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Two sets of segmented polyurethane (PU) elastomers were prepared from crystalline MDI,
butanediol and a polyester or a polyether polyol, respectively. The molar mass of both poly-
ols was 1000 g/mol. The -OH functional group ratio of polyol/total diol was kept constant
at a value of 0.4, while the ratio of the isocyanate and hydroxyl groups (NCO/OH) changed
between 0.90 and 1.15 in the polyester, and 0.94 and 1.15 in the polyether polyurethanes,
respectively. One step bulk polymerization was carried out in an internal mixer and the
samples were compression molded for testing. Advanced molecular modeling was used
to estimate the strength of various specific interactions quantitatively in the polymers
studied. Fifteen different specific interactions were identified in polyester while thirteen
in polyether PU considering only hydrogen bonds. Estimated binding enthalpy changes
between 11 and 26 kJ/mol. The results proved that hard-soft and not hard-hard segment
interactions control phase separation of linear segmented polyurethanes. A new model was
developed to quantify the relative importance of specific interactions acting between the
two types of segments. The calculations predicted better solubility of the soft phase in hard
domains in polyester than in polyether polyurethanes. Besides the mutual solubility of the
phases, their size and mechanical properties also depend on these interactions shown by
the study of phase structure using a novel combination of various methods in a wide length
scale. Properties are determined by different aspects of morphology. Transparency depends
on the amount of ordered hard phase, stiffness and hardness on phase composition, while
ultimate properties on stoichiometry, which determines molecular weight and the number
of physical cross-link points.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Polyurethane chemistry opened the way to a new class
of high performance materials such as coatings, adhesives,
elastomers, fibers and foams.

Based on a simple

polyaddition reaction, polyurethanes proved to be very
versatile polymers [1]. Important group of these materials,
the polyurethane elastomers, are widely used engineering
materials and are well known for their outstanding
mechanical, thermal, and adhesive properties [2]. They
consist of an alternating flexible component or macrodiol,
called soft segment, and a stiff component derived from
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diisocyanate and a chain extender, called hard segment
[3]. The interactions between hard segments containing
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many hydrogen bonds and dipole-dipole interactions pro-
vide a pseudo-crosslinked network structure between lin-
ear polyurethane chains [4].

Because of their advantageous properties like haemo
and tissue compatibility segmented linear polyurethanes
are extensively used in health care mostly as medical de-
vices [5,6]. They are applied as encapsulants for hollow-fi-
ber devices, dip-molded gloves and balloons, asymmetric
membranes, functional coatings, and as extruded profiles
for catheters [7-9]. Endovascular treatment of aneurisms
and arteriovenosus malformations also provide, for exam-
ple, a promising area in the biomedical field [10,11]. How-
ever, composition, phase separation and thus structure
must be adjusted to satisfy the stringent conditions of
medical applications.

Degradation studies on the implanted polyurethane
elastomers resulted in the progressive development of soft
segments from the polyester to polyether [12] and later to
polycarbonate [13] and poly(dimethylsiloxane) [14] mac-
rodiols. These changes made the implants more resistant
against hydrolytic and oxidative degradation [15]. Recently
the preparation of poly(isobutylene)-diol based aromatic
polyurethanes were reported; the polymers proved to have
excellent degradation stability [16]. On the other hand,
carcinogenic and mutagenic aromatic diamines (methyl-
enedianiline and toluilenedianiline) have been identified
as degradation products forming from polyurethanes con-
taining aromatic diisocyanates; however, the question
whether the concentration of these harmful degradation
products attain physiologically relevant levels is currently
unresolved and strongly debated [17].

The role of interactions and especially that of hydrogen
bonds on structure development has been extensively
studied previously [18-24]. The critical role of hydrogen
bonds in phase separation was shown, for example, by
MacKnight et al. [19-21] in several papers. Nonpolar poly-
ols capable of only dispersion interaction phase separated
practically completely in the polyurethanes prepared
[19]. Apparently the interaction of the soft and hard seg-
ments determines the extent of phase separation, the
structure formed and thus the properties of the polymer
[25,26]. This consideration is strongly supported by the re-
sults of Bras et al. [27], who showed that phase separation
of the hard and soft segments happens before hydrogen
bonding of the hard segments takes place. Apart from
experimental investigations, theoretical studies on the
interactions influencing the structure of PU polymers are
rather scarce. Previous theoretical studies employed low-
level semi-empirical models [28] or density functional
(DFT) methods using functionals and basis sets which pro-
vide poor results for weak interactions [29]. Another com-
mon feature of the aforementioned studies is that only a
limited number of interactions were investigated, and no
attempt was made to map all the dominant interactions
between polymer chains, like the effect of chain-end
groups, which can play a significant role for shorter chains.
Moreover, according to our knowledge, apart from study-
ing pair interactions, no attempt was made to take into
consideration composition, i.e. the number of interacting
groups, in the determination of the effect of interactions
on structure and properties.

Fig. 1. Modeling of the interaction between two urethane groups.
Interaction between the >HN and >O groups; binding enthalpy is 22 kJ/
mol.

Phase separation leads to the formation of a hierarchical
structure with units of various forms and sizes [30-33]. Be-
sides a crystalline or at least highly ordered phase, soft and
hard segments form corresponding phases, which are par-
tially soluble in each other [34-37]. Many attempts have
been made to characterize interactions and structure in
segmented polyurethanes. Mainly Fourier transform infra-
red spectroscopy (FTIR) is used for the characterization of
the hydrogen bonds forming [38-40], but the interaction
of only a few of the interacting pairs can be studied with
this method. A wide range of techniques are applied for
the characterization of structure including X-ray diffrac-
tion [41,42], small angle X-ray scattering [43,44], light
scattering [45], transmission electron microscopy [46,47]
and atomic force microscopy [48,49]. However, most stud-
ies focus on one or maybe on a few of these techniques,
and they rarely cover a wide length scale from the nano-
meter to the micrometer [32]. Even scarcer are papers
which successfully relate interactions to structure and
properties. Although Ginzburg et al. [50] succeeded in find-
ing correlation between the composition (hard segment
chemical structure, hard segment weight fraction, soft seg-
ment equivalent weight) and the Young’s modulus of seg-
mented polyurethanes, practically no relationship have
been published yet for other characteristics like transpar-
ency or tensile properties.

The goal of this communication is to discuss the possi-
ble effect of specific interactions on the structure and prop-
erties of segmented linear polyurethane elastomers. Two
series of samples were prepared from a polyether and a
polyester polyol with similar molecular weights. The struc-
ture of the polymers was characterized by several methods
covering a wide length scale. Advanced molecular model
calculations were carried out to identify all the dominant
interactions and to estimate their strength. A unique model
was created to take into account the role of composition,
i.e. the number of interacting species, in structure
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Scheme 1. Molecular structure of the polyurethanes studied. (a) hard segment (b) polyester soft segment (c) polyether soft segment (d) polyester PU (e)

polyether PU.

formation. An attempt was also made to relate interactions
to structure and properties.

2. Experimental

4,4'-Methylenebis(phenyl isocyanate) (MDI, Aldrich,
98%) was used as isocyanate and 1,4-butanediol (BDO, Al-
drich, 99%) as chain extender in both series. The polyether
polyol was polytetrahydrofurane (Terathane 1000), while
the polyester was diol-end-capped poly(1,4-butylene adi-
pate). Both polyols had a molar mass of 1000 g/mol and
were acquired from Aldrich. MDI was used as received,
BDO was distilled at 190 °C under vacuum, and the polyols
were dried at 80 °C under vacuum for 24 h prior to the
reaction. The —OH functional group ratio of polyol/total
diol was kept constant at 0.4 in all experiments. The vari-
able was the ratio of the isocyanate and hydroxyl groups
(NCO/OH ratio), which changed between 0.90 and 1.15 in
the polyester and 0.94 and 1.15 in the polyether polyure-
thanes. One step bulk polymerization was carried out in
an internal mixer (Brabender W 50 EH) at 150 °C, 50 rpm
for 30 min. The polymer was compression molded into
1 mm plates at 200°C and 5 min using a Fontijne SRA
100 machine then cooled down in 10 min to room temper-
ature by cooling the plates of the mold with running water.
Cooling conditions were the same in each case thus the
kinetics of phase separation was influenced only by com-
position and the changing molecular weight of the poly-
mer; we considered this effect to be small.

The torque and temperature of mixing were recorded
during polymerization. The time dependence of these
quantities offers information about the kinetics of poly-
merization and the molecular weight of the final product.
Fourier transform attenuated total reflectance infrared
spectra (FTIR-ATR) were recorded on the compression

molded plates in the wavelength range of 4000 and
400cm~!, using a Varian Scimitar 2000 apparatus
equipped with a Specac Golden Gate ATR reflection unit
and a wide band MCT detector. The original spectra were
corrected before evaluation using the Advanced ATR Cor-
rection Algorithm developed by Thermo Scientific [51].
The relaxation transitions of the polymers were studied
by differential scanning calorimetry (DSC) and dynamic
mechanical analysis (DMA). Two heating and a cooling
run were performed in N, atmosphere between —120
and 250°C on 10 mg samples with a rate of 20 °C/min
using a Mettler Toledo TA 4000 apparatus equipped with
a DSC 30 cell. DMA spectra were recorded on samples with
20 x 6 x 1 mm dimensions between —120 and 200 °C at
2 °C/min heating rate in N, atmosphere using a Perkin El-
mer Pyris Diamond DMA apparatus. The measurements
were carried out in tensile mode at 1 Hz frequency and
10 pm deformation. The structure of the samples was char-
acterized by wide (WAXS) and small angle (SAXS) X-ray
diffraction (XRD). WAXS patterns were recorded using a
Phillips PW 1830/PW 1050 equipment with CuK,, radiation
at 40 kV and 35 mA in reflection mode. For the recording of
the SAXS patterns a compact Kratky-type camera was used
with an M-Braun one-dimensional position sensitive pro-
portional counter having a channel width of about
52 pm. The distance between the sample and the detector
was 20 cm. The X-ray source was a Cu anode sealed X-ray
tube equipped with a Ni filter to suppress the Kg line. The
beam used was line focused, its dimensions being 16 mm
horizontally and 0.2 mm vertically. The morphology of
smooth, cross-sectioned areas of selected samples was
examined by AFM. The measurements were done in air
under ambient conditions using a Multimode AFM with
a NanoScope V controller and NanoScope version 7.30
software (Bruker/Digital Instruments, Santa Barbara, CA).



K. Bagdi et al./European Polymer Journal 48 (2012) 1854-1865

Table 1

1857

The strength of hydrogen bonding interaction complexes developing in polyester polyurethanes and their contribution to enthalpy in a unit mass of polymer at
different stoichiometries. See the identification of interacting groups in Scheme 1b.

Type of interaction between various Binding enthalpy (kJ/mol)

Bond length (A)

Contribution to enthalpy decrease (J/g) for NCO/OH ratio

groups of

0.94 1.00 1.15
NH-CO(est) 2 6 26 1.98 51.7 52.3 48.5
NH,-CO(est) 1 6 22 2.18 - 0.2 7.8
NH-OH 2 7 22 1.8 0 0 -
NH-CO(ur) 2 3 22 1.97 6.3 73 74
CO(ur)-OH 3 7 22 1.93 3.7 0.3 -
NH-O(ur) 2 4 22 2.04 6.7 73 75
NH,-NH 1 2 19 2.08 - 0 0
HO-OH 7 7 18 1.94 0 0 -
NH-O(est) 2 5 18 2.13 2.3 2.4 2.4
NH,-OH 1 7 16 2.02 - 0 -
NH,-CO(ur) 1 3 16 2.09 - 0 0.5
NH,-OH 1 7 15 2.06 - 0 -
CO(est)-OH 6 7 14 1.99 0.1 0 -
NH,-O(est) 1 5 12 2.98 - 0 0.1
NH,-NH, 1 1 11 2.36 - 0 0

Tapping Mode AFM was operated utilizing cantilever
vibration free amplitude of 1.5V in air. Imaging was
performed at 0.5-1 Hz scan rates. Mechanical properties
were determined by tensile testing on dog-bone type spec-
imens with 50 x 10 x 1 mm dimensions at 100 mm/min
cross-head speed using an Instron 5566 apparatus. Tensile
strength and elongation-at-break were derived from
recorded force vs. elongation traces, while tensile modulus
was determined from the initial, linear section of the
traces. Shore A hardness was measured on 4 mm thick
samples created by the stacking of 1 mm pieces. The trans-
parency of the compression molded plates was determined
using a Spekol UV-VIS apparatus at 500 nm wavelength.

3. Computational details

We carried out molecular modeling to map possible
interactions among segments and to estimate their
strength. To reduce the necessary time and computer
capacity to a reasonable level, we selected small model
compounds representing the characteristic groups. The
ether bond was modeled by dimethyl ether, the ester
group by methyl acetate, phenyl-N-methylcarbamate
modeled the urethane group, while ethanol and aniline
the chain-end -OH and -NH, groups. We assumed that
at isocyanate excess the chain-end isocyanate groups
transform to amines. The assumption was justified by FTIR
analysis. We focused only on specific interactions, i.e.
hydrogen bonds, and neglected dispersion interactions in
the analysis.

During our calculations, the model systems were con-
structed first on the basis of chemical intuition. The geom-
etry of the complexes was optimized subsequently. The
torsional angle around the hydrogen bond was systemati-
cally changed by 60 degree increments in order to search
for further possible stable hydrogen-bonded conformers.
The geometry of each sterically allowed conformation
was again optimized. In the cases where more than one
stable conformer was found the one with the lowest en-
ergy was considered in subsequent calculations. For model

systems with more than one relevant functional group the
above analysis was performed for each group, e.g., both the
carbonyl and the ether oxygen atoms were considered for
the methyl acetate-ethanol complex.

All the geometry optimizations for model systems were
performed at the density functional theory (DFT) level
using the MPW1B95 (modified Perdew and Wang ex-
change and Becke’s 1995 correlation) functional [52] as
well as the 6-31++G™* basis set [53]. The MPW1B95 func-
tional was designed for weak interactions, and it has been
demonstrated in benchmark calculations that, for weak
hydrogen-bonded complexes, the functional provides re-
sults close to the more elaborate second-order Moller-Ples-
set (MP2) method, while more recognized functionals,
such as B3LYP (Becke 3-parameter Lee-Yang-Parr ex-
change-correlation functional), may exhibit poor perfor-
mance and give qualitatively incorrect results [52,54]. To
test the performance of the MPW1B95 functional for the
studied systems, the binding energy of the hydrogen-
bonded ethanol dimer was also computed by MP2 with
the applied basis set. The error of DFT for the strength of
the hydrogen bond with respect to MP2, was 2.3 kJ/mol,
which seems to be reasonable. Basis set superposition er-
ror (BSSE) corrections might have also been considered
[55,56]. However, we must call the attention to the fact
here that based on benchmark calculations the developers
of the DFT functional used by us concluded that BSSE cor-
rections do not improve the agreement with high-level ab
initio calculations or experimental results [52]. Accord-
ingly we did not consider this correction in our study. Total
energies were converted to enthalpies using the calculated
rotational constants and harmonic vibrational frequencies
via the standard formulas of statistical thermodynamics.
The calculations were carried out by the Gaussian 03 suite
of quantum chemical programs [57].

4. Results and discussion

The calculation of interactions and their respective val-
ues for the two types of polymers are discussed first. Their
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Table 2
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The strength of hydrogen bonding interaction complexes developing in polyether polyurethanes and their contribution to enthalpy in a unit mass of polymer at
different stoichiometries. See the identification of interacting groups in Scheme 1a.

Type of interaction between various Binding enthalpy (kJ/mol)

Bond length (A)

Contribution to enthalpy decrease (J/g) for NCO/OH ratio

groups of

0.94 1.00 1.15
NH-O(eth) 2 5 24 1.94 48.0 48.8 41.7
CO-OH 3 6 22 1.93 1.9 0.1 -
NH-CO 2 3 22 1.97 84 9.3 6.2
NH-OH 2 6 22 1.80 0 0 -
NH-O(ur) 2 4 22 2.04 8.7 9.3 6.9
O(eth)-OH 5 6 20 1.92 1.8 0.1 -
NH,-NH 1 2 19 2.08 - 0 0
OH-OH 6 6 18 1.94 0 0 -
NH,-OH 1 6 16 2.02 - 0 0
NH,-CO 1 3 16 2.09 - 0.1 35
NH,-OH 1 6 15 2.06 - 0 -
NH,-0(eth) 1 5 13 2.07 - 0.1 24
NH,-NH, 1 1 11 2.36 - 0 0

influence on relaxation transitions, structure and proper-
ties are analyzed in subsequent sections. Finally the rela-
tionships between interaction, structure and properties,
as well as consequences for practice are discussed at the
end of the paper.

4.1. Interactions, phase separation

First we identified the stable hydrogen-bonded com-
plexes of the model compounds and computed the corre-
sponding binding enthalpies. A possible interaction
forming between the urethane groups of adjacent mole-
cules is demonstrated in Fig. 1. The rest of the interacting
pairs are shown in Figs. S1 and S2 of the Supporting infor-
mation. The binding enthalpy between the >NH and the >0
group is 22 kJ/mol in the presented case. However,
urethane groups can enter into another interaction with
each other; the enthalpy of binding between the >NH and
the >CO carbonyl oxygen is also estimated as 22 k]/mol.
The chemical structures of the hard and soft segments
as well as the polyester and polyether polyurethanes
are shown in Scheme 1. The numbers in the Scheme 1d
and e indicate groups interacting with each other. We
identified fifteen specific interactions in the polyester and
thirteen in the polyether polyurethane.

In further analysis we developed a novel model to quan-
tify the relative importance of the particular interactions
acting between hard (MDI-BDO-MDI) and soft (polyol)
segments. Although pair interactions of segments have
been considered before, according to our knowledge such
a model taking into account composition and the number
interaction species has never been published yet. We
assumed that functional groups behave as individual mol-
ecules and react with each other to form hydrogen-bonded
complexes in multiple equilibrium reactions. The mixture
of the molecules and the complexes was considered to
be ideal. The equilibrium constants of the reactions leading
to complex formation were determined on the basis of the
well-known relationship between equilibrium constants
and the Gibbs free energy of reactions. The latter quantity
was approximated by the negative value of the computed
binding enthalpies for the corresponding hydrogen bonds.

The initial concentration of the molecules representing
the functional groups was calculated from the amount of
the starting materials. Using the equilibrium constants
and initial concentrations, the non-linear system of equa-
tions was solved numerically for the multiple equilibrium
reactions to obtain the equilibrium concentrations of
hydrogen-bonded complexes. The latter values were used
to characterize the strength of the corresponding hydrogen
bonding enthalpy for the different pairs of interacting
segments.

The interacting complexes, the identification of the
interacting groups, the corresponding binding enthalpies,
the bond lengths of the hydrogen bonds, as well as the
enthalpy decrease of the polymer due to the hydrogen
bonds are listed in Table 1 for the polyether polyurethane
and in Table 2 for the polyester polymer at three different
stoichiometric ratios. The interacting complexes and their
enthalpy contributions are different at different stoichi-
ometric ratios for obvious reasons. A polymer prepared
at -OH excess does not contain a chain-end amine group
and vice versa, we do not have -OH groups at isocyanate
excess. The most important complexes dominating inter-
actions in the material are indicated by italics in the
two tables.

The driving force of phase separation consists of
entropic and enthalpic contributions. In the Flory-Hug-
gins model the entropy of mixing depends on the vol-
ume fraction of components, their molar volumes and
on their degree of polymerization [58,59]. Assuming
two polymers with a molecular mass of 40,000 g/mol
consisting of repeat units with a molecular mass of
100 g/mol, the entropy contribution to the change of free
enthalpy is less than 0.1]/g. Considering the fact that
this value decreases further in the case of block copoly-
mers due to the restriction of the position of the A-B
covalent bonds between the domains, restricted volume,
and the perturbation of chain dimensions or elasticity
entropy [60], we can state with quite large certainty that
the entropy of mixing can be neglected in further consid-
erations. This assumption was further confirmed by the
calculation of the total enthalpy of interactions and their
magnitude.
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Table 3

Total binding enthalpies due to hard-hard and hard-soft segment inter-
actions in the two types of polyurethanes calculated for the stoichiometric
composition (NCO/OH ratio) of 1.

Type of polyurethane Enthalpy decrease due to segmental
interactions (J/g)

HS-SS HS-HS
Polyester 54.7 14.6
Polyether 48.8 18.6
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Fig. 2. Effect of polyol type and stoichiometry on the transition temper-
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Fig. 3. Effect of polyol type and composition on the amount of relaxing
soft segments (tgs, DMA) in polyurethane elastomers; (O) polyester, ()
polyether PU.

In further analysis we considered the interaction of soft
and hard segments. The interactions of Tables 1 and 2 can
be divided into two main groups, i.e. to hard-hard (HS-HS)
and hard-soft (HS-SS) segment interactions. Summarizing
all the binding enthalpies of the corresponding groups al-
lows us to estimate the total interaction enthalpy deter-
mining phase miscibility. Total interaction enthalpies of

40

O ether
fo) O ester

Equilibrium torque (Nm)

T T
0.90 0.95 1.00 1.05 1.10 1.15
NCO/OH ratio

Fig. 4. Independence of the melt viscosity (equilibrium torque) of
polyurethane elastomers of the type of polyol used. Effect of stoichiom-
etry; (O) polyester, (O) polyether PU.

Intensity (a.u.)

NCO/OH = 0.965

T T T

5 10 15 20 25 30 35
Angle of reflection, 20 (degree)

Fig. 5. XRD traces of selected polyurethane elastomers; effect of polyol
type and stoichiometry on structure; .................. polyether, ——-
polyester polyol. The numbers on the traces indicate the NCO/OH ratio.

the segments are listed in Table 3. Hard-soft interactions
dominate in both polymers, but the relative ratio of
HS-SS/HS-HS interactions is smaller for the polyether than
for the polyester polyurethane. The total enthalpy decrease
due to hard-soft bonds is almost four times larger than
that of hard-hard interactions in the polyester PU, while
somewhat more than twice as large in the polyether poly-
mer. This conclusion is in line and it is strongly supported
by earlier observations [25,26] and the results of Bras et al.
[27] indicating that in segmented polyurethanes, phase
separation is not driven by hydrogen bonding, but by the
interaction of soft and hard segments. The difference ob-
served between polyester and polyether urethanes is ex-
pected to lead to dissimilar phase separation and
morphology in the two types of polyurethanes.
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polyether PU.

4.2. Relaxation transitions

Dissimilar interactions of soft and hard segments
should result in different relaxation behavior in the two
polymers. The analysis of transition temperatures and the
intensity of the transitions offer valuable information on
the number of relaxing units and their mobility. Both
DSC and DMA traces were recorded on all samples. Primary
traces can be found in the Supporting information (Figs.
S3-S6). The two techniques offer similar information on
relaxation transitions, but the melting of the ordered hard
phase also appears and can be studied on DSC traces. In
Fig. 2 we present the transition temperatures of the soft
and hard phases derived from the temperature depen-
dence of loss tangent determined by DMA. The maximum
in the transition temperature of the soft phase was ex-
plained earlier by the rejection of soft segments from the
hard phase due to the stronger self-interaction of hard seg-
ments at larger NCO/OH ratio [61]. The increase in the T of
the soft phase with increasing NCO/OH ratio and the de-
crease that of the hard phase in the opposite direction
are the result of the partial solubility of the components
and the interaction of unlike segments as predicted by
the model calculations. The shape of the correlations is
the same for both types of polymers, but the T, of the
two phases move closer towards each other in the polyes-
ter polyurethane compared to the polyether polymer. This
shift in the transition temperatures is a clear indication of
stronger interactions of unlike segments. The intensity of
the transition (height of the tg & peak in the DMA traces)
of the soft phase is plotted against the NCO/OH ratio in
Fig. 3. Intensities are quite similar especially in the range
of —OH excess, but less soft segments seem to participate
in the transition in the polyester polymer at large NCO con-
tent. The presence of smaller amount of relaxing soft seg-
ments is quite difficult to explain. Considering also the
changes in the transition temperature of the hard phase,
we must assume that more soft segments dissolve in the
hard phase resulting in smaller intensity of soft phase

transition and lower hard phase T, in the polyester than
in the polyether PU, which is a further proof for stronger
interactions in the former case (see Table 3).

4.3. Structure

The molecular weight of the two polyols used was nom-
inally the same. Nevertheless, the size of the polymer mol-
ecules may be different because of the dissimilar reactivity
of the polyols or kinetic effects resulting from the reaction
conditions. The reaction can be followed and changes in
molecular weight estimated by the measurement of torque
(viscosity) in the internal mixer. Equilibrium torque is
plotted against the NCO/OH ratio in Fig. 4. The correlation
shows a steep decrease of molecular weight with increas-
ing deviation from equimolar stoichiometry as expected.
A light asymmetry is also observed, viscosity is larger on
the side of NCO excess. However, we may assume that dif-
ferences in the properties of polyurethanes prepared from
polyether and polyester polyols, if there are any, are not
caused by dissimilarity in molecular weight. Similarly,
the phase separation kinetics of the two types of polymers
cannot be influenced by the size of the molecules, but by
interactions.

Earlier studies proved that the phase structure of seg-
mented linear polyurethanes consists of structural units
covering several length scales [30-33]. XRD detects or-
dered units in the nanometer scale, SAXS offers informa-
tion in the 10nm range, while AFM and light
transmittance from 20 to several 100 nm. The structure is
hierarchical, smaller units organize into larger entities of
various shapes and sizes [32]. The XRD patterns of selected
polymers are presented in Fig. 5. All the patterns are in-
cluded into the Supporting information (Figs. S7 and S8).
We selected samples with similar stoichiometric ratio in
the entire NCO/OH range for comparison. The patterns
are very similar. A definite order can be detected at the ex-
tremes of the NCO/OH range and the polymers are practi-
cally completely amorphous at equimolar stoichiometry.
The pattern of the polymers prepared from the two polyols
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Fig. 7. Changes in the transparency of the polymers as a function of
stoichiometry and type of polyol; (O) polyester, (OI) polyether PU.
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Fig. 8. AFM micrographs (phase image) taken from PU samples prepared
from polyester (a) and polyether (b) polyol at the NCO/OH ratio of 1.030
and 1.025, respectively.

differs from each other at -OH excess (compare the two
traces at the bottom), the one recorded on the polyester
polyol showing two distinct peaks. Comparison to the
XRD pattern of the polyol itself and the analysis of all re-
sults proved that soft segments crystallize in the polyester
PU, while they are completely amorphous in the polyether
polymer. We estimated the amount of the ordered phases
quantitatively by using the robust curve fitting method of
Briickner [62] combined with the evaluation of Lima [53].
The order is very low, the crystallinity of the soft phase is
estimated as 1-2%, but the crystallinity of the hard phase
does not exceed 5% either. Although it is not obvious from
Fig. 5, but crystallinity is smaller in the polyester PU at

around equimolar stoichiometry, while slightly larger at
NCO excess than in the polyether PU.

SAXS patterns (Supporting information, S9 and S10)
clearly indicate the existence of structural units in the
10 nm range. We plotted the position of the Bragg scatter-
ing peak (q) observed in the SAXS traces as a function of
the NCO/OH ratio in Fig. 6. The position of the Bragg peak
indicates that structural units scattering in this range are
farther from each other in the PU prepared from the poly-
ester polyol than in the polyether PU. Since we do not
know the amount of the scattering, probably hard phase
units, we can only speculate that either the number, or
the size and amount of the dispersed phase particles are
smaller in the polyester than in the polyether PU. This indi-
cates slightly different phase separation kinetics and struc-
ture. Light transmission also depends on the dispersed
structure of the polymer. Decreased transparency indicates
the presence of particles with radii between 20 and
250 nm. Light transmission is plotted against the NCO/OH
ratio in Fig. 7. A maximum is seen in the graph with larger
difference between the two sets of polymers slightly above
equimolar stoichiometry. The polyester PU is more trans-
parent in this region indicating the presence of dispersed
particles with smaller size or number, which agrees well
with the results of XRD and SAXS studies showing less or-
der and smaller number and/or size of the units in this
range. This conclusion is strongly supported by the AFM
micrographs presented in Fig. 8. At around the stoichiom-
etric ratio of 1 a more homogeneous structure and a larger
number of smaller entities can be seen in the polyester
(Fig. 8a) than in the polyether polyurethane (Fig. 8b). The
different chemical structure of the polyol does not change
the composition dependence of structure, but definitely
influences the size and probably also the arrangement of
the structural units.

4.4. Properties
The tensile modulus of the two series of polymers is

plotted against the stoichiometric ratio of the components
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Fig. 9. Effect of stoichiometry and the type of polyol on the stiffness of
polyurethane elastomers; (O) polyester, (O) polyether PU.
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Fig. 10. Dependence of the deformability of linear polyurethanes on the
NCO/OH ratio of the reaction mixture; (O) polyester, ({J) polyether PU.

in Fig. 9. Stiffness goes through a minimum in both cases,
but it is considerably larger for the polyester polyurethane
than for its polyether counterpart. Already the minimum is
difficult to explain, since changing stoichiometric ratio
modifies the relative amount of hard and soft segments
only slightly. Hardness and stiffness are usually adjusted
by changing the polyol/total OH ratio in practice, which
is kept constant here. Since the molecular weight and com-
position of the polymers is similar, the only difference
leading to dissimilar stiffnesses is the chemical structure
of the polyol, which resulted in dissimilar interactions
and phase structure as shown above. Stronger hard-soft
interaction in the polyester polyol resulted in increased
solubility of soft segments in the hard phase and in larger
overall stiffness. The minimum must be related to the
smaller amount of ordered phase around stoichiometric
composition as shown by the XRD measurements (see
Fig. 5).

The dependence of deformability, the elongation-at-
break of the samples on the composition of the reaction
mixture is shown in Fig. 10. The change of tensile strength
is very similar to that of elongation, except the maximum
is not as sharp and the ester PU is stronger than polymers
prepared with the polyether polyol. The composition
dependence of the two properties (strength and elonga-
tion) is practically the same. Ultimate properties depend
on the NCO/OH ratio completely differently as stiffness.
The correlation is asymmetric and presents a maximum in-
stead of a minimum. The differences are consistent and
must depend on structure. Although interactions and
phase structure determine both properties, an additional
factor must exists which leads to the asymmetric depen-
dence of ultimate properties on stoichiometry.

4.5. Discussion, consequences

We established in previous sections that hard-soft
interactions dominate in the polyurethanes studied and
these are stronger in PUs prepared with polyester than
polyether polyols. The influence of interactions on phase

100
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Concentration of end-groups (mmol/g)

Fig. 11. Correlation between the concentration of end-groups and the
strength of the linear PU elastomers studied; polyester PU -OH (O) and -
NCO (@) excess, polyether PU -OH (J) and -NCO (M) excess.

structure could be proved unambiguously. The larger rela-
tive enthalpy of hard-soft interactions results in better sol-
ubility (Fig. 2), larger homogeneity (Figs. 7 and 8), smaller
dispersed particles (Figs. 6 and 7) with corresponding
changes in properties (Figs. 9 and 10). However, the dis-
similar interactions developing in the two types of poly-
mers do not explain the completely different dependence
of stiffness and ultimate properties on the stoichiometric
ratio of the functional groups and do not identify the fac-
tors determining those properties.

Earlier we showed for polyether polyurethanes that
stiffness depends mainly on the amount of relaxing soft
phase [63]. At the very small deformations at which stift-
ness is measured mainly the relative amount of the phases
determines properties. Stiffness decreases with increasing
amount of soft phase also in the present case. The larger

(@) )
\J{ s

(b)\ﬁ N /mé\m{/

Fig. 12. Schematic representation of physical cross-links forming in the
segmented polyurethanes studied at (a) -OH and (b) -NCO excess,
respectively.
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Fig. 13. Comparison of the structure of polyurethanes prepared from
polyester (a) and polyether (b) polyol, respectively, at -NCO excess. The
stoichiometric ratio is 1.15 for both samples.

solubility of soft segments in the hard phase decreases the
amount of soft phase that leads to larger stiffness for the
polyester PU and modulus changes also with stoichiometry
due to changing phase structure. On the other hand, ulti-
mate properties are determined at considerably larger
deformations exceeding 1000% in some cases. Fig. 11
shows the dependence of tensile strength on the concen-
tration of end-groups. At -OH excess strength decreases
sharply with increasing number of end-groups. The domi-
nating factor here is the molecular weight of the polymer
which decreases drastically with increasing deviation from
equimolar stoichiometry. On the other hand, strength is

much larger at NCO excess due to the interaction of the
aromatic end groups which can be incorporated into the
structural entities of the hard phase and even into the or-
dered regions detected by XRD. A schematic model of the
structures formed is shown in Fig. 12. The difference in
the strength of polyether and polyester PU is caused by
the dissimilar number and size of the formed hard phase
units acting as physical cross-links and in their properties
determined by interactions. Obviously the size of these
units is smaller in the polymer prepared with the polyester
polyol (Figs. 6 and 7), but their number is slightly larger
leading to larger strength, but smaller deformation. AFM
supplies further proof for this hypothesis (Fig. 13). The
PU prepared from the polyester polyol contains a larger
number of well defined structural units at NCO excess
(Fig. 13a) than the polyether polyurethane (Fig. 13b). The
structure of the latter seems to be more diffuse with less
well defined interfaces and larger interconnected struc-
tural entities. The results clearly show that besides the sol-
ubility of the phases, which is controlled by interactions,
also the formation of physical cross-links play an impor-
tant role in the determination of ultimate properties. The
number of these latter depends on stoichiometry.

5. Conclusions

Advanced molecular modeling proved that not hard-
hard, but hard-soft interactions control the phase separa-
tion of linear segmented polyurethanes. Fifteen different
specific interactions were identified in polyester while
thirteen in polyether PU considering only hydrogen bonds.
Estimated binding enthalpy changes between 11 and 26 kJ/
mol. A model was introduced to quantify the relative
importance of specific interactions acting between the
two types of segments. The calculations predicted better
solubility of the soft phase in polyester than in polyether
polyurethanes. Besides the solubility of the phases, their
size and properties also depend on these interactions
shown by the study of phase structure by various methods
in a wide length scale. Properties are determined by differ-
ent aspects of morphology. Transparency depends on the
amount of ordered hard phase, stiffness and hardness on
phase composition, while ultimate properties on stoichi-
ometry, which determines molecular weight and the for-
mation of physical cross-links.
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