to a crystalline order [29]. The endotherm
peak observed at around 210 °C can be assigned to the
melting of this structure [30]. The position and intensity of
this peak are very irregular; do not show any tendency as a
function of composition. Moreover, the melting peak
changes drastically with thermal history; it can be hardly
detected in the second heating run. In order to determine
the amount and characteristics of the ordered phase,
WAXS measurements were also carried out on all samples.
The analysis of the diffractograms (not shown) proved that
the hard phase has some order indeed, but it is very limited
and does not change much with composition. The charac-
teristics of the ordered phase could not be determined from
the traces either, because of this low regularity.

The DMTA traces of the PU elastomer prepared with
equimolar NCO/OH ratio are shown in Fig. 2. The results
are typical, the measurements resulted in spectra with
similar characteristics for all polymers. Three transitions
can be detected also on the DMTA, but these differ

I I
-120 -80 -40 0 40 80 120 160
Temperature/°C

Fig. 2 Typical DMTA spectra recorded on a segmented PU elasto-
mer. The stoichiometric ratio of the components is 1.0

somewhat from those determined with DSC. A transition
with small intensity appears at around —80 °C, which was
assigned earlier to the relaxation of the -CH,— units of the
polyol [20]. A very intense transition dominates the spectra
at around —20 °C, which must be related to the movement
of the soft segments [31]. The considerable intensity of this
transition results from the large change in the mobility of
the soft segments as temperature crosses the T,. Another
weak transition is detected at a higher temperature, at
around +85 °C, which can be assigned to the relaxation
transition of the hard segments [32]. The small intensity of
the transition results from the stiffness of the hard seg-
ments, their mobility is not very different below and above
the transition temperature. The temperature of these tran-
sitions does not agree completely with that determined by
DSC, but the differences can be explained adequately with
different sample size, heating rate, and loading conditions.
The melting endotherm detected at high temperature by
DSC cannot be seen on the DMTA traces. The samples
loose their integrity at significantly lower temperatures,
which also supports the conclusions drawn from the
WAXS analysis that the amount and regularity of the
ordered phase are very limited.

Naturally, the location and intensity of the transitions
determined by DMTA also depend on composition. Three
spectra are presented in Fig. 3 as an example. Only tg ¢
traces are shown to facilitate comparison. The position of
the peak related to the transition of the soft segment
changes, a maximum seems to exist in the glass transition
temperature of the soft phase. Even more surprising is the
dependence of the intensity of the transition on composi-
tion, which is much larger at around the stoichiometric
ratio of the components than at the extremes of the com-
position range. Apparently the amount of relaxing species
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Fig. 3 Changes in the position and intensity of the relaxation
transition of the soft segments on the stoichiometric ratio of the
components

increases around equimolar composition and decreases as
the relative amount of either component increases. All
these changes must be related to the phase separation of the
soft and hard segments as well as to the interaction of their
various functional groups.

Phase composition and properties

The glass transition temperature of polymers depends on
the mobility of the relaxing species and changes in T, with
composition are influenced also by the interaction of the
corresponding phases, by their mutual miscibility. The
dependence of the T, of the two phases of our segmented
PU elastomers is plotted against the stoichiometric ratio of
the components in Fig. 4. The glass transition temperature
of the soft segments seems to go through a slight maximum
around the equimolar ratio of the components. This was
explained earlier with the decreasing mobility of the soft
segments with increasing isocyanate content followed by
the increased exclusion of the PTHF segments from the
hard phase at larger NCO excess [20]. On the other hand,
the T, of the hard phase increases continuously, but not
linearly, with increasing NCO content. The non-linear
dependence of the T, of both phases on composition
indicates changes in phase structure and interactions with
changing NCO/OH ratio. A similar picture is obtained if
we plot glass transition temperatures determined by DSC
against composition, but with a larger scatter of the points
around the general trend. The complementary nature of the
two measurements is shown by the relatively close corre-
lation of the T, values determined by the two methods for
the soft segments (Fig. 5). The general tendency is clear, in
spite of the relatively large scatter of the measured values
especially at large NCO content.
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Fig. 5 Correlation of glass transition temperatures determined by
DSC and DMTA, respectively, for the soft segments

The maximum in the T, of the soft phase as well as the
changing intensity of this transition with composition (see
Fig. 3) indicated changes in the composition of the phases
with changing stoichiometric ratio of the components.
These relations are demonstrated well by Fig. 6, in which
the intensity (height of the tg J peak) of the relaxation
transition of the soft segments is plotted against composi-
tion. A maximum appears at around equimolar stoichi-
ometry indicating a maximum in the number of relaxing
species in this composition range. This is somewhat sur-
prising and seems to be in contradiction with the fact that
the T, of the soft phase also has a maximum in this range,
i.e., the mobility of the soft segments is the smallest, their
movement is the most restricted here. Obviously phase
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Fig. 6 Relaxation intensity of the soft segments plotted against the
stoichiometric ratio of the components

separation is the smallest, and the mutual miscibility of the
phases the largest, around this composition. This observa-
tion is strongly supported by changes in the transparency of
the samples, which has similar composition dependence
(not shown) as that of the intensity of soft-segment tran-
sition. We may ask the question how changing phase
separation and the composition of the phases influence the
mechanical properties of the polymer.

Structure—property correlations
The composition dependence of tensile modulus is pre-

sented in Fig. 7. The stiffness of the samples changes lin-
early with composition at both sides of the equimolar
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Fig. 7 Dependence of the stiffness of polyurethane elastomers on the
NCO/OH ratio
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Fig. 8 Changes in tensile strength as a function of the stoichiometric
ratio of the components

stoichiometric ratio with a minimum in the middle. On the
other hand, tensile strength shows a completely different
dependence on composition (Fig. 8). The correlation is
lopsided, strength being small at OH excess while signifi-
cantly larger at high isocyanate content. Elongation-at-
break shows a similar dependence on the NCO/OH ratio as
strength (not shown). The different dependence of prop-
erties on composition was explained earlier by the dis-
similar effect of various factors on them [20]. Modulus was
shown to depend solely on phase structure, while strength
is influenced both by molecular mass and interactions.
Although this explanation seems to be true and it is sup-
ported by experimental evidence, the effect of the different
factors (molecular mass, the number of various functional
groups, interactions, phase separation, composition and
amount of the phases) on properties is still not completely
clear.

Polyurethanes contain a considerable number of func-
tional groups (urethane, ether, hydroxyl, and amine end-
groups) and several active hydrogen atoms which are
capable of forming hydrogen bridges. The competitive
interactions of these groups govern phase separation, as
well as the composition and properties of the phases. The
concentration of the urethane groups is large, around
2.85 mmol g, and fairly constant throughout the con-
centration range. On the other hand, the number of both
end-groups, i.e., -OH and —NH,, forming at the two sides
of the composition range is much smaller, between 0 and
0.5 mmol g~', and changes considerably with the NCO/
OH ratio. As a consequence, end-groups seem to determine
changes in phase structure in spite of their smaller number.
Tensile modulus is plotted against the concentration of
end-groups, —-OH or —NH,, respectively, in Fig. 9; it is
fairly obvious that end-groups determine the stiffness of
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Fig. 9 Tensile modulus plotted against the concentration of end-
groups formed in the polymer

the polymer. On the other hand, the larger stiffness of
samples having —OH excess is rather surprising; we would
expect larger stiffness on the other end of the composition
range due to the larger number of amine groups and
stronger interactions.

The dependence of strength on the concentration of end-
groups is completely different, as expected (Fig. 10). As
mentioned above the dominating factors here are molecular
mass and interactions . The strength of the samples with
—OH excess is small and decreases strongly with increasing
number of —OH end-groups. Obviously, the effect of
decreasing molecular mass dominates changes. On the
other hand the stronger interaction of the —-NH, groups with
the urethane groups (32 kJ mol™') compared to the —~OH-
urethane interaction (26-28 kJ™' mol) results in much
larger strength and a weaker dependence on molecular
mass. Obviously, competitive interactions, phase structure,
and composition, all change with the stoichiometric ratio of
the components.

In order to check the effect of stoichiometry on phase
structure, the intensity of the relaxation of the soft phase,
i.e., the number of relaxing soft segments, was plotted
against the concentration of end-groups in Fig. 11. Very
close linear correlations were obtained supporting again
our assumption that changing ratio of the reactants modi-
fies phase structure and the composition of the phases. The
figure explains also the apparent contradiction of larger
modulus for polymers with a larger concentration of chain-
end —OH groups. The interaction of the —OH groups with
each other and/or with the large number of urethane groups
present decreases the number of relaxing soft segments and
thus increases stiffness. Since the opposite occurs on the
other side of the composition range, i.e., at isocyanate
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excess, the soft segments are excluded from the hard phase,
which result in less stiff polymers. This explains also the
slight maximum in the T}, of the soft phase, phase separated
soft segments are more mobile than those interacting with
hard segments. Accordingly, the extent of phase separation
and the amount of flexible molecules determine the stiff-
ness of the elastomer samples. This conclusion is con-
firmed completely by Fig. 12, in which tensile modulus is
plotted against the intensity of the transition of the soft
phase. A very good linear correlation is obtained indicating
that stiffness depends basically only on phase structure and
composition, and particularly on the amount of mobile soft
segments. Phase separation and the properties of the phases
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are determined by competitive interactions which need
further study and analysis.

Conclusions

The thermal analysis of segmented PU elastomers by DSC
and DMTA measurements indicated several transitions in
these polymers. The three glass transition temperatures
observed were assigned to the relaxation of the aliphatic
—CH,— groups of the polyol, and to that of soft and hard
segments, respectively. The melting of the small amount of
slightly ordered hard phase resulted in an endotherm peak.
The glass transition temperature of the hard and soft phases
changed with the NCO/OH ratio indicating changes in
phase structure and in the composition of the phases. This
latter conclusion was confirmed by the maximum observed
in the number of relaxing soft segments. Mechanical
properties depend quite strongly on the stoichiometric ratio
of the components. Changes in the relatively small number
of chain-end functional groups result in considerable
modification of mechanical properties. Strength is deter-
mined by molecular mass and interactions, while stiffness
depends mainly on phase structure. Surprisingly enough,
—OH excess yields stiffer polymers, since the interaction of
the —OH groups results in a decrease in the amount of the
soft phase. A unique correlation was found between tensile
modulus and the number of relaxing soft segments. Inter-
actions govern phase structure and properties, thus they
need further study and analysis.
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