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Chapter 1
Introduction

Segmented polyurethanes (PU) are versatile materials used in a large number of
areas in industry and in our everyday life [1-4]. Their properties depend on several factors and can be varied in a wide range by the proper selection of components, composition and preparation conditions [5-7]. Depending on these factors polyurethanes can be
cross-linked foams or linear elastomers, but they are also applied as moldings, adhesives, paints, varnishes, finishing coats, etc. [8-12]. Because of their advantageous properties like haemo and tissue compatibility polyurethanes are extensively used in health
care mostly as medical devices [13-14]. They are used as encapsulants for hollow-fiber
devices, dip-molded gloves and balloons, asymmetric membranes, functional coatings,
and as extruded profiles for catheters [15]. The selection of components, composition
and reaction conditions determine phase separation and thus structure [16-19]. However, the proper adjustment of properties to meet the demands of a specific application
requires the extensive knowledge of structure-property correlations and the factors influencing them. The determination of these correlations and finally the control of structure is the goal of most studies in this area [20-24].
Arterio-venosus diseases are extremely dangerous and threaten a large part of the
population. A large number of premature deaths are caused by such diseases, and both
their detection and treatment is often extremely difficult. [25] Instead of open surgery
these diseases are treated more and more frequently by endovascular techniques. These
methods, in which the treatment takes place directly in the blood vessel, show better
results then micro-neurosurgical methods. Micro balloons [26] and spirals [27] are frequently applied, but liquid embolizing agents [28] are the newest materials used for the
treatment. These are less invasive than earlier methods and result in very high recovery
ratios. Intensive research is going on in the field to find completely new materials or
approaches for treatment. A few years ago medical doctors from the University of Pécs
approached the Laboratory of Plastics and Rubber Technology to join their effort in
finding a polymer with optimum properties for endovascular surgery. They found that a
certain polyurethane polymer performs much better than the commercial embolizing
preparation based on an ethylene-vinyl alcohol copolymer. The discussions between the
Laboratory and the doctors led to a few preliminary experiments and finally to a large
project financed by the National Bureau for Research and Development (NKTH). During the first phase of the research we tried to identify the chemical composition and
structure of the polymer needed for the intended application, characterized it as thoroughly as possible, explored various reaction routes and preparation techniques, developed methods for characterization, etc. The research resulted in a PhD thesis [29] which
compiled most of the scientific results obtained up to that stage. The components and
the composition of the polyurethanes studied covered a wide range and we investigated
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various questions from polymerization kinetics, through structure-property correlations
[30,31], to the problematic of contrasting [32].
Because of various problems the project was terminated before reaching final
conclusion. Nevertheless, considerable knowledge was accumulated about the structure
and properties of segmented polyurethane elastomers. It became obvious that structure
is more complicated than reported in the open literature and several questions have not
been answered yet from phase separation kinetics the role of interactions and crystallinity. The detailed analysis of structure and of its dependence on the stoichiometry of the
reaction mixture indicated that our linear polyurethanes have hierarchical structure
consisting of several phases. Finding explanation for the sometimes contradictory observations related to structure-property correlations proved to be challenging thus research continued to answer open questions. The focus of research slowly shifted from
application oriented problems towards the more thorough characterization of structure,
and latter to interactions. Several new techniques were introduced including various
instrumental methods, evaluation approaches and model calculations. Nevertheless,
practical aspects have not been completely forgotten, the knowledge acquired was and
is used for the solution of industrial problems, and a new project have been started recently for a different medical application of some of the materials developed. This second PhD thesis which is a direct continuation of preceding studies reflects both the shift
in our interest and the deeper knowledge obtained during these studies.

1.1 Polyurethanes (PU)
The foundations of the polyurethane industry were laid in the late 1930s with the
discovery of the chemistry of the polyaddition reaction between diisocyanates and diols
to form polyurethane [29]. Polyurethanes are block-copolymers in which the monomers
are connected to each other with urethane bonds. The discovery resulted in a very large
variety of different polyurethane types and made possible an ever-increasing number of
applications. Polyurethanes are now all around us playing a vital role in many industries
[1].

1.1.1 Types, raw materials and applications
The types of polyurethanes can be divided into two groups according to their appearance: foamed and solid products. On the other hand, they can be grouped also by
their application: flexible and rigid foams, elastomers, coatings and adhesives. Flexible
polyurethane foams [1,30] are generally made by chemical foaming, which is based on
the reaction between isocyanate and hydroxyl groups resulting in CO2 formation. The
raw materials of flexible foams are mainly TDI and polyether polyols [e.g.
poly(ethylene-oxide), poly(propylene-oxide)]. Flexible foams can be produced in a wide
range of densities and hardnesses. In general they have an open cell macro structure.
The two main production process is cutting and moulding. They are used mostly in
upholstered furniture and mattresses. Flexible foam moulding processes are used to
make comfortable, durable seating cushions for many types of chairs and car seats.
10
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Rigid polyurethane foams [1,30,31] are widespread due to their excellent thermal
insulation ability. Foaming is mainly based on physical methods in this case [32]. Such
foams contain closed cells. The raw materials of rigid foams are mainly different polymer MDIs and linear polyester polyols. Lately rigid PU foams are replaced by PIR
foams which contain isocyanurate rings [33]. The fire performance of these materials is
better than that of PUR foams. There are three main areas of rigid foam usage: the construction industry (panels, thermal insulation), refrigerators and sport equipment (surfboard, ski).
The term “polyurethane elastomers” [1,34] covers a broad class of materials that
can be distinguished from other polyurethanes by their elastic nature and density. The
various polyurethane elastomers offer a broad range of processing characteristics, hardnesses and compositions depending on specific processing and application requirements
[35]. The key areas can be defined as: thermoplastic, microcellular, cast, RIM and spray
elastomers. The hardness range for polyurethane elastomers can vary from as low as 10
Shore A to larger than 75 Shore D. In general, the fully cured elastomers are tough,
abrasion-resistant materials of high mechanical strength having good resistance to most
solvents and chemicals. Polyurethane elastomers are typically produced by reacting an
isocyanate, a high molecular mass polyol and a low molecular mass diol or amine chain
extender. They are prepared mainly from aromatic isocyanates such as MDI, TDI or
NDI, but aliphatic isocyanates are also used when special properties are required. A
larger variety of high molecular mass polyols are used such as adipate polyester polyols,
poly(ethylene and propylene-oxide) polyethers, polytetrahydrofuran or polycaprolactones. All these polyols have a glass transition temperature under ambient temperature,
so they are often referred to as “soft segment”. Glycols such as ethylene glycol, 1,4butanediol and bis(hydroxyethyl)hydroquinone are the main chain extenders with
amines such as DETDA used for highly reactive systems.

1.1.2 Chemistry of polyurethanes
As it is well known from the 19th century, isocyanate and hydroxyl groups can
react with each other and the product is called as a carbamate; from the addition reaction of bi- or multifunctional monomers a polymer results. In this latter case carbamate
group is called urethane. Polyaddition is an adduct free step-grown polymerization
reaction. Monomers are consumed at the beginning of the reaction, and the reaction
mixture contains first dimers, then trimers, longer oligomers, and eventually long chain
polymers [34]. As an introduction to polyurethane chemistry we must pay attention to
the chemical characteristics of the isocyanate groups. These groups are very reactive,
especially with nucleophile agents. The reactivity of the –NCO group is determined by
the electrophile characteristic of the central carbon atom, of the cumulated bond. [1]
The electron structure of the isocyanate group can be described with mesomer structures
(Scheme 1.1). The fourth structure on Scheme 1.1 forms only in the case of aromatic
isocyanates, where the aromatic ring can stabilize the negative charge of the nitrogen
atom. The formation of this mesomer explains the higher reactivity of aromatic isocyanates compared to aliphatic compounds.
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The main reaction in polyurethane chemistry occurs between isocyanate and hydroxyl groups. The first step is an electron transfer between the nucleophilic oxygen of
the hydroxyl and the electophilic carbon of isocyanate and then the addition takes place
according to Scheme 1.2. However, the mechanism of this reaction is more complicated.
The literature is unified that the first step of the reaction is the formation of an intermediate complex, but no longer on the structure of it. There are alcohol-alcohol, alcoholurethane, isocyanate-alcohol and isocyanate-urethane complexes assumed (Scheme 1.31.6) [1,3,36]. The primary complexes continue to react and give more stable cyclic
complexes (Scheme 1.7), which form urethanes in a separate step (Scheme 1.8) The
reaction is faster with primary aliphatic alcohols; secondary alcohols react considerably
slower. Isocyanates can react with phenols as well, but the reaction product is not stable,
decomposes. The reaction of the isocyanate is strongly exothermic in every case. The
heat of reaction is 84 kJ/mol [37] for aromatic isocyanates and primary alcohols.
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Rection of the primary complexes with alcohols to form urethanes.

Another important primary reaction of isocyanates takes place with amine groups
(Scheme 1.9) and it plays an important role in the catalysis of urethane formation. This
reaction is faster and more violent than the reaction with hydroxyl groups.
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Besides the two main reactions mentioned above (Schemes 1.2 and 1.9) the isocyanates – due to their high reactivity – are able to react with all molecules which contain polarized hydrogen atoms. Such materials are water, carboxilic or inorganic acids.
The reaction of isocyanates with water to produce an amine and carbon dioxide is
highly exothermic. The initial reaction product is carbamic acid, which breaks down
into carbon dioxide and a primary amine (Scheme 1.10). Due to the formation of carbon
dioxide the reaction with water is often used to produce a blowing agent and the level of
foaming can be tailored simply by adjusting the amount of water in the formulation.

O
R N C O + H2O

Scheme 1.10

R NH2 + CO2

R NH C OH

The reaction of the isocyanate with water; chemical blowing.

Carbon dioxide is produced also by the reaction of isocyanates and carboxilic acids (Scheme 1.10). In this case the initial reaction product is an anhydride, which breaks
down to carbon dioxide and an amide. Gas formation is not the main goal of this reaction, but utilizes the fact that monofunctional carboxylic acids (e.g. lactic acid, caprolactam) can regulate the molecular mass of the polyurethane chains.

O
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Scheme 1.11
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Reaction between isocyanates and carboxylic acids.

The primary reactions of isocyanates are presented in Schemes 1.2 and 1.9-1.11.
The resulting products however can react further with isocyanates because they contain
at least one active hydrogen after the reaction. The initial molecules can be urethane,
urea or amide compounds, while the products are allophanates, biurets and acyl-ureas,
respectively. The molecules branch at these points and a cross-linked structure is obtained as a result. Often obtaining a cross-linked polymer is the goal of the production,
but for linear polyurethane elastomers these are disadvantageous side reactions, so they
must be prevented. Allophanate group results from the exothermic reaction of isocyanate with the active hydrogen of a urethane group. This reaction takes place uncatalysed at about 120 to 140 °C and it is reversible at temperatures above 150 °C (Scheme
1.12).
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Formation of the allophanate group.

Biurets (Scheme 1.13) form in the exothermic reaction of an isocyanate with a
urea moiety, through the reaction of the active hydrogen in disubstituted ureas, mostly
created in the reaction of water and isocyanates (see scheme 1.10). This reaction is
significantly faster than the reaction leads to allophanate formation and occurs at lower
temperatures than the other reaction at about 100 °C compared to 120 °C to 140 °C.
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Scheme 1.13
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Biuret formation.

The amide resulted in the reaction between isocyanates and carboxilic acids may
also react further with isocyanates. The result of the reaction is an acyl-urea type molecule (Scheme 1.14), which is more or less similar to allophanates, with the only difference that the main chain carbonate is linked directly to the adjacent carbon atom of the
carbonate unlike in allophanates in which an oxygen atom is located between the carbon
atom of the carbonate and the main chain (compare Schemes 1.12 and 1.14).
O
O
R NH C

Scheme 1.14

R N C
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N C O
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Acyl-urea compound formation.

1.2 Thermoplastic polyurethane elastomers (TPU)
The unusual feature of thermoplastic polyurethanes (TPUs) is that they form the
only group in the polyurethane family that is supplied as fully-reacted product, so that
the processor only has to re-shape it into the final form required [1]. All other polyurethane products are supplied as reactive liquids. Thermoplastic polyurethanes can be split
into two discrete classes based on their use, since by varying the formulation they can
be designed to be processed on conventional thermoplastic equipment or by solvent
processing in a range of organic solvents. In the first case they are used for the production of solid components by injection moulding or extrusion whilst in the second they
are applied as adhesives or coatings. Thermoplastic polyurethanes are injected or extruded to produce a wide range of products such as footwear, wire and cable sheathing,
15
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hoses, tubing, film and sheet, or they are used to produce coated and laminated textiles,
protective/functional coatings and adhesives.
Thermoplastic polyurethanes have a combination of high elongation and tensile
strength and thus form a bridge between rubbers and thermoplastics, and in addition
their toughness provides excellent abrasion and tear resistance. The type and length of
the soft segment leads to good low temperature flexibility, while the hard segments
contribute to temperature resistance. They also can have excellent resistance to oils,
fuels, solvents and chemicals.
The flexibility, strength and toughness of thermoplastic polyurethanes are related
to the supermolecular structure of the material formed by its chemical structure and
processing conditions. The chains of thermoplastic polyurethanes are built up from
more or less immiscible segments. “Hard segments” contain the isocyanate and the
chain extender and the polyol forms the “soft segment”. The segments can segregate to
phases above the glass transition temperature of the soft phase. This process is called
phase separation. The extent of phase separation and the composition of the phases
decisively influence the final properties of the material [38]. Phase separation is influenced by several factors, like the chemical structure of the components (incompatibility,
crystallinity), the production process (one- or two shot reaction, technology) and post
production steps (post curing, annealing).
The hard phase is responsible for the rubber-like properties through the physical
cross-linked structure resulting from strong hydrogen bonding between the hard segments. Elasticity and low temperature performance, however, results from the soft phase
through its low glass transition temperature. The structure can be visualized as a particulate filled polymer, where the hard phase particles are dispersed in the soft phase matrix.
The reinforcing effect is larger if the phase separation is more complete.

1.2.1 Raw materials and processing
As it was mentioned above thermoplastic polyurethanes are produced by reacting
an isocyanate with a linear polyether or polyester polyol and a low molecular mass
chain-extending diol in either a one- or two step reaction process. The major raw materials frequently used are listed in Table 1.1. The majority of polyurethanes are based on
MDI, but other isocyanates are also often utilized for special niche applications. For
example aliphatic diisocyanates are used when UV-resistant products are required. By
comparison, all the various types of polyols find use in the production of thermoplastic
polyurethanes, and only the polycarbonate polyols are niche product.
MDI based thermoplastic polyurethanes are, therefore, differentiated mainly on
the basis of the soft segment polyol used [39]. Polyester polyols are selected when the
product requirements are high toughness and oil/solvent/chemical resistance, whilst
conversely propylene oxide/ethylene oxide polyols are selected, when good hydrolysis/microbial resistance is required for a given application. Polycaprolactone polyols
have the inherent toughness and resistance of polyesters, but also have improved low16
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temperature performance combined with a relatively high resistance to hydrolysis.
Poly(tetrahydrofuran) (PTHF) has all the benefits of polyethers, but in addition resembles polyester polyols in terms of physical properties and has excellent hydrolysis/microbial resistance and low temperature flexibility as well. Polycarbonate polyesters constitute a special class of the polyester family and are suitable for applications in
which the product is exposed to high humidity.

Table 1.1

Raw materials used for the production of thermoplastic polyurethanes [1]
Isocyanates

4,4’-methylenebis(phenyl
isocyanate)
2,4-toluene-diisocyanate
4,4’-methylenebis(cyclohexyl isocyanate)
xylylene diisocyanate
isophorone diisocyanate

Polyols

Chain extenders

butanediol adipates

1,4-butanediol

ethylene glycol adipates

ethylene glycol

hexane diol adipates

1,6-hexane diol

polycaprolactone

4-hydroxyethoxy
-1-hydroxyethylbenzene-diether

polytetrahydrofuran
PO/EO polyether polyols
polycarbonate polyols

Chain extenders are low molecular mass hydroxyl and amine terminated compounds that play an important role in the polymer morphology of polyurethane fibers,
elastomers, adhesives, and certain integral skin and microcellular foams. The choice of
chain extender determines flexural, heat, and chemical resistance properties [40]. The
most important chain extenders are ethylene glycol, 1,4-butanediol, 1,6-hexanediol,
cyclohexane dimethanol and hydroquinone-bis2-hydroxyethyl-ether (HQEE). All of
these glycols form polyurethanes that phase separate well and form well defined hard
segment domains, and are melt processable. They are all suitable for thermoplastic
polyurethanes with the exception of ethylene glycol, since its derived bis-phenyl urethane undergoes unfavorable degradation at high hard segment levels.
Three production methods are currently in use for making thermoplastic polyurethanes; the batch process, band casting, and reactive extrusion. In lab scale, TPUs can
be produced also in solution. Is this Thesis polyurethanes are produced by the batch
process in an internal mixer, but earlier we tried the solution process as well1.
High quality, consistent polyurethane products can be produced by using simple
batch mixing techniques of which there are two variants: hand mix and agitated vessel.
The advantage of these methods is that they provide flexibility for the production of a
1

Pukanszky, B.Jr. Segmented polyurethane elastomers for endovascular surgery: kinetics, properties, application. Laboratory of Plastics and Rubber Technology, Budapest University of Technology and Economics:
Budapest, 2008.
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wide range of grades with a wide variety of properties. Both processes have the same
steps. First the polyol, then the chain extender and finally the MDI is weighed into an
open container. This is followed by vigorous mixing and pouring into a mould or a large
casting tray. Once the initial reaction is complete the slabs are post cured in ovens at
120 to 130 °C for 24 hours and granulated in water-cooled mills.
Band casting is a continuous process in which the raw materials are individually
fed into a mixing head fitted with a spreader system to place a precise stream of mixed
material onto a heated continuous steel or plastic conveyor belt. The thermoplastic
polyurethane reacts and solidifies before being stripped from the belt. There are two
variants of the process: the separate block and the extruder systems. In the first solid
plates of thermoplastic polyurethane are removed at the end of the conveyor belt, they
are thermally treated in an oven, ground to chips, and if necessary, extruded and pelletized. In the second process the reaction mass is transferred directly from the conveyor
belt to an extruder for final reaction, homogenization and pelletizing. The disadvantage
of both methods is that synthesis and pelletizing are two separate operations.
By reactive extrusion the components are metered in one step into a twin-screw
reactor extruder, where they mix and react during the transfer down the screw and the
resulting polymer is pelletized at a die face. The extruders can be used for the continuous production of all types of thermoplastic polyurethanes from soft adhesives, which
are made at low reaction speeds, up to the hardest injection or extrusion grades. The
short residence time and the relatively high temperature in the twin-screw extruder are
essential differences between this process and the discontinuous synthesis in an agitated
vessel, or the continuous polymerization on a conveyor belt.
Solution polymerization methods are useful when the final product is utilized in
this form (adhesives, coatings). However, in lab scale the solution polymerization have
some advantages, like well defined conditions, inert atmosphere, homogenous material,
low temperature. There are some disadvantages also, for example the solvent cannot be
easily eliminated from the final material.

1.2.2 Chemical structure, stoichiometry
Molecular mass and molecular architecture have the same importance for thermoplastic polyurethane elastomers as in all other polymers. The final structure is very
sensitive to the selection of the components and to proper stoichiometry. Composition is
determined by two main factors. One of them is the ratio of the isocyanate and the hydroxyl groups (NCO/OH ratio) at the beginning of the reaction, while the other is the
ratio of hard and soft segments (e.g. HS/SS ratio) [41,42]. The amount of HS is usually
calculated as the sum of isocyanate and chain extender, while SS equals the amount of
polyol. In this Thesis we define composition similarly to this, but instead of the HS/SS
ratio we used the ratio of the hydroxyl groups of the polyol to the total number of hydroxyl groups in the reaction mixture (POH/OH ratio). We believe that this ratio reflects

18
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composition better than the HS/SS ratio, since phase composition is not known precisely at the beginning of the reaction, especially in the case of large isocyanate excess2.
As discussed earlier, the molecular mass and structure of the final material is
very sensitive to the proper selection of the components and also to conversion. Fig 1.1
shows the results of calculations modeling the effect of the NCO/OH ratio and conversion on the degree of polymerization. The figure clearly shows that in the case of 2 %
excess of either components the degree of polymerization will be only about 100 even if
we presume 100 % conversion.

Degree of polymerization

1000
100 %
99.9 %
99.8 %
99.7 %
99.5 %
99.0 %

800

600

400

200

0
0.90

0.95

1.00

1.05

1.10

1.15

NCO/OH ratio

Fig. 1.1

Modeling the effect of NCO/OH ratio and conversion on the degree of polymerization in the formation of polyurethanes.

However, not only molecular mass but also end-groups forming on the chain are
determined by changing stoichiometry. End-groups interact with each other, but also
with the urethane groups and these interactions may result in strongly differing properties even at the same composition [43]. The proper stoichiometry is also important to
prevent side reactions due to isocyanate excess (described in section 1.1.2).
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1.2.3 Segments and phases
The segments of linear polyurethane elastomers form phases (Fig. 1.2). The order
of the segments along the chains are mainly determined by the production method. One
shot polymerization methods lead to fully stochastic arrangement of the segments, but
various two step or “prepolymer” methods can results in more ordered structures. The
situation becomes more complicated if we consider that urethane formation is a reversible reaction, so the polymer chains are able to recombine with each other.

Fig. 1.2

Schematic of segmented block copolymers and hard block chain packing [1].

Polyurethanes contain several polar groups which enter into various interactions
with other PU molecules, since the urethane groups of the hard segments are capable of
forming various interactions with each other, but also with some groups of the soft segments [44-50]. The extent of phase separation and the size as well as properties of the
phases are determined by thermodynamic [51] and kinetic [52] factors. The latter are
related to molecular mass and preparation conditions, while the former to composition
[11]. Phase separation leads to the formation of a hierarchical structure with units of
various forms and sizes [53-55]. Besides a crystalline or at least highly ordered phase,
soft and hard segments form corresponding phases, which are partially soluble in each
other [56,57].
The crystalline phase consists mainly of hard segments [58]. Aromatic isocyanates like MDI and TDI with short chain extenders can form crystallites. These struc20
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tural elements can be analyzed with X-ray diffraction methods, because of their regular
structure. The amount of these units is usually under 10-15 %. In addition, there are
cases, when the soft segments also crystallize. Polyols with ordered structure and a large
number of polar groups are capable of crystallization. The amount of the crystalline
phase increases during deformation.
The structure of the hard and soft phases can not be analyzed by X-ray techniques [59], but we can acquire information about the phases by thermal analysis (DSC,
DMA). All polymers contain several relaxing structural units which can be identified
through their glass transition temperatures (Tg). In most cases the Tg of the phases are
between the transition temperatures of the neat hard and soft segments. Shifts in the
glass transition temperature of the phases indicate their partial solubility. The difference
between the Tg of the phases decreases with increasing solubility. Ultimately only one
transition temperature can be detected, when the material is completely homogenous.
This homogenous structure usually can be detected under 20 % concentration of the soft
segment. The determination of the distribution of the segments between the phases is
rather difficult, because besides the mutual miscibility of the phases an interphase also
forms which contains segments in various amounts (see Fig. 1.2).

1.2.4 Length scales
Phase separation may occur at various length scales from nanometric dimensions
to macroscopic micron sized structural units. Tocha et al. [60] synthesized segmented
polyurethanes with the prepolymer method and characterized them with Atomic Force
Microscopy (AFM), Transmission Electron Microscopy (TEM) and Polarized Optical
Microscopy (POM). They found various aggregates in the materials, and indentified a
domain structure. Larger aggregates (about 10-12 µm) showed a radial spherulitic structure consisting of hard segment fibrils. Smaller ones (2-3 µm) did not show any visible
internal structure. A domain structure was visible outside the spherulites. According to
the authors very short (nanometric) hard segment domains were embedded into the soft
segment matrix in their polymer. Chen et al. [61] synthesized novel dendritic polyurethane elastomers with a phase separated stucture in which the size of the hard domains
was less than 100 nm.

1.2.5 Structure-property correlations
As a result of phase separation, the properties of segmented linear polyurethane
elastomers are not determined only by molecular mass and composition, but also by
phase structure. Abouhzar et al. [19] studied the effect of polymerization technology
(one-or two-stage) on the morphology and properties of polyether- and polyester-based
urethanes. They found that the polymerization technique influences properties more in
the case of polyester based elastomer than for the polyether PU. The physical properties
of polyester PU was poorer in the case of one-stage production. Inferior properties were
attributed to stronger soft–hard segment interaction and to the larger mutual solubility
of the segments that possibly resulted from the broader molecular mass distribution of
21
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hard segments produced in the one-stage reaction. The incompatibility of the hard and
soft components was larger in polyether polyurethanes. Contrary to these conclusions
Ayres et al. [17] claimed that phase separation between hard and soft segments is more
significant in polyester than in polyether polyurethanes. They also showed, that further
phase separation within the soft domains can occur in samples containing both polyester
and polyether soft segments.
During their work on polyether polyurethanes Bajsic et al. [16] found that a significant increase in hard segment concentration increases the glass transition temperature (Tg) of the soft segment and the tensile strength of the polymer, while its elongation-at-break decreases at the same time. Chen et al. [62] synthesized blends of a thermoplastic polyurethane (PU) and a polyether–polyimide (PI) in two steps. They found
that glass transition temperature (Tg) changed with the ratio of PU and PI. The shift in
Tg together with changing transparency of the films gave them the evidence that the soft
segments of PU and PI were miscible to some extent.
Crawford et al. [37] characterized model TPUs before and after varying degrees
of strain aging. They concluded that strain aging disrupts the domain structure in an
extent to cause a reduction in abrasion resistance. This disruption in the domain structure may involve phase mixing with or without hydrogen bonding between the hard and
soft domains, a breaking up of the hard domain microstructure and dispersion of hard
segments within the soft domains, or plastic deformation of the hard domains.
Eceiza et al. [63] found during their work on polycarbonate-based polyurethanes
that an increase in soft- and hard segment lengths led to increased phase separation with
respect to lower molecular mass soft segments and resulted in an interlocked and connected morphology of intermixed soft and hard domains. In another communication
[64] they investigated the effect of soft segment molecular mass and hard segment content on phase separation. They found that mechanical properties are influenced by the
molecular mass of both the hard and the soft segment. Tensile modulus increases with
increasing hard segment content, whereas elongation at break decreases. Phase separation is required to impart elastomeric behavior. They also concluded that phase mixing
decreases tensile strength. The ability of the soft segments to crystallize under strain
improves mechanical properties in phase separated systems.
The degree of phase separation between hard and soft segments strongly depends
on the mobility of the hard segments inside the soft phase [65] and on the compatibility
of the soft and hard segments [66]. Polyester polyols composed of even number of carbon atoms and long carbon chain monomers have a high degree of crystallinity which
reduces the mobility of the hard segments and thus phase separation [47].

1.3. Scope
The goal of the research was to obtain a deeper knowledge of structure-property
correlations in linear segmented polyurethanes and about the factors affecting structure
and properties in them in order to develop guidelines for the preparation of materials
22
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with desired properties. As we indicated in previous sections, both the chemistry and the
structure-property correlations of segmented polyurethanes are extremely complicated.
As a consequence, many questions are still open in spite of several decades of research
and industrial application of these polymers. We started research in this area with the
goal of preparing a polymer with optimum properties for endovascular surgery. This
required the study of apparently diverse issues from the kinetics of polymerization to
contrasting techniques3,4. We obtained considerable experience during the way and a
deeper knowledge about the factors influencing the structure and properties of segmented linear polyurethane elastomers5,6. In the last few years the focus of our research
changed considerably for various reasons. Nevertheless, this Thesis is a direct continuation of previous work, builds on the experience obtained earlier and even studies materials prepared previously in order answer question which remained open.
In a previous communication7 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. The extent of phase separation, as well as the
size and properties of the dispersed phase depend very much on composition. We
showed that each property of the polymer is affected differently by molecular mass and
phase structure. Melt viscosity depends mostly on the length of the molecules, ultimate
tensile properties are influenced also by interactions, while stiffness is determined almost exclusively by phase structure. In Chapter 3 we describe the results of our detailed study on the same materials by thermoanalytical measurements. We intended to
relate the mechanical properties of the polymers to their structure and identify the most
important moieties determining properties. Differential thermal calorimetry (DSC) and
dynamic mechanical thermal analysis (DMTA) were used for the characterization of the
samples, but supplementary measurements were also carried out to support conclusions
drawn from thermal data.
In the attempt to obtain more detailed information about the relationship of structure and properties in the polyurethanes synthesized we introduced a number of new
techniques for their characterization. The use of scattering methods and other mapping
techniques (FTIR imaging, Raman spectroscopy) indicated a very complex structure in
which the size of structural units covers several length scales. In order to obtain a better
view of this complex structure we characterized it also by new atomic force microscopy
(AFM) techniques. The micro phase separated nanoscale morphology of phase separated polyurethanes (PUs) was visualized by AFM height and phase imaging of smooth
surfaces obtained by ultramicrotonomy. Novel dynamic imaging modes of AFM, including HarmoniX material mapping and peak force tapping were used to asses the
3
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mechanical performance of the polymers quantitatively as a function of their molecular
structure. The results obtained are described in Chapter 4. The PU samples studied
showed characteristic “fingerprint” AFM phase images. The values of surface elastic
moduli were determined with nanoscale resolution and were in excellent agreement for
both AFM modes. Surface stiffness was compared to bulk average moduli indicating
differences in surface and bulk values and the effect of phase separation.
The elastomers prepared and studied in the previous stage of the research, and
also those discussed in the previous two chapters, were prepared from a polyether
polyol. However, one condition of the use of the polymer for endovascular surgery is its
solubility in DMSO and DMSO/ethanol mixture, the solvents used in the application.
Unfortunately, the solubility of polyether polyurethanes prepared by reactive processing
in the one-step batch method used is limited. As a consequence, we prepared polyurethane elastomers also from a polyester polyol as a function of stoichiometry and studied
its structure and properties in the same way as those of the polyether PU. The results
obtained on the effect of molecular mass and the type as well as number of end-groups
on the structure and properties of the polyester polyurethanes synthesized are reported
in Chapter 5. As usual, structure was characterized with a variety of methods in a wide
length scale and specific interactions were related to structure formation and properties.
As a result of the study we found that properties change as a function of the
stoichiometric ratio of the reactants in a similar way in polyester as in polyether polyurethanes. On the other hand, the absolute values seemed to be different indicating a
role of the chemical structure of the polyol as well as interaction of various groups in
phase separation and structure formation. We carried out a more detailed comparison of
the two series of polymers and the results are described in Chapter 6. An important part
of the comparison was the estimation of interactions developing in the polymer among
like and unlike segments and their possible role in phase separation, structure and properties. The study proved that interactions play an important role in the determination of
the behavior of segmented polyurethane elastomers.
In all previous studies the independent variable was the NCO/OH ratio of the
starting reaction mixture. The structure and properties of polyurethane elastomers can
be changed also by the variation of the POH/OH ratio as well, as it is done in industrial
practice to adjust hardness or tensile properties. As a consequence, in another series of
experiments we prepared PU elastomers from polyether and polyester polyols as a function of the POH/OH ratio and compared them to each other. The results are reported in
Chapter 7. In view of the results described in the previous chapter special attention was
paid to the possible effect of specific interactions on the structure and properties of the
elastomers. Because of the larger molecular mass of the polyol compared to butanediol,
increasing POH/OH ratio results in a relative increase in the amount of the soft phase.
Using the entire composition range allowed us seeing the effect of interactions and
changing composition on a wider scale and also drawing more comprehensive conclusions even if the practical relevance of larger POH/OH ratios is small. The structure of
the polymers was characterized by various methods again and an attempt was made to
explain the apparently contradictory results with differences in interactions.

24

Introduction
In the final chapter of the thesis, in Chapter 8, we briefly summarize the main
results obtained during the work, but refrain from their detailed discussion, because the
most important conclusions were drawn and reported at the end of each chapter. This
chapter is basically restricted to the listing of the major thesis points of the work. The
large number of experimental results obtained in the research supplied useful information and led to several conclusions, which can be used during further research and development related to the preparation of segmented linear polyurethane elastomers for
medical applications, but also for other areas. As usual, quite a few questions remained
open in the various parts of the study, their explanation needs further experiments. Research continues in this project at the Laboratory and we hope to proceed successfully
further along the way indicated by this and by the previous Thesis.
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Chapter 2
Synthesis and experimental techniques

2.1 Raw materials and synthesis methods
The raw material used together with the synthesis and experimental techniques
used in this work are described in this section. All of polymers were produced and analyzed with the same methods. Any deviation from the processes described here, is presented at the beginning of the corresponding chapter.
The polyurethanes studied were prepared from 4,4’-methylenebis(phenyl isocyanate) (MDI), 1,4-butanediol chain extender (BD) and a polyether or polyester polyol
with a molecular mass of 1000 (g/mol). The polyether polyol was poly(tetrahydrofurane) (PTHF), while the polyester was poly(butanediol-adipate) (PBDA), with a functionality of 2.0. All the components were fine chemicals (purity over 99 %) and were
acquired from Aldrich. MDI was used as received, butanediol was distilled in vacuum at
190 °C, and the polyols were dried at 80 °C in vacuum for a day before the reaction.
Two variables describe the composition of the materials. The first is the ratio of the –
OH and –NCO functional groups at the start of the reaction (NCO/OH ratio). The second is defined as the ratio of the –OH functional groups of the polyol to that of the total
diol (POH/OH ratio). The first (NCO/OH ratio) changed between 0.90 and 1.2 while the
second (POH/OH ratio) from 0 to 1 in 0.1 steps.
One step bulk polymerization was carried out in an internal mixer (Brabender W
50 EH) at 150 °C, 50 rpm for 30 min. The materials were fed into the internal mixer in
the order of polyol, chain extender and MDI. The torque and temperature of mixing
were recorded during polymerization. The time dependence of these quantities offers
information about the kinetics of polymerization and the molecular weight of the final
product. The polymer was compression molded into 1 mm plates at 200 °C and 5 min
using a Fontijne SRA 100 machine for characterization. The repeat units of the hard and
soft segments, as well as the schematic structure of the polyester and polyether polyurethane elastomers we synthesized are shown on Schemes 2.1.-2.4 for polyester and polyether polyurethanes.
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Schematic structure of the polyester or polyether polyurethanes we
synthesized during our work. HS represents the hard segment (see
Scheme2.1) and SS the polyester or polyether soft segment shown on
Scheme 2.2 and 2.3. respectively.

2.2 Characterization of structure and properties
Molecular weight was determined by gel permeation chromatography (GPC).
Measurements were done in tetrahydrofurane (THF) using a Waters 201 chromatograph
with 5 UltraStyragel columns. Polystyrene samples of narrow molecular weight were
used for calibration. The change of molecular mass on stoichiometry follows theoretical
predictions and it is an almost symmetrical function of composition. Specific interactions were estimated by the measurement of solvent absorption. Ethanol and n-octane
were used as solvents and Flory-Huggins interaction parameters were calculated from
the equilibrium solvent uptake [1-3].
Fourier transform attenuated total reflectance infra-red spectra (FTIR-ATR) were
recorded on compression molded plates in the wavelength range of 4000 and 400 cm-1,
using a Varian Scimitar 2000 apparatus equipped with a Specac Golden Gate ATR
reflection unit and a wide band MCD detector. The original spectra were corrected
before evaluation using the Advanced ATR Correction Algorithm by Thermo Scientific
[4].
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The structure of the samples was characterized also by SAXS and XRD. For the
recording of the SAXS patterns a compact Kratky-type camera was used with an MBraun one-dimensional position sensitive proportional counter having a channel width
of about 52 µm. The distance between the sample and the detector was 20 cm. The Xray source was a Cu anode sealed X-ray tube equipped with a Ni filter to suppress the
Kβ line. The used beam was line focused, its dimensions being 16 mm horizontally and
0.2 mm vertically. XRD patterns were recorded using a Phillips PW 1830/PW 1050
equipment with CuKα radiation at 40 kV and 35 mA in reflection mode. The morphology of smooth, cross-sectioned areas at the specimen surface were examined by AFM.
For HarmoniX mapping torsional harmonic cantilevers (HarmoniX Probes, HMX,
HMX-S, Veeco Instruments) (resonance frequency ~60 kHz, spring constant 1-1.8 N/m)
were used. HarmoniX measurements were done in air under ambient conditions using a
Multimode AFM with a NanoScope V controller and NanoScope version 7.30 software
(Veeco/Digital Instruments, Santa Barbara, CA). For DMT modulus determination the
cantilevers were calibrated using a standard PS/LDPE sample [5]. HarmoniX Tapping
Mode AFM was operated utilizing cantilever vibration free amplitude of 1.5 V in air.
The level of the force applied to the surface was adjusted by the amplitude setpoint,
which was used for the feedback control, to ca. 40% of the free amplitude. Imaging was
performed at 0.5-1 Hz scan rates. Peak Force Tapping [6] was done with Si tips on SiN
cantilevers (SCANASYST-AIR, Veeco Instruments Probes, Camarillo, CA) in air under
ambient conditions. A Multimode 8 AFM instrument equipped with a NanoScope V
controller and NanoScope version 8.10 software (Veeco/Digital Instruments, Santa
Barbara, CA) was used. Image processing and data analysis were performed with the
NanoScope software version 8.10, and NanoScope Analysis software version 1.10.
The relaxation transitions of the various supermolecular structural units of the
polymers were studied by differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA). Two heating and a cooling run were done in the DSC on 10
mg samples with a rate of 20 °C/min. 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 N2 atmosphere using a Perkin Elmer Pyris Diamond DMA apparatus. The measurements were
carried out in tensile mode at 1 Hz frequency and 10 µm deformation. 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 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 determined on 4 mm thick samples created by the stacking
of 1 mm pieces. The transparency of the compression molded plates was measured by a
Spekol UV-VIS apparatus at 500 nm wavelength.

2.3 References
[1]
[2]
[3]

Fekete, E., Földes, E., Pukánszky, B. Eur. Polym. J. 41, 727 (2005).
Földes, E., Fekete, E., Karasz, F.E., Pukánszky, B. Polymer 41, 975 (2000).
Szabó, P., Epacher, E., Földes, E., Pukánszky, B. Mater. Sci. Eng. A383, 307
(2004).
31

Chapter 2
[4]
[5]
[6]

32

Stangret, J., Kamienska-Piotrowicz, E., Laskowska, K. Vibr. Spec. 44, 324
(2007).
Sahin, O. Rev. Sci. Instr. 78, 103707 (2007).
Belikov, S., Erina, N., Huang, L., Su, C.M., Prater, C., Magonov, S., Ginzburg,
V., McIntyre, B., Lakrout, H., Meyers, G. J. Vac. Sci. Tech. B27, 984 (2009).

Thermal analysis of structure.

Chapter 3
Thermal analysis of the structure of segmented polyurethane
elastomers; relation to mechanical properties8

3.1 Introduction
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 considerably9. The extent of phase separation, as well as the size
and properties of the dispersed phase depend very much on composition [1]. Each property of the polymer is affected differently by molecular mass and phase structure [2-5].
The main goal of this work was to analyze the structure of segmented polyurethane elastomers on the molecular and supermolecular level by thermoanalytical measurements. 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 analysis (DMTA) were used
for the characterization of the samples, but supplementary measurements were also
carried out to support conclusions drawn from thermal data.

3.2 Experimental
The samples analyzed in this Chapter were prepared from 4,4’-methylenebis
(phenyl isocyanate) (MDI), 1,4-butanediol (BD) and poly(tetrahydrofurane) polyether
polyol (PTHF). 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 ratio) changed
between 0.940 and 1.150. Further details of the experiments can be found in Section 2.

3.3 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 chapter we try to find correlation between structure and properties and identify the

8

Bagdi, K., Molnár, K., Pukánszky, B.Jr., Pukánszky. B. J. Thermal. Anal. Cal. 98, 825 (2009).
Pukánszky, B.Jr., Bagdi, K., Tóvölgyi, Zs., Varga, J., Botz, L., Hudak, S., Dóczi, T., Pukánszky, B.. Eur.
Polym. J. 44, 2431 (2008).
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most important structural units determining properties by taking into account the possible interaction of functional groups.
3.3.1 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. 3.1 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 another one at higher temperature, at around 80 °C. At
very high temperatures, 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 [6-11]. 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 transitions seem to
shift towards higher temperatures with increasing NCO/OH ratio.
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Tg hard

Tm

-2,5
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-7,5
-10,0
-100

-50

0

50

100

150

200

250

Temperature (°C)
Fig. 3.1

DSC traces of PU elastomers prepared with different NCO/OH ratios.

Hard segments usually form densely packed regular structures close to a crystalline order [12]. The endotherm peak observed at around 210 °C can be assigned to the
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melting of this structure [13]. The position and intensity of this peak is very irregular,
they 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 characteristics 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. 3.2. The results are typical, the measurements resulted in spectra with
similar characteristics for all polymers. Three transitions can be detected also on the
dynamic mechanical spectra, but these differ 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 –CH2– units of the polyol10. A very intense transition
dominates the spectra at around -20 °C, which must be related to the movement of the
soft segments [14]. The considerable intensity of this transition results from the large
change in the mobility of the soft segments as temperature crosses the Tg. 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 [15]. The small intensity of the transition results from the stiffness of the hard segments, their mobility is not very different
below and above the transition temperature. The temperature of these transitions 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 is very limited.
Naturally, the location and intensity of the transitions determined by DMTA also
depend on composition. Three spectra are presented in Fig. 3.3 as an example. Only tg δ
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 composition, which is much larger at around the stoichiometric ratio of the
components than at the extremes of the composition range. Apparently the amount of
relaxing species 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.

10

Pukánszky, B.Jr., Bagdi, K., Tóvölgyi, Zs., Varga, J., Botz, L., Hudak, S., Dóczi, T., Pukánszky, B.. Eur.
Polym. J. 44, 2431 (2008).
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Fig. 3.2

Typical DMTA spectra recorded on a segmented PU elastomer. The stoichiometric ratio of the components is 1.0.
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Changes in the position and intensity of the relaxation transition of the soft
segments on the stoichiometric ratio of the components.
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3.3.2 Phase composition and properties
The glass transition temperature of polymers depends on the mobility of the relaxing species and changes in Tg with composition are influenced also by the interaction
of the corresponding phases, by their mutual miscibility. The dependence of the Tg of
the two phases of our segmented PU elastomers is plotted against the stoichiometric
ratio of the components in Fig. 3.4. 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 [1]. On the other hand, the Tg of the
hard phase increases continuously, but not linearly, with increasing NCO content. The
non-linear dependence of the Tg 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 correlation of the Tg
values determined by the two methods for the soft segments (Fig. 3.5). 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. 3.4

Effect of the relative ratio of the components on the glass transition temperature of the soft and hard segments, respectively. Tg was determined from storage modulus.
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The maximum in the Tg of the soft phase as well as the changing intensity of this
transition with composition (see Fig. 3.3) indicated changes in the composition of the
phases with changing stoichiometric ratio of the components. These relations are demonstrated well by Fig. 3.6, in which the intensity (height of the tg δ peak) of the relaxation transition of the soft segments is plotted against composition. A maximum appears
at around equimolar stoichiometry indicating a maximum in the number of relaxing
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Fig. 3.5

Correlation of glass transition temperatures determined by DSC and DMTA,
respectively, for the soft segments.

species in this composition range. This is somewhat surprising and seems to be in contradiction with the fact that the Tg 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 separation is the smallest, and the mutual miscibility of
the phases the largest, around this composition. This observation 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 transition. We may ask the
question how changing phase separation and the composition of the phases influence
the mechanical properties of the polymer.
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3.3.3 Structure-property correlations
The composition dependence of tensile modulus is presented in Fig. 3.7. The
stiffness of the samples changes linearly with composition at both sides of the equimolar stoichiometric ratio with a minimum in the middle. On the other hand tensile
strength shows a completely different dependence on composition (Fig. 3.8). The correlation is lopsided, strength being small at OH excess while significantly 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 properties on composition
was explained earlier by the dissimilar effect of various factors on them [1]. 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
supported 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.

Intensity of transition, tg δ
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Fig. 3.6

Relaxation intensity of the soft segments plotted against the stoichiometric
ratio of the components.

Polyurethanes contain a considerable number of functional 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
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throughout the concentration range. On the other hand, the number of both end-groups,
i.e. –OH and –NH2, 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 –NH2, respectively, in Fig. 3.9; it is fairly obvious that end-groups determine
the stiffness of 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.
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Fig. 3.7

Dependence of the stiffness of polyurethane elastomers on the NCO/OH
ratio.

The dependence of strength on the concentration of end-groups is completely different, as expected (Fig. 3.10). 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 –NH2 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.
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Changes in tensile strength as a function of the stoichiometric ratio of the
components.
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Fig. 3.9

Tensile modulus plotted against the concentration of end-groups formed in
the polymer.
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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. 3.11. Very close linear correlations were
obtained supporting again our assumption that changing ratio of the reactants modifies
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 excess, the soft segments are excluded from the hard phase,
which result in less stiff polymers. This explains also the slight maximum in the Tg 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 stiffness of the elastomer samples. This conclusion is
confirmed completely by Fig. 3.12, 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 are determined by competitive interactions which need further study and
analysis.
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Fig. 3.10 Effect of end-group concentration on the tensile strength of the elastomer
samples.
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Fig. 3.11 Dependence of the intensity of soft segment transition on the concentration
of the end-groups formed.
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Fig. 3.12 Linear correlation between stiffness and the number of relaxing soft segments. Symbols: () OH excess, () NCO excess.
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3.4 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 –CH2– 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 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. Interactions
govern phase structure and properties, thus they need further study and analysis.
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Quantitative mapping of elastic modulus

Chapter 4
Quantitative mapping of elastic moduli at the nanoscale in
phase separated polyurethanes by AFM10

4.1 Introduction
In the attempt to obtain more detailed information about the relationship of structure and properties in the polyurethanes synthesized we introduced a number of new
techniques for their characterization. The use of scattering methods and other mapping
techniques (FTIR imaging, Raman spectroscopy) indicated a very complex structure in
which structural units cover several length scales. In order to obtain a better view of this
complex structure we characterized it also by new atomic force microscopy (AFM)
techniques. The micro phase separated nanoscale morphology of phase separated polyurethanes (PUs) was visualized by AFM height and phase imaging of smooth surfaces
obtained by ultramicrotonomy. Novel dynamic imaging modes of AFM, including
HarmoniX material mapping and peak force tapping were used to asses the mechanical
performance of the polymers quantitatively as a function of their molecular structure.
The results obtained are described in this Chapter. Freshly cryomicrotomed polyether
polyurethane elastomers were used as AFM samples. They were synthesized from 4,4’methylenebis(phenyl isocyanate) (MDI), 1,4-butanediol (BD) and poly(tetrahydrofurane) polyether polyol (PTHF).

4.2 Results and discussion
Three linear polyether polyurethane elastomers with varying ratios of the isocyanate and hydroxyl groups were studied by AFM. The –OH functional group ratio of
polyol/total diol (POH/OH ratio) was kept constant at 0.4, while the variable was the
ratio of the isocyanate and hydroxyl groups (NCO/OH ratio), which changed between
0.940 and 1.150 in 16 steps for the series. The composition and specimen identification
codes of the three samples selected from the series are listed in Table 4.1.

4.2.1 Topography and ‘fingerprint’ phase images
Freshly cryomicrotomed PU samples were investigated by AFM HarmoniX Imaging. Height and the corresponding phase images were obtained for 2 µm x 2 µm scan
sizes for each sample (Fig. 4.1).

10

Schön P, Bagdi K, Molnár K, Markus P, Pukánszky B, Vancso GJ. Eur Polym J, available online.
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Table 4.1

Composition of the three PU elastomers studied by AFM

Sample

Fig 4.1

NCO/OH

MDI

PTHF

BD

mmol

mmol

mmol

2/01

0.940

69.48

29.57

44.35

2/09

1.025

73.76

28.78

43.18

2/16

1.150

79.66

27.71

41.56

Height (A,C,E) and corresponding phase (B,D,F) images as obtained by
HarmoniX Tapping mode AFM. A, B: sample 2/01; C,D: sample 2/09 and
E, F: sample 2/16; scan sizes: 2 µm x 2 µm. z-scales: A: 150 nm,
C,E: 50 nm; B,D,F: 30°

Sample 2/01 reveals some higher structural entities in the topography signal in
comparison with the two other PU samples and has a rougher surface. It is evident that
phase signals give a better lateral contrast unveiling more details of the morphology
than height signals. Hence, morphology visualization is based on phase signals in further discussion (Fig. 4.1) [1,2].
Sample 2/01 reveals a wavy morphology of the hard segments assembled into
larger domains that extend over few 100 nm2 areas. In contrast, the hard segments of
sample 2/09 show sharp features of straight whiskers with random orientation. The
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whiskers have a narrow apparent full width of about 20 nm and vary in lengths from 30
to 200 nm. Larger hard segment domains extending over few 100 nm2 areas can be
observed for sample 2/01. In sample 2/16 hard segments show a fibre bundle like morphology extending over the entire sample area. Although the hard segment motifs show
similar widths of ca. 20 nm in all three samples, the global features of the morphologies
vary significantly. AFM phase imaging was highly reproducible revealing the characteristic features of the specific morphologies described on several cryomicrotomed specimens for each sample. It was possible to identify each sample by the appearance of its
phase morphology, which in this way represent a “fingerprint” image. HarmoniX DMT
moduli maps have been recorded for the different PU samples. DMT moduli maps (Fig.
4.2) also reveal significantly differently morphologies, in agreement with the corresponding phase images (Fig. 4.1). Measurements were complemented with Peak Force
Tapping and similar morphologies have been observed in the DMT modulus mappings
(Fig. 4.2). Both AFM modes clearly resolve elastic moduli of hard and soft segments of
the phase separated polyurethane samples with nanoscale resolution (Fig. 4.2).

Fig 4.2

DMT Modulus maps as obtained by HarmoniX (A,C,E) and Peak Force
Tapping (B,D,F). A, B: sample 2/01; C, D: sample 2/09 and E, F: sample
2/16 ; scan sizes: 2 µm x 2 µm. z-scales: A, B: 600 MPa, C-F: 1 GPa

Potential effects of the AFM tip geometry, its penetration depth and hence the
contact area on the measurement of the sample moduli is taken into account in the calibration procedures. For the calibration sample and the PU sample measurements the
same setpoints are chosen [3].
The AFM tip is generally considered approximately spherical at the very end.
Adhesion often comprises a portion of the tip-sample interaction force. This configura47
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tion fits well with the Derjaguin–Müller–Toporov (DMT) model being suited for samples with moderate adhesion levels and sharp tips. Offline calculation of the same data
using the DMT and Johnson-Kendall-Roberts (JKR) models showed about 15 % deviation [4].
The lateral resolutions of the mechanical parameters obtained by HarmoniX
mapping and Peak Force Tapping on flat samples have been reported to be in the order
of less than 5 nm [3]. Transition in modulus from low to high values have been reported
on heterogeneous samples at distances around of 10 nm [3]. We used a PS-PI-PS
triblock copolymer to test the lateral resolution capabilities and could easily discriminate the soft (PI = 1 MPa) and hard segments (PS = 3.2 GPa) with a lamellar phase
separation of ca. 30 nm (data not shown) [2].
Peak Force Tapping AFM tips have very small nominal radii of 2 - 3 nm. Thus
we believe errors caused by local topography are small for the flat ultramicrotomed PU
samples. We like to emphasize that two fundamentally different AFM mechanical mapping modes using very different AFM tips result in similar images. Both AFM modes
strongly support each other and verify the obtained results. However, we note that convoluting and smearing effects due to finite sized contact area between tip and sample
should be considered around phase boundaries.
The variation of the surface moduli over the scanned area was determined and
DMT modulus values were described also by modulus distribution functions. The results are summarized in Table 4.2. The DMT modulus values that have been obtained
with the different AFM modes are in very good agreement.

Table 4.2

Average DMT moduli obtained by HarmoniX and Peak Force tapping for
2 µm and 5 µm scan sizes.

Sample

HMX2
(MPa)

HMX5
(MPa)

PF2
(MPa)

PF5
(MPa)

2/01

38.7

41.5

44.8

40.9

2/09

80.3

74.3

78.5

83.0

2/16

91.8

97.1

84.8

95.5

The DMT modulus maps of the three PU samples are shown in Fig. 4.3 including
cross-sections representing typical ranges of DMT modulus values that can be observed
in the respective polyurethane samples. Values were determined between 25 and 150
MPa for sample 2/01, 60-210 MPa for sample 2/09 and 50-200 MPa for sample 2/16
along the cross sections shown. The AFM derived surface mean modulus values do not
coincide with the bulk values obtained by tensile testing (Fig. 4.4). This is attributed to
fundamentally different averaging procedures and effects. AFM measures surface mod48
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Fig 4.3

Surface DMT modulus values as obtained by Peak Force Tapping mode
AFM. A) DMT modulus images with corresponding representative cross sections. B) Corresponding normalized DMT modulus distributions over the entire sample area; scan sizes: 2 µm x 2 µm.
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ulus pixel by pixel, while tensile testing yields a single average bulk modulus. Importantly, AFM based mechanical mappings give a very detailed insight into the nanoscopic morphology revealing a broad distribution of surface moduli of the segmented
polyurethanes and a mean value can then be calculated from the distribution corresponding to an arithmetic average (Fig. 4.3B; Table 4.2). However, as the surface
modulus distribution is determined quantitatively, other moments or averages can also
be derived using the proper mathematical expressions over the distribution.
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Fig 4.4

Elastic modulus as function of the NCO/OH ratio of the respective PU samples measured by AFM (square: HarmoniX mapping, triangle: Peak Force
Tapping, elastic moduli derived from DMT model) and bulk tensile testing
(filled circle).

Bulk tensile modulus values depend on volume and not on surface fractions, but
also on the morphology of the phases, on the volume and properties of the interphase,
crystal connectivity, etc. PU samples possess a complex morphology, and each composition has its own structure and modulus, which is probably not in thermodynamic equilibrium after tensile testing. In addition the apparent modulus depends on orientation,
thermo-rheological history, etc. of the specific sample.
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4.3 Conclusions
Segmented polyether polyurethanes with varying stoichiometric ratios of the isocyanate and the hydroxyl groups were investigated by novel quantitative AFM mechanical property mapping modes. The observed morphology strongly depends on
stoichiometric ratio and provides specific “fingerprint” phase images allowing the identification of the sample. AFM clearly resolves the elastic moduli of stiff and soft segments of the phase separated polyurethane samples at nanoscale resolution. The DMT
modulus values obtained with HarmoniX Imaging and Peak Force Tapping are in very
good agreement. Surface mean moduli values do not coincide with bulk values obtained
via tensile testing which is attributed to fundamentally different averaging procedures
and effects that lead to the respective modulus values (surface and volume averaging).
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Chapter 5
Hierarchial structure of phase separated segmented polyurethane elastomers and its effect on properties11

5.1 Introduction
The elastomers prepared and studied in the previous stage of the research, and
also those discussed in the previous two chapters, were prepared from a polyether
polyol. However, one condition of the use of the polymer for endovascular surgery is its
solubility in DMSO and DMSO/ethanol mixture, the solvents used in the application.
Unfortunately, the solubility of polyether polyurethanes prepared by reactive processing
in the one-step batch method is limited. As a consequence, we prepared polyurethane
elastomers also from a polyester polyol as a function of stoichiometry and studied its
structure and properties in the same way as those of the polyether PU. The results obtained on the effect of molecular stoichiometry on the structure and properties of the
polyester polyurethanes synthesized are reported in this Chapter.

5.2 Experimental
The polyurethane elastomers studied were prepared from 4,4’-methylenebis(phenyl isocyanate) (MDI), 1,4-butanediol chain extender (BD) and poly(1,4butylene adipate) (PBDA) polyol with a molecular mass of 1000 g/mol. The –OH functional group ratio of polyol/total diol was kept constant at 0.4 in all experiments. The
variable was the ratio of the isocyanate and hydroxyl groups (NCO/OH), which changed
between 0.90 and 1.15 in this study. Altogether 17 polymers were prepared with different NCO/OH ratios. We produced also a model compound from BD and MDI with the
structure shown on Scheme 5.1.

5.3 Results and discussion
The various aspects of the structure and properties of the polyurethanes prepared
are discussed in separate sections. Molecular and phase structure, are presented first,
followed by relaxation transitions and molecular mobility, and then mechanical properties. The role of specific interactions and structure-property correlations are discussed in
the last section.

11

Bagdi K, Molnár K, Wacha A, Bóta A, Pukánszky B. Polym Int, in press.
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5.3.1 Molecular structure
Deviation from equimolar stoichiometry has two consequences in stepwise polymerization: drastic decrease of molecular weight and the formation of a polymer with
end-groups being in excess in the reaction mixture. At complete conversion the change
in molecular weight, or more exactly in the degree of polymerization (xn) can be expressed as xn = (1 + r)/(1 – r), where r = NAA/NBB, i.e. the ratio of the reacting bifunctional components. In our experiments the modification of the stoichoimetric ratio of
–NCO and –OH functional groups resulted in the expected changes in the molecular
weight of the polymer [1]. Molecular weight can be measured by gel permeation chromatography (GPC) in THF, but the polymer must be dissolved, which is not always
easy, and one may encounter several technical problems during measurement. Another
way to obtain information about the molecular weight of our samples was the evaluation
of the torque measured during the reaction [2]. Torque is proportional to melt viscosity,
which on the other hand depends on molecular weight. Plotting equilibrium torque (Me)
against composition reflects changes in molecular weight very well as shown in Fig.
5.1.
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Fig. 5.1

Effect of stoichiometry on the equilibrium torque of the samples studied.

Three-component polyurethanes contain hard and soft segments consisting of the
isocyanate and the chain extender, on the one hand, and the polyol chains, on the other.
Their sequence distribution may change also with composition and influence phase
separation, the formation of hard and soft phases. A further factor of molecular struc54
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ture, which might influence properties, is the type and number of end-groups. Hydroxyl
end-groups form at diol excess, while we assume the formation of amine end-groups at
large isocyanate content because of the reaction of isocyanate groups with water. This
assumption was confirmed by the lack of isocyanate absorption at around 2270 cm-1 as
shown in Fig. 5.2, and by the detailed analysis of infrared vibration spectra showing and
increasing number of amine end-groups with increasing NCO/OH ratio (see inset in Fig.
5.2). We must emphasize here as well that we could not find any indication of the formation or urea, biuret or allophanate groups in the spectra (see Fig. 5.2). The number of
the respective end-groups increases with decreasing molecular weight. The interaction
of these end-groups with each other and with the other functional groups of the molecule may also influence phase separation and properties.
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Fig. 5.2

FTIR spectrum of the polymers prepared at the NCO/OH ratio of a) 0.94
and b) 1.15. See the lack of free NCO groups at 2270 cm-1.

5.3.2 Phase structure
Both hard and soft segments are said to organize into ordered, crystalline phases.
Hard segments usually crystallize [3-5], while soft segments more often form amorphous phase [6,7]. The XRD patterns of selected polymers are presented in Fig. 5.3.
Although the amorphous halo is rather intense, well defined peaks indicate the presence
of slightly ordered phases. The XRD pattern goes through characteristic changes as a
function of composition. At diol excess the pattern shows two sharp and several smaller
peaks. Practically all peaks disappear at intermediate compositions; according to XRD
the polymer is completely amorphous. At isocyanate excess the peak detected at around
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19.2° 2θ angle appears again and its intensity increases slightly with increasing relative
amount of the isocyanate. The assignment of the peaks to specific structural units is

1.15

Intensity (a.u.)

1.08
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1.00
0.94
NCO/OH = 0.9
PBDA
model
5
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30

35

Angle of reflection, 2θ (degree)

Fig. 5.3

XRD patterns of selected PU elastomer samples; changes in the ordering of
the phases with composition. Patterns of the soft (PBDA) and hard (model)
phases are included as reference.

difficult. Based on composition dependence we may assume, that both the hard and the
soft segments organize into ordered units at diol excess, while only the hard segments
crystallize at the other end of the composition range. The characteristic reflection angle
of 19.2° corresponds to 0,46 nm distance that equals the distance of aromatic rings of
the isocyanate arranged parallel to each other according to molecular dynamic calculations [8]. In order to identify the peaks appearing in the XRD patterns of the elastomers,
we synthesized the model compound representing the hard segments (see Scheme 5.1)
HO

(CH2)4

O C HN
O

CH2

NH C O
O

Scheme 5.1 Chemical structure of the model compound synthesized.
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The chemical structure and composition of the compound was checked by 1H
NMR and MALDI-TOF spectroscopy. Its XRD pattern is presented at the bottom of
Fig. 5.3. The most intense peaks of the model compound appear also in the patterns of
the PU elastomers. We recorded also the XRD pattern of the polyol (PBDA), which is
also included in Fig. 5.3. Even the comparison of the patterns does not help to decide if
the soft segment forms a partially crystalline phase at large polyol excess. Nevertheless,
we may conclude from the XRD study that soft and hard phases form in our segmented
polyurethane elastomers as expected, and phase separation depends on the stoichiometric ratio of the components. It is a question if the more ordered structures observed at
smaller molecular weights form due to kinetic effects or as a result of specific interactions.

Intensity (a.u.)

SAXS detects larger structural units than XRD. The recorded SAXS patterns revealed characteristic peaks and shoulders indicating the presence of specific structural
units (Fig. 5.4). The size of the scattering entities could not be determined with the
Guinier approach since the conditions of such calculations were not fulfilled. Nevertheless, we can estimate the size of these units to be larger than 10 nm, possibly between
10 and 15 nm. These results indicate that the small, regular units detected by XRD arrange themselves into clusters, which are one or two orders of magnitude larger in size.
The size of these structural units is the smallest and their number is the largest at around
equimolar stoichiometry.
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Scattering vector, q
Fig 5.4

Characteristic SAXS patterns of elastomers produced with different
stoichiometric ratios.
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Structural units with size in the nanometer range, do not scatter visible light, thus
objects containing them are transparent. The light transmittance of the plates prepared
from the polymers is plotted against composition in Fig. 5.5. A maximum is observed in
transparency in the same composition range in which the extremes were observed in
viscosity and by SAXS. Transparency reaches almost 80 % at maximum, while it is
very small at the two sides of the composition range. Obviously, the structural units
detected by XRD and SAXS assemble to larger units in the size range of 20-100 nm.
These units are larger and denser at the extremes of the stoichiometric composition
range, while smaller and looser close to equimolar composition. The more ordered
structures observed by XRD apparently assemble to larger and less transparent particles,
while the polymer is more homogeneous at around equimolar stoichiometry. We may
expect that the structural units assembled at several levels influence properties significantly, but the relative effect of the various entities is difficult to guess.
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Fig 5.5

Light transmittance of PU samples with different isocyanate/diol ratio.

5.3.3 Transitions, mobility
Relaxation methods offer valuable information about the size, number and mobility of various structural moieties in a polymer chain. Small, flexible entities have relaxation transition at low temperatures, while large and stiff segments have high glass transition temperatures. Relaxation spectra reflect phase structure as well. Random copolymers and miscible blends possess a single glass transition temperature, while block
copolymers containing immiscible blocks exhibit two glass transitions [9-11]. Both the
DSC traces and the DMA spectra exhibit several transitions, which are not always easy
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to identify. Two or three relaxation transitions and the same number of crystallization
and melting peaks can be observed on the first heating run of the polymers. Three DSC
traces recorded in the first heating run are presented in Fig. 5.6 for the two extremes and
for the middle of the NCO/OH range. The transition of the soft phase can be seen
clearly in the temperature range between –40 and –10 °C in the traces and that of the
hard phase is located between +50 and +120 °C. The ordered structure detected by XRD
melts during the heating of the sample shown by the melting peaks in the high temperature range of the traces. The DMA spectra of the same samples are presented in two
separate figures. Fig. 5.7 represents the storage modulus and Fig 5.8. the loss factor on
the as a function of temperature.

Heat flow - endo down (mW)

c)

Tg soft

b)
Tg hard
a)

Tm

1 mW

-120 -80 -40

0

40

80 120 160 200 240

T (°C)
Fig 5.6

DSC traces recorded in the first heating run on samples prepared at the
extremes and in the middle of the NCO/OH range studied. NCO/OH ratio:
a) 0,94; b) 1,03; c) 1,15. Arrows indicate the Tg of the soft and hard phase,
respectively, and the melting peak of the hard phase in increasing order
from left to right.

Three transitions can be identified in all traces: a low intensity one at around -80
°C, which was assigned to flexible units of the polyol, the Tg of the soft segment in the
temperature range indicated above, and the glass transition of the hard phase between 50
and 100 °C. The intensity of this latter is very small because of the low mobility of the
hard segments. We focus our attention here to the relaxation transitions of the soft and
hard segments, since composition dependence might offer valuable information about
structure and interactions.
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Fig 5.7

Storage modulus spectra recorded by DMA on the samples of Fig. 5.6. Arrows indicate relaxation transitions detected by this technique.
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Curves of the loss factor calculated form the modulus spectra recorded by
DMA on the samples of Fig. 5.6. Arrows indicate relaxation transitions detected by this technique.
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The two glass transition temperatures are plotted against the NCO/OH ratio in
Fig. 5.9. Full symbols indicate points taken from the traces in Fig. 5.6. Very similar
composition dependence was obtained also from the DMA spectra, although with
somewhat different values, which is sufficiently justified by the different size of the
samples, as well as by dissimilar heating rate and loading conditions. The glass transition temperature of the hard phase increases continuously with increasing isocyanate
content indicating changing segment mobility. The combined effect of limited miscibility of the phases, phase separation kinetics, and competitive interactions results in the
composition dependence of the Tg of the hard segment. Crystallization alone cannot
explain the continuous increase observed; because crystallinity goes through a minimum (see Fig. 5.3). We believe that the interaction of the urethane groups as well as the
end-groups forming at isocyanate excess leads to the particular change of the glass transition temperature of the hard segments. The chain-end aromatic groups may be incorporated into the crystals thus continuously decreasing the mobility of the hard segments
with increasing NCO/OH ratio.

The Tg of the soft segments shows a more complex composition dependence
(Fig. 5.9). Glass transition temperature increases with NCO/OH ratio that is the result of
the phase separation conditions and the changing mobility of the molecules. Lower
driving force for microphase separation combined with high viscosity results in high
degree of phase mixing in this range. As a consequence, the maximum observed at
around equimolar composition is more difficult to explain, since in this range the structure is the least ordered, thus we would have expected larger mobility and a decrease of
the Tg instead of an increase. Obviously interactions dominate in this range. Less ordered structure allows the formation of more interactions of all functional groups including those in the soft segments thus decreasing mobility and increasing Tg. The decrease of Tg at larger isocyanate content results from stronger interactions among the
urethane groups themselves and between urethane groups and amine end-groups, which
repel soft segments. The exclusion and weaker interactions of these latter lead to the
decrease of Tg in this composition range.
The picture becomes even more complicated if we look at the amount of relaxing
material. The increasing Tg of the soft segments indicates decreased mobility and one
would expect also decreasing number of mobile segments going through the transition.
The intensity of soft segment transition determined by DMA and characterized by the
height of the tg δ peak is plotted against composition in Fig. 5.10. A maximum appears
in the usual composition range indicating considerable increase in the amount of relaxing material. A similar, but sharper maximum can be observed in the intensity of hard
segment transition as well. In spite of the larger number of interactions and the smaller
mobility of the soft segments, the amount of mobile segments increases due to the decreased order of the phases as indicated by the XRD measurements. The question is if
interactions or the amount of mobile segments influence properties more.
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Changes in the glass transition temperature of the hard (,) and the soft
phase (,) derived from DSC traces as a function of the NCO/OH ratio.
Full symbols represent points taken from the traces in Fig. 5.6.
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Fig. 5.10 Changing intensity of soft phase transition with stoichiometry; compare to
changes in the ordering of the phases (Fig. 5.3).
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5.3.4 Mechanical properties
The tensile modulus of the PU elastomers studied is plotted against composition
in Fig. 5.11. A minimum appears on the correlation at around stoichiometric composition. Practically all characteristics related to structure show extremes in the same composition range. Molecular weight does not influence modulus. However, light transmittance indicates a minimum in the number of larger scattering units (see Fig. 5.5) and
according to Fig. 5.10 the amount of mobile, amorphous soft phase has a maximum in
this range. In all probability this latter determines the stiffness of the samples. Shore A
hardness shows a similar composition dependence (not shown), but the minimum is less
pronounced than in modulus.
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Fig. 5.11

Influence of the NCO/OH ratio on the modulus of the polyurethanes studied.

Contrary to the more or less symmetrical correlation presented in Fig. 5.11 for
stiffness, the tensile strength and ultimate elongation of the samples (Fig. 5.12) exhibits
completely different composition dependence. Very small strengths and elongations are
measured at polyol excess, while significantly larger values at the other side of the
composition range. Both strength and ultimate elongation depend on molecular weight,
but other factor or factors must also influence ultimate properties (compare to Fig. 5.1).
It is also interesting to note that the maximum in elongation is closer to equimolar composition than for characteristics shown previously. Obviously phase structure alone
cannot explain the change of ultimate tensile properties with composition, since all
correlations shown before were more or less symmetrical. We believe that besides mo63
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lecular weight and phase structure; also end-groups have a decisive influence on mechanical properties measured at larger deformations. Hard segments crystallize forming
physical cross-link sites. Aromatic end-groups formed at large NCO/OH ratios apparently can be incorporated in the crystalline phase irrespectively of the moiety formed
from the free isocyanate groups. As a consequence, the number of physical cross-link
sites and the apparent length of the molecules increase leading to the significant increase in strength and ultimate elongation. The slight decrease in these properties at
larger NCO/OH ratios is caused by the decreasing molecular weight of the polymer.
Accordingly, interactions play a decisive role not only in the formation of phase structure, but also in the determination of some mechanical properties.
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Fig. 5.12

Asymmetric change of tensile strength () and elongation-at-break ()
with increasing isocyanate content of the reaction mixture.

5.3.5 Interactions, structure, properties
In the previous paragraphs we speculated about the role of molecular weight and
interactions on phase separation and properties. Molecular weight, thus kinetics alone
cannot determine properties, since the dependence of mechanical properties on
stoichiometry does not follow that of molecular weight. Moreover, soft segments are
mobile at room temperature, i.e. more or less equilibrium phase structure may form in
reasonable time. Interactions, on the other hand, seem to be very important determining
both phase structure and properties. In order to obtain more information about interactions, we measured the diffusion of ethanol into the polymer and calculated the FloryHuggins interaction parameter (χEtOH) from equilibrium solvent uptake [12-16]. The
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composition dependence of χEtOH is presented in Fig. 5.13. It is not very surprising that
the correlation corresponds to most of those shown before. During the interpretation of
the results we must consider competitive interactions among all groups in the system
including those of the polymer. The minimum in χEtOH indicates the strongest interaction between ethanol and the polymer in this range that is relatively easy to explain. The
less ordered structure with the most accessible groups develops in the range of equimolar composition, while stronger interactions develop within the polymer at the extremes.
End-groups must also participate in these interactions and in the formation of the more
ordered structure, otherwise the interaction of the chain-end –OH and –NH2 groups with
ethanol would be significantly stronger and equilibrium solvent uptake larger.
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Fig. 5.13

Flory-Huggins interaction parameter determined with ethanol plotted
against the NCO/OH ratio.

The composition dependence of the interaction parameter indicates a close relationship with mechanical properties (compare Figs. 5.11 and 5.13). We plotted modulus
against χEtOH in Fig. 5.14. A very close, linear correlation was obtained indicating that
ethanol uptake reflects the role of interactions well. However, we must call the attention
here to the fact that the dependence of χEtOH on the NCO/OH ratio and that of ultimate
properties is completely different. The correlation shown in Fig. 5.14 follows from the
fact that interactions and kinetics determine phase separation, while phase structure, i.e.
the amount of mobile soft phase, determines modulus. The type and strength of interactions within the separated phases are not reflected by the interaction parameter, since
they are stronger than those formed with ethanol. However, these interactions determine
the number of active physical cross-links and thus the strength and ultimate elongation
of the polymer.
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Fig. 5.14 Correlation between tensile modulus and the Flory-Huggins interaction
parameter determined from ethanol uptake of the PU samples studied.

5.4 Conclusions
Exploring the phase structure of segmented linear polyurethane elastomers prepared with changing stoichiometry proved that competitive interactions among various
groups including chain-end functional groups lead to the formation of slightly ordered
phases of sub nanometer size at both ends of the composition range. These structures
assemble to larger units at the 10 nm level, which further associate to even larger entities scattering light and decreasing the transparency of the samples. The order of the
primary units, together with the number and size of assemblies at both higher levels,
decrease as composition approaches to equimolar stoichiometry. Although interactions
between hard and soft segments decrease the mobility of the latter, the amount of less
ordered amorphous phase has a maximum in this range. The stiffness of the polymer is
determined by the amount of this phase, while ultimate properties are influenced also by
molecular weight and the strength of interactions. The incorporation of aromatic endgroups into the crystallites of the hard phase leads to the formation of larger number of
strong physical cross-links resulting in high strength and deformability.
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Chapter 6
Estimation of the strength of specific interactions in polyurethane elastomers, and their effect on structure and properties12

6.1 Introduction
As a result of the previous studies we found that properties change as a function
of the stoichiometric ratio of the reactants in a similar way in polyester as in polyether
polyurethanes. On the other hand, the absolute values seemed to be different indicating
a role of the chemical structure of the polyol and the interactions of various groups in
phase separation and structure formation. We carried out a more detailed comparison of
the two series of polymers and the results are described in this Chapter. An important
part of the comparison was the estimation of interactions developing in the polymer
among like and unlike segments and their possible role on phase separation, structure
and properties. The study proved that interactions play an important role in the determination of the behavior of segmented polyurethane elastomers.

6.2 Experimental
For the production of the two series compared here 4,4’-methylenebis(phenyl
isocyanate) (MDI) was used as isocyanate and butanediol as chain extender. The polyether polyol was polytetrahydrofurane, while the polyester was diol-end-capped
poly(butanediol-adipate). Both polyols had a molecular mass of 1000 g/mol. The –OH
functional group ratio of polyol/total diol was kept constant at 0.4 in all experiments.
The variable 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 polyurethanes.

6.3 Results and discussion
The properties and the corresponding structure will be shown in the first two sections of the paper. Interactions are estimated by the analysis of relaxation transitions and
model calculations. The relationship between interaction, structure and properties are
discussed in the final section.

12
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6.3.1 Properties
Linear polyurethanes are characterized by numerous methods yielding different
properties. The measurements selected and the key properties depend very much on the
intended application of the material. We are not interested in a specific application here,
but in the relationship of structure and properties, thus the dependence of only two
properties, stiffness and deformability, on the independent variable is shown here. These
clearly demonstrate the contradictory nature of the dependence of properties on
stoichiometry and allow us to speculate about the factors possibly influencing them. The
tensile modulus of the two series of polymers is plotted against the stoichiometric ratio
of the components in Fig. 6.1. 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 composition of the polymers should be
similar, the only difference leading to dissimilar stiffnesses is the chemical structure of
the polyol. The flexibility of chains is influenced by the structure of the backbone and
by interactions. The carbonyl group of the ester may decrease flexibility, but interactions must be also different in the two types of polymers.
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Effect of stoichiometry and the type of polyol on the stiffness of polyurethane
elastomers; () polyester, () polyether PU.
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The dependence of deformability, the elongation-at-break of the samples on the
composition of the reaction mixture is shown in Fig. 6.2. 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. We intended to plot
both properties in the same graph, but the figure became overcrowded and unclear so
we refrained from the inclusion of such a figure. The composition dependence of the
two properties (strength and elongation) is practically the same, as mentioned above.
The dependence of ultimate properties on the NCO/OH ratio differs completely from
that of stiffness. The correlation is asymmetric and presents a maximum instead of a
minimum. Elongation is larger for polyether, while strength for polyester polyurethanes.
The differences are consequent and must depend on structure. Obviously, different
factors determine stiffness than ultimate properties. The dissimilarity in polyol structure
does not change the character of the correlations, but modifies their actual value.
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Dependence of the deformability of linear polyurethanes on the NCO/OH
ratio of the reaction mixture; () polyester, () polyether PU.

6.3.2 Structure
The molecular weight of the two polyols used was nominally the same. Nevertheless, the size of the polymer molecules may be different because of their dissimilar
reactivity or kinetic effects resulting from the reaction conditions. Molecular weight can
be determined by GPC, but the problems with solubility make this approach difficult.
The reaction can be followed and changes in molecular weight estimated by the measurement of torque in the internal mixer. Torque is determined by viscosity which de71
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pends on the molecular weight of the polymer. Equilibrium torque is plotted against the
NCO/OH ratio in Fig. 6.3. The correlation follows more or less the rules of stepwise
polymerization showing a steep decrease of molecular weight with increasing deviation
from equimolar stoichiometry. A light asymmetry is also observed, viscosity is larger
on the side of NCO excess, but definitely not in the extent shown by elongation in Fig.
6.2. It is completely clear, however, that differences observed in the properties of polyurethanes prepared from polyether and polyester polyols are not caused by dissimilarity
in molecular weight. We may also assume that the different phase separation kinetics of
the two types of polymers is not influenced by the size of the molecules, if there are any
differences at all, but by interactions.

Equilibrium torque (Nm)

40

30

20

10

0
0.90

0.95

1.00

1.05

1.10

1.15

NCO/OH ratio
Fig. 6.3

Independence of the melt viscosity (equilibrium torque) of polyurethane
elastomers of the type of polyol used. Effect of stoichiometry; () polyester,
() polyether PU.

Earlier studies proved that the phase structure of segmented linear polyurethanes
consists of structural units covering several length scales [1-4]13. XRD detects ordered
units in the nanometer scale, SAXS offers information in the 10 nm range, while AFM
and optical methods from 10 to several 100 nm. The structure is hierarchical, smaller
units organize into larger entities of various shapes and sizes. The XRD patterns of
selected polymers are presented in Fig. 6.4. We tried to compare samples with similar
stoichiometric ratio in the entire NCO/OH range. The patterns are very similar. A defi13

Bagdi, K., Molnár, K., Wacha, A., Bóta, A., Pukánszky, B..Polym., Int. (in press).
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nite order can be detected at the extremes of the NCO/OH range and the polymers are
practically completely amorphous at equimolar stoichiometry. The pattern of the polymers prepared from the two polyols 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 analysis of all results
proved that soft segments crystallize in the polyester PU, while they are completely
amorphous in the polyether polymer [5]. 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. 6.4, but crystallinity is smaller in the
polyester PU at around equimolar stoichiometry, while slightly larger at NCO excess.
However, the difference is very small; it is in the range of the standard deviation of the
determination.
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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.
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SAXS patterns (not shown) clearly indicate the existence of structural units in the
10 nm range. The evaluation of the patterns and the determination of exact sizes are
difficult, but we plotted the position of the Bragg scattering peak (q) observed in the
SAXS traces as a function of the NCO/OH ratio in Fig. 6.5. A clear dependence on the
independent variable cannot be observed in the figure, but the difference between the
two polymers is clearly seen. The position of the Bragg peak is inversely proportional to
the distance of the scattering units, thus we can conclude that the number and/or the size
of the dispersed phase particles is smaller in the polyester than in the polyether PU. This
indicates slightly different phase separation kinetics and structure. Light transmission
also depends on the dispersed structure of the polymer. Decreased transparency indicates the presence of particles with the radius between 25 and 250 nm in our case derived from Rayleigh theory. Light transmission is plotted against the NCO/OH ratio in
Fig. 5.6. A maximum is seen in the graph with larger difference between the two sets of
polymers around or slightly above equimolar stoichiometry. The polyester PU is more
transparent 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
order and smaller number and/or size of the units in this range. This conclusion is
strongly supported by the AFM micrographs presented in Fig. 6.7. At around the
stoichiometric ratio of 1 a more homogeneous structure and a larger number of smaller
entities can be seen in the polyester (Fig. 6.7a) than in the polyether polyurethane (Fig.
6.7b) as deduced from other measurements. The different chemical structure of the
polyol does not change the character of the correlations, but definitely influences the
size and probably also the arrangement of the structural units.
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Location of the scattering peak (q) in the SAXS traces plotted against the
NCO/OH ratio. Effect of the polyol used; () polyester, () polyether PU.
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Changes in the transparency of the polymers as a function of stoichiometry
and type of polyol; () polyester, () polyether PU.

a)

Fig. 6.7

b)

AFM micrographs taken from PU samples prepared from a) polyester and b)
polyether polyol at the NCO/OH ratio of 1.030 and 1.025, respectively.
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6.3.3 Interactions
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A large number of interactions can be formed in polyurethanes depending on the
stoichiometry of the reaction and on the type of end-groups formed. These interactions
must influence phase separation strongly, as well as the size and properties of the
phases. Thermal analysis offers information about the number of relaxing units and
about their flexibility. Interactions change flexibility thus we can draw conclusions
about them from the analysis of transition temperatures and the intensity of the transitions. Both DSC and DMA traces were recorded on all samples. They offer basically the
same information, with the exception that the melting of the ordered hard phase also
appears and can be studied on the DSC traces. We refrain from the presentation of all
traces and the detailed discussion of all results in order to save space. We present the
transition temperatures of the soft and hard phases derived from the temperature dependence of loss tangent in Fig. 6.8. Although the figure is somewhat crowded, the
most important changes and effects can be seen quite clearly in it. The maximum in the
transition temperature of the soft phase was explained before14 by the rejection of soft
segments due to the stronger self-interaction of hard segments at larger NCO/OH ratio.

30
1.15

NCO/OH ratio

Fig. 6.8

14

Effect of polyol type and stoichiometry on the transition temperature of the
phases. Tg was determined from the tg δ traces; polyester PU soft () and
() hard phase, polyether PU () soft and () hard phase.
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The increase of the Tg of the soft phase with increasing NCO/OH ratio and the
decrease 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. The character of the
correlations is the same for both types of polymers, but the Tg of the two phases move
closer towards each other in the polyester polyurethane compared to the polyether
polymer. This shift in the transition temperatures is a clear indication of stronger interactions. The intensity of the transition of the soft phase is plotted against the NCO/OH
ratio in Fig. 6.9. 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 content. The presence of smaller amount of relaxing soft segments 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 Tg in the polyester than in
the polyether PU, which is a further proof for stronger interactions in the former case.
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Effect of polyol type and composition on the amount of relaxing soft segments in polyurethane elastomers; () polyester, () polyether PU.

We carried out molecular modeling as the second approach to map possible interactions among segments and estimate their strength. Density functional theory (DFT)
calculations were performed for model systems using the MPW1B95 (modified Perdew
and Wang exchange and Becke’s 1995 correlation) functional [6] designed for weak
interactions as well as the 6-31++G** basis set [7]. The calculations were carried out by
the Gaussian 03 suite of quantum chemical programs [8]. To reduce the necessary time
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and computer capacity to a reasonable level, we selected small model compounds representing the characteristic groups. Carrying out calculations for a PU molecule or even
for a repeat unit would have increased the time of calculations enormously and the small
increase in accuracy would not have justified the effort. 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 -NH2 groups. We
assumed that at isocyanate excess chain-end isocyanate groups transform to amines. The
assumption was justified by FTIR analysis although the overlapping of several vibrations and the low intensity of the absorption of the amine group makes verification quite
difficult. We focused only on specific interactions, i.e. hydrogen bonds, and neglected
dispersion interactions in the analysis since the energy of the former is much larger and
determine solubility and structure formation.
We optimized the geometries of the hydrogen-bonded complexes of the model
compounds and computed the binding energies. A possible interaction forming between
the urethane groups of adjacent molecules is demonstrated in Fig. 6.10. The binding
energy between the >NH and the >O group is 22 kJ/mol in the presented case. However,
urethane groups can enter into another interaction with each other; the energy of the
interaction between the >NH and the >CO carbonyl oxygen is estimated as 26 kJ/mol.
The molecular structures of the polyester and polyether polyurethanes are shown in
Scheme 6.1. The numbers indicate groups interacting with each other. We indentified
14 specific interactions in the polyether and 17 in the polyester polyurethane.

Fig. 6.10 Modeling of the interaction between two urethane groups. Interaction
between the >HN and >O groups; binding energy is 22 kJ/mol.
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In further analysis we applied a simple model to quantify the relative importance
of the particular interactions acting among the various segments. We assumed that functional groups behave as individual molecules and react with each other to form hydrogen-bonded complexes in multiple equilibrium reactions. The mixture of the molecules
and the complexes was considered as 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 free energy of reactions. The latter quantity
was approximated by the negative value of the computed binding energies 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 equations 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 interactions among the different
segments.

a)

b)

Scheme 6.1 Molecular structure of the polyurethanes studied. a) polyether,
b) polyester PU.

The interaction complexes, their energy, and the identification of the interacting
groups for three different stoichiometric ratios are listed in Table 6.1 for the polyester
polyurethane. We refrain from including the same results for the polyether PU in order
to save space. The interaction complexes and their energies are different at different
stoichiometric 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 interactions in the material are
indicated by grey background in Table 6.1. Interactions can be divided into two main
groups, i.e. to hard-hard (HS-HS) and hard-soft (HS-SS) segment interactions. Summarizing all the bond energies of the corresponding groups allows us to estimate total interaction energy determining phase miscibility. Total interaction energies of the segments are shown in Table 6.2. 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 energy of hard-soft bonds is almost three times larger
than that of hard-hard interactions in the polyester PU, while only twice as large in the
polyether polymer. This difference results in the more homogenous phase morphology
of the polyester polyurethanes. On the other hand the larger relative energy of hard-soft
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interactions result in better solubility (Fig. 6.8), larger homogeneity (Figs. 6.6 and 6.7),
less and/or smaller dispersed particles (Figs. 6.5 and 6.6) with the corresponding
changes in properties (Figs. 6.1 and 6.2).

Table 6.1

The strength of hydrogen bonding interaction complexes developing in
polyester polyurethanes and their total energy in a unit mass of polymer at
different stoichiometries. See the identification of interacting groups in
Scheme 6.1b.

Type of interaction between
various groups
NH2–CO
NH–CO
NH–OH
NH2–NH
NH–CO
CO–OH
NH2–OH
HO–OH
NH–O
CO–OH
NH–O
O–OH
O–OH
NH2–CO
NH2–NH2
NH2–O
NH2–O

1
2
2
1
2
3
1
7
2
6
2
5
4
1
1
1
1

6
6
7
2
3
7
7
7
5
7
4
7
7
3
1
5
4

Binding
energy
(kJ/mol)
32
29
28
27
26
26
24
23
23
23
22
21
20
19
19
18
17

Total energy (J/g) for NCO/OH
ratio
0.94
1.00
1.15
–
56.95
0
–
10.39
3.13
–
0
6.22
1.24
2.08
1.13
2.52
–
–
–
–

0.37
57.94
0
0
11.71
0.22
0
0
6.38
0.08
2.27
0.07
0.18
0
0
0.01
0

12.81
53.38
–
0
12.05
–
–
–
6.58
–
2.35
–
–
0.04
0
0.05
0.02

Table 6.2 The total energy of hard-hard and hard-soft segment interactions in the two
types polyurethanes calculated for the stoichiometric composition (NCO/OH
ratio) of 1.
Type of polyurethane
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Energy of segmental interactions (J/g)
HS-SS

HS-HS

Polyester

64.32

13.98

Polyether

49.1

23.7

Specific interactions

6.4 Discussion, consequences
We established in the previous section that interactions are different in the polyurethanes prepared with polyether and polyester polyols, respectively, and that in all
probability these differences determine structure and properties. However, dissimilar
interactions developing in the two types of polymers 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 factors determining those properties. On
the other hand we can state with certainty that structure determines properties in the
polymers studied. The close relationship between structure and properties is demonstrated well by Fig. 11, in which light transmittance was plotted against the crystallinity
of the hard phase as determined by XRD. We must bear in mind the uncertainty of the
calculation of crystallinity from XRD, which is further enhanced by the small degree of
order in these materials. Nevertheless, the correlation is reasonably close showing that
the ordered structural entities organize into larger units and determine the optical properties of the polymer. The correlation has a number of practical consequences in the
cases where transparency is an important requirement of the product.
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Fig. 6.11 Correlation between the amount of ordered hard phase (WAXS) and the
transparency of the polymers; () polyester, () polyether PU.

It is more difficult to find a plausible explanation for the different dependence of
stiffness and strength on stoichiometry. Earlier we showed for polyether polyurethanes
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that stiffness depends mainly on the amount of relaxing soft phase15. The correlation
between stiffness and the intensity of soft phase transition is plotted in Fig. 6.12. Close
relationships exist between the two quantities for both polymers, although the actual
values depend on the type of the polyol used and on stoichiometry. The different correlations obtained at OH and NCO excess indicate that the phases have different properties, which is completely in line with the results and conclusions obtained from other
measurements like thermal analysis (see partial solubility of the phases, Fig. 6.8). At the
very small deformations at which stiffness is measured mainly the relative amount of
the phases determines properties. On the other hand, ultimate properties are determined
at considerably larger deformations exceeding 1000 % in some cases. The size and
structure of the phases, as well as interactions play a determining role in this case.
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Fig. 6.12 Effect of the amount of relaxing soft segments on the stiffness of the elastomers; OH () and NCO () excess, polyester PU; OH () and NCO () excess, polyether PU.

The role of these factors is demonstrated well by Fig. 6.13 showing the dependence of tensile strength on the concentration of end-groups. At OH excess strength decreases sharply with increasing number of end-groups. The dominating factor here is the
molecular weight of the polymer which decreases accordingly. 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 structural entities of the hard phase and even into the
15

Bagdi, K., Molnár, K., Pukánszky, B.Jr., Pukánszky, B. J. Therm. Anal Calor. 98, 825
(2009).
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ordered regions detected by XRD. A schematic model of the structures formed is shown
in Fig. 6.14. The difference in the strength of polyether and polyester PU is in the 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. 6.5 and 6.6), but their number is
slightly larger leading to larger strength, but smaller deformation. AFM supplies further
proof for this hypothesis (Fig. 6.15). The PU prepared from the polyester polyol contains a larger number of well defined structural units at NCO excess (Fig. 6.15a) than
the polyester polyurethane (Fig. 6.15b). The structure of the latter seems to be more
diffuse with less well defined interfaces and larger interconnected structural entities.
The results clearly show that all properties are determined by different aspects of structure.
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Fig. 6.13 Correlation between the concentration of end-groups and the strength of the
linear PU elastomers studied; polyester PU OH () and NCO () excess,
polyether PU OH () and NCO () excess.

6.5 Conclusions
Several approaches proved that different interactions develop in polyether and
polyester polyurethanes. Thirteen different specific interactions were identified in the
first while 18 in the second type of polymer considering only hydrogen bonds. Estimated binding energy changes between 32 and 18 kJ/mol. The effect of interaction
depends on binding energy and the number of groups participating in the formation of a
certain bond. The interaction of unlike segments dominates in both types of polymers,
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but the relative significance of urethane-urethane bonds is smaller in polyester polyurethanes. Dissimilar interactions change the partial solubility of the phases, as well as
their size and properties. Each property of the polymer is determined by a different
aspect 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 formation of physical cross-links.

a)

b)

Fig. 6.14 Schematic representation of the structure of the segmented polyurethanes
studied at a) OH and b) NCO excess, respectively.
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a)

Fig 6.15

b)

AFM micrographs taken from polyurethane samples prepared from polyester (a) and polyether (b) polyol, respectively, at NCO excess. The
stoichiometric ratio is 1.15 for both samples.
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Chapter 7
Effect of the type and amount of the polyol on the structure
and properties of segmented polyurethane elastomers16
7.1 Introduction
In all previous studies the independent variable was the NCO/OH ratio of the
starting reaction mixture. The structure and properties of polyurethane elastomers can
be changed also by the variation of the POH/OH ratio as well, as it is done in industrial
practice to adjust hardness or tensile properties. As a consequence, in another series of
experiments we prepared PU elastomers from polyether and polyester polyols as a function of the POH/OH ratio and compared them to each other. The results are reported in
this Chapter. In view of the results described in the previous chapter special attention
was paid to the possible effect of specific interactions on the structure and properties of
the elastomers. Because of the larger molecular weight of the polyol compared to butanediol, increasing POH/OH ratio results in a relative increase in the amount of the soft
phase. Using the entire composition range allowed us seeing the effect of interactions
and changing composition on a wider scale and also drawing more comprehensive conclusions even if the practical relevance of larger POH/OH ratios is small. The structure
of the polymers was characterized by various methods again and an attempt was made
to explain the apparently contradictory results with differences in interactions.

7.2 Results and discussion
The results of the study will be presented in several sections. The dependence of
properties on composition, i.e. on the POH/OH ratio, is shown first, followed by the
characterization of structure. Specific interactions and their possible role in structure
development are presented next, while practical consequences are discussed in the final
section.

7.2.1 Properties
The molecular weight of all polymers should be the same, since the same stoichiometry,
conditions and polyols with the same molecular weight are used for their preparation.
Molecular weight can be determined by gel permeation chromatography (GPC) in dilute
solution, but polyurethanes are not always easy to dissolve [1]. Since our polymers were
prepared by reactive processing, the equilibrium torque measured during the reaction
offers information about the molecular weight of the polymers produced. In an earlier
16
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study we found good agreement between molecular weight determined by GPC and
torque recorded in the internal mixer17. Equilibrium torque determined for the two series
is presented in Fig. 7.1. Considerable differences can be seen in viscosity between the
polyether and polyester polyurethanes in spite of our expectations. Several reasons may
result in these differences. Under the conditions of reactive processing the polyols may
have different reactivity leading to different kinetics and final molecular weights. Side
reactions may also occur during polymerization and in different extents. However, detailed analysis of FTIR spectra could not reveal the formation of biuret or allophanate
groups resulting from such reactions in either of the series. Finally, we cannot exclude
the role of interactions as a possible reason for the differences. The larger number of
carboxyl groups in the polyester PU may interact with each other, but also with the
urethane groups and increase viscosity. The decrease of viscosity with the POH/OH
ratio from 0 to 1 also indicates the role of interactions.
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Fig. 7.1

Effect of composition on the viscosity (equilibrium torque) measured at the
end of the polymerization reaction in the mixer.

Polyurethane elastomers are often characterized by their Shore A hardness [2],
which changes with the relative amount of polyol and chain extender. The hardness of
the two series of polymers is compared to each other in Fig. 7.2. Polyether polyurethanes are obviously softer than polyesters and the difference is more pronounced at
larger POH/OH ratios. We must assume that the phase segregated morphology differs in
17

Pukánszky, B.Jr., Bagdi, K., Tóvölgyi, Zs., Varga, J., Botz, L., Hudak, S., Dóczi, T., Pukánszky, B. Eur.
Polym. J. 44, 2431 (2008).
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the two types of polymers [3] and either the extent of phase separation or the properties
of the phases change with composition. At small POH/OH ratios hard segments (MDI
and the chain extender) dominate structure, but with increasing polyol content the role
of the chemical structure of the polyol, interactions and their effect on phase structure
become more pronounced.
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Fig. 7.2

Changes in the Shore A hardness of segmented polyurethane elastomers with
the POH/OH ratio.

The tensile strength and deformability of PU elastomers are other important
characteristics determining their possible application. These properties clearly depend
both on the molecular and the phase structure of the polymer [4]. In the absence of
strong interactions molecular weight determines elongation and strength, while the
formation of physical cross-links results in a considerable increase in both properties.
The tensile strength of the two series is compared to each other in Fig. 7.3. The difference is even larger than in the previous figure. Much larger strengths and different composition dependence is observed for the polyester urethanes than for their polyether
counterparts. The maximum in the composition dependence of strength for the polyester
PU is a result of several factors. With increasing polyol content the amount of soft
phase increases, the size of the hard phase decrease and its distribution becomes more
homogeneous. A larger number of smaller physical cross-link sites increase both elongation and strength (stain hardening). Because of weaker unlike interactions a smaller
number of larger hard phase units form in the polyether PU and the effect of changing
composition (increasing amount of soft phase) dominate (see also section 7.2.2 on structure). These differences may result from dissimilar molecular structure as suggested by
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the change of viscosity in Fig. 7.1 or by different interactions and phase structure. The
picture is further complicated by the results presented in Fig. 7.4, in which the elongation-at-break values of the samples are plotted against the POH/OH ratio. The larger
elongation of the polyether polyurethanes gives an indirect answer and proof that the
molecular weight of the polymers is more or less the same. Ultimate elongation is proportional to molecular weight since larger molecules can uncoil more. The similar magnitude of elongations in the two series indicate similar molecular weights, while the
smaller actual values of the polyester urethanes points to the role of interactions and
phase structure. We may assume that polyether segments can enter into weaker interaction with each other and the urethane groups, thus less soft segments dissolve in the
hard phase and the molecules remain more flexible. This leads to smaller hardness and
larger elongation, but smaller strength. The results presented up to now emphasize the
role of interactions and phase structure, thus we analyze structure in the next section.
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Fig. 7.3

Composition dependence of the tensile strength of polyurethanes prepared
with different polyols.

7.2.2 Structure
Hard segments are known to form an ordered, crystalline phase in PU elastomers.
This crystalline phase melts at high temperature and can be detected by DSC. Crystallinity and order is small, but this phase may hinder solubility and influence properties
considerably. Besides DSC, another technique to study ordered, crystalline structures is
X-ray diffraction. The XRD traces of selected polyurethanes are presented in Fig. 7.5.
Two compositions were selected for comparison, one rich in hard segments at 0.2
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POH/OH ratio and one at high polyol content at 0.8 POH/OH ratio, where the soft phase
dominates properties. We can see that order is clearly visible at small POH/OH ratio,
but the polymers are practically completely amorphous at large polyol content. Hardly
any difference can be detected between the polyurethanes prepared with the two types
of polymers, but visual evaluation might be deceiving. The ether urethane seems to be
more ordered than the ester at small POH/OH ratio, while the polyester PU exhibits a
very small peak at around 22.3 degree hinting at the presence of crystallinity. Unfortunately DSC traces did not confirm the presence of soft phase crystallinity, but this is not
very surprising, since its amount is very small, if it is present at all. Quantitative analysis [5] of XRD spectra showed about 10 % crystallinity for the polymer containing only
hard segments, about 6 % at a POH/OH ratio of 0.2 and almost zero above POH/OH =
0.4. This result also means that not crystallinity, but interactions, and the structure and
properties of the hard phase result in the differences in strength observed in Fig. 7.3,
since the polymers are practically completely amorphous in the composition range in
which the strength of the two types of polymers differs the most (POH/OH > 0.4).
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Fig. 7.4

Ultimate elongation of polyurethane elastomers plotted against the
POH/OH ratio.

Thermal methods offer valuable information about the phase structure of heterophase polymers and about the mobility of the segments going through transitions. The
analysis of spectra may even offer some information about the composition of the
phases. The DMA spectra of the two types of PU are compared to each other in Fig. 7.6
at the POH/OH ratio of 0.5. We can see that the relaxation transition of the soft phase
can be detected easily at sub ambient temperatures. The soft phase of polyether urethane
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Intensity (a.u.)

has lower glass transition temperature than that of the polyester PU. The detection and
analysis of the hard phase is much more difficult. Hard segments are stiff and their
mobility does not change much even after the transition. The transition can be detected
by the change of the storage modulus, but identification is much more difficult on the
tg δ trace.
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Fig. 7.5

XRD traces of selected PU samples. Effect of composition on crystallinity.
The number in the legend indicates the POH/OH ratio.

The analysis of DSC traces yields very similar results. The identification of the
glass transition of the soft phase is unambiguous, while that of the hard phase is more
difficult and the reliability of any quantity derived from the traces for the hard phase is
much smaller. The composition dependence of the glass transition temperature of the
phases determined by DSC is presented in Fig. 7.7. and Table 7.1.We can see that the Tg
of both phases changes with composition. The transition temperature of the soft phase
decreases continuously, while that of the hard phase drops quite considerably first, then
increases slightly with increasing polyol content. We must call attention here to the fact
that because of the difference in the molecular weight of butanediol and the polyol the
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Table 7.1 Glass transition temperatures of the soft and hard phases of polyether and
polyester polyurethanes elastomers determined by DSC.
Tgs (°C)

POLI(OH)/OH

Tgh (°C)

0

ester
–

ether
–

ester
97.89

ether
97.89

0.2
0.3

-5.00
-18.85

-36.94
-41.21

58.75
59.48

66.27
68.43

0.4
0.5

-24.88
-30.22

-45.56
-45.02

60.52
60.36

68.61
71.68

0.6
0.7
0.8

-30.84
-31.2
-30.68

-47.49
-46.84
-46.11

62.73
60.41
61.73

69.31
70.32
73.52

0.9
1

-31.10
-31.37

–
-46.21

62.22
–

–
–

10
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Loss tangent, tg δ
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Fig. 7.6

Comparison of the DMTA spectra of PU elastomers prepared with polyether
and polyester polyols at 0.5 POH/OH ratio.

amount of soft phase increases with increasing POH/OH ratio thus leading to changes in
partial solubility and in the composition of the phases. The drop in the Tg of the hard
phase is a result of unlike interactions, which are stronger in the polyester than in the
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polyether PU. The slight increase at above the POH/OH ration of 0.2 is probably caused
by more pronounced phase separation with increasing soft segment content. The composition dependence of the transition temperature of the phases is similar for the two
types of polymers, but the actual values are not. The Tg of the soft phase of polyester
polyurethanes is larger in the entire composition range than in the polyether polymers,
while the opposite is valid for the hard phase. These results indicate smaller mobility for
the soft and larger for the hard segments in the polyester PU. Accordingly, we can conclude that the structural units of the polyester PU molecules enter into stronger interactions with each other than those in the polyether PU.
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Fig. 7.7

Changes in the glass transition temperature of the phases with composition.
Tg was determined by DSC at 20 °C/min heating rate.

Further information is supplied about structure at a different scale by the dependence of light transmittance on composition (Fig. 7.8). Large heterogeneities in a transparent matrix scatter light and decrease the transparency of materials. Scattering starts
for particles in the range of 20 nm and the material becomes completely opaque if the
size of dispersed particles reaches several 100 nm. At small POH/OH ratios the composition dependence of transparency indicates large differences in the phase structure of
the two types of polymers. The size of the dispersed phase decreases much faster in the
polyester PU than in its polyether counterpart. The slight decrease of light transmittance
above 0.8 polyol ratio might be related to the crystallization of the soft phase as indicated by XRD analysis (see Fig. 7.5).
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7.2.3 Interactions
As mentioned already, specific interactions are expected to develop between the
carbonyl and ether groups of the polyol and the urethane groups, the former being
stronger than the latter. Interactions may result in shifts in the corresponding vibrations
in the FTIR spectra. Unfortunately the carbonyl groups of the polyester polyol absorb in
the same wavelength range as the carbonyl in the urethane group. A detailed analysis of
the spectra revealed only a substantial increase in the intensity of free carbonyl groups
in the polyester PU as compared to the polyether polymer.
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Fig. 7.8

Effect of composition on the transparency of the polyurethane elastomers
studied.

Another way to estimate interactions in a two phase polymer is the measurement
of solvent absorption and the calculation of the Flory-Huggins interaction parameter
from equilibrium solvent uptake. Interaction parameters determined with ethanol (χEtOH)
are plotted in Fig. 7.9 as a function of composition. We can see that larger values are
measured in the polyester polyurethane than in the polyether PU indicating weaker
interaction. However, in order to understand competitive interactions in such a system,
we must consider the interaction of all possible components. The χETOH values presented
in Fig. 7.9 represent the average interaction of the solvent molecules with the polymer
and not the interaction between the segments of PU. Less solvent uptake indicates
stronger self-interactions among the segments of the polymer leading to smaller solvent
absorption and smaller interaction parameters. The results of these experiments confirm
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Flory-Huggins interaction parameter determined from ethanol absorption
(χEtOH) plotted as a function of POH/OH ratio. Symbols: () polyester, ()
polyether polyol.
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Fig. 7.10 Effect of polyol type and composition on the amount of relaxing soft segments in polyurethane elastomers. Symbols: () polyester, () polyether
polyol.
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further our previous assumptions that unlike segments of the polyester PU form stronger
interactions with each other than those of the polyether polymer.
Stronger interactions among the soft and hard segments should lead to smaller
mobility of the soft segment and to larger partial solubility in the hard phase, as well as
to decreased number of relaxing species. The number of relaxing units in a phase can be
determined from the intensity of the transition, from the area or height of the tg δ peak,
or from the change in specific heat in the DSC trace. The intensity of soft phase transition is presented as a function of composition in Fig. 7.10. The two types of polymers
obviously do not differ from each other in this respect that is rather surprising. Accepting the fact that the amount of the relaxing soft segments is approximately the same in
the polyether and polyester urethanes, we must come to the conclusion that differences
observed in properties must be caused by the size, number and characteristics of the
hard phase.

7.3 Discussion

Results indicate that crystallinity or even order has limited importance at larger
than 0.4 POH/OH ratio, but hard segments must play an important role in the determination of properties, especially in the large differences in strength observed in Fig. 7.3.
Dispersed units of the hard phase act as physical cross-links and determine the strength
as well as deformability of the polymers. The difference in the density of physical crosslinks, and/or their dissimilar properties are shown well by the strain hardening behavior
of the polymers. Stress vs. strain traces of selected samples are presented in Fig. 7.11.
The tensile behavior of the two types of polymers differs significantly from each other.
Much larger strengths are measured in the polyester polyurethanes at smaller ultimate
deformations, than in the polyether samples, which can be explained with the larger
number and more even distribution of physical cross-link sites. Larger hard phase units
with larger distances among them must result in the larger elongation of the polyether
polyurethanes, and disentanglement of the chains and/or failure of these phases occurs
at considerably smaller strengths. Obviously the stronger interaction of the polyester
segments with the hard phase results in stronger materials.
The effect of physical cross-links can be visualized quite well if we calculate the
work of deformation, i.e. if we multiply ultimate strength (σ) with the corresponding
elongation (∆L/L0), the work of deformation takes the following form σ∆L/L0. Crosslinking increases both strength and elongation up to a certain cross-link density in rubbers, and decreases above a critical value. The number and deformability of the soft
segments is another important factor determining this quantity in our PU elastomers.
The work of deformation is plotted against composition in Fig. 7.12. We can see that
the correlation has a maximum in both cases. The amount of the hard phase decreases
continuously with increasing polyol content, and the amount of soft phase thus also the
mobility of the soft segments increases at the same time. At small POH/OH ratio this
leads to an increase in deformability, which together with the large number of homogeneously distributed physical cross-link sites increase the work of deformation. At very
high POH/OH ratios the number of cross-links decreases leading to a decrease in this
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characteristics. Although the tendency is the same for the two polymers, the actual values, but also the scatter of the points differ considerably. Fewer cross-links distributed
less homogeneously in the polyether polyurethane lead to smaller values and to a less
unambiguous correlation. The strain hardening tendency of the polymers and additional
analysis of mechanical properties clearly prove the role of interactions in the determination of the properties of segmented linear polyurethane elastomers.
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Fig. 7.11 Stress vs. elongation traces of selected polyurethane elastomers; change in
behavior with polyol type and composition. Numbers in the legend indicate
POH/OH ratio.

7.4 Conclusions

The comparison of two sets of polyurethane elastomers prepared with a polyester
and a polyether polyol of the same molecular weight proved that specific interactions
determine the phase structure and properties of these materials. Crystallinity was approximately the same in the two types of polyurethanes and the amount of relaxing soft
segments was also similar. The determination of interaction parameters from solvent
absorption and differences in glass transition temperatures indicated stronger interaction
between hard and soft segments in the polyester than in the polyether polyurethane.
Larger transparency of the polyester PU indicated the formation of smaller dispersed
particles of the hard phase. The larger number of smaller hard phase units led to the
formation of more physical cross-links distributed more evenly in the polymer. These
differences in the phase structure of the polymers resulted in stronger strain hardening
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tendency, larger strength and smaller deformations for the polyester than for the polyether polyurethane.
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Fig. 7.12 Work of deformation plotted against the POH/OH ratio of segmented polyurethane elastomers. Effect of polyol type on cross-link density.
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Summary

In recent years the interest of both the public and the scientific community turned
towards bio-related materials and the medical application of polymers. We had smaller
or larger projects with various partners on the mechanical testing of tissues and knee
joints, on the regeneration of bones or on the application of polyurethanes for brain
surgery. This last project was initiated by medical doctors, who actually use these materials in practice. The first, rather simple goal of this latter research was to reproduce the
polymer applied at that time and to prepare one with similar or the same properties.
However, the focus of the research changed for various reasons during the years, and
new and more ambitious goals were defined as it progressed. Lately we concentrated
more on generating scientifically and practically relevant knowledge and solutions,
which might be used in further research and development. This second Thesis on polyurethanes uses the knowledge obtained earlier, builds on it and extends it further. Instead of focusing on specific properties or applications, we mainly concentrated on
structure-property correlations and this Thesis reports the progress we achieved. Although we summarized the most important results of the research at the end of each
chapter, we briefly repeat them here to give a concise overview of our results. At the
end of this chapter we compile the most important new findings of this work in a few
thesis points.
In the first part of the research we studied materials prepared earlier and characterized them more in detail with various techniques. The thermal analysis of our 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 –CH2– 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 depended quite
strongly on the stoichiometric ratio of the components. Changes in the relatively small
number of chain-end functional groups resulted in considerable modification of mechanical properties. Strength is determined by molecular weight 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 established between tensile modulus
and the number of relaxing soft segments. We found that interactions govern phase
structure and properties, thus they need further study and analysis. Novel quantitative
AFM mechanical property mapping modes were also used for the characterization of
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selected samples. The observed morphology strongly depends on stoichiometric ratio
and provides specific “fingerprint” phase images allowing the identification of the sample. AFM clearly resolves the elastic moduli of stiff and soft segments of the phase
separated polyurethane samples at nanoscale resolution. The DMT modulus values
obtained with HarmoniX Imaging and Peak Force Tapping are in very good agreement.
Surface mean moduli values do not coincide with bulk values obtained via tensile testing because of fundamentally different averaging procedures and effects that lead to the
respective modulus values (surface and volume averaging).
Instead of the polyether polyol used in previous experiments, polyurethanes were
prepared from a polyester polyol in the next stage of the research. The experiments
carried out as a function of changing stoichiometry proved that competitive interactions
among various groups including chain-end functional groups lead to the formation of
slightly ordered phases of sub-nanometer size at both ends of the composition range.
These structures assemble to larger units at the 10 nm level, which further associate to
even larger entities scattering light and decreasing the transparency of the samples. The
order of the primary units, together with the number and size of assemblies at both
higher levels, decrease as composition approaches to equimolar stoichiometry. Although interactions between hard and soft segments decrease the mobility of the latter,
the amount of less ordered amorphous phase has a maximum in this range. The stiffness
of the polymer is determined by the amount of this phase, while ultimate properties are
influenced also by molecular weight and the strength of interactions. The incorporation
of aromatic end-groups into the crystallites of the hard phase leads to the formation of
larger number of strong physical cross-links resulting in high strength and deformability.
We compared the effect of the chemical structure of the polyol on the structure
and properties of the resulting polyurethane in two series of experiments. Several approaches proved that different interactions develop in polyether and polyester polyurethanes. Thirteen different specific interactions were identified in the first while 18 in the
second type of polymer considering only hydrogen bonds. Estimated binding energy
changes between 32 and 18 kJ/mol. The effect of interaction depends on binding energy
and the number of groups participating in the formation of a certain bond. The interaction of unlike segments dominates in both types of polymers, but the relative significance of urethane-urethane bonds is smaller in polyester polyurethanes. Dissimilar interactions change the partial solubility of the phases, as well as their size and properties.
Each property of the polymer is determined by a different aspect 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 formation of physical cross-links. In the second series of experiments
not the stoichiometric ratio of the functional groups, but the relative ratio of polyol/total
OH was the independent variable. The comparison of two sets of polyurethane elastomers prepared with a polyester and a polyether polyol of the same molecular weight
proved that specific interactions determine the phase structure and properties of these
materials. Crystallinity was approximately the same in the two types of polyurethanes
and the amount of relaxing soft segments was also similar. The determination of interaction parameters from solvent absorption and differences in glass transition temperatures
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indicated stronger interaction between hard and soft segments in the polyester than in
the polyether polyurethane. Larger transparency of the polyester PU indicated the formation of smaller dispersed particles of the hard phase. The larger number of smaller
hard phase units led to the formation of more physical cross-links distributed more
evenly in the polymer. These differences in the phase structure of the polymers resulted
in stronger strain hardening tendency, larger strength and smaller deformations for the
polyester than for the polyether polyurethane.

The most important conclusions of this thesis can be briefly summarized in the
following points:
1.

By the detailed characterization of several series of segmented linear polyurethanes
we confirmed earlier observations that their different properties depend dissimilarly
on various factors of structure. However, we proved additionally that transparency
depends on the amount of ordered hard phase, stiffness and hardness on phase
composition, on the amount of soft segments, while ultimate properties on
stoichiometry, which determines molecular weight and the formation of aromatic
end-groups. A close correlation was found between tensile modulus and the number
of relaxing soft segments.

2.

We used novel quantitative AFM mechanical property mapping techniques for the
first time for the characterization of segmented polyurethanes. We resolved with
AFM the elastic moduli of stiff and soft segments of the phase separated polyurethane samples at nanoscale resolution.

3.

We established that surface mean moduli values do not coincide with bulk values
obtained via tensile testing because of the fundamentally different averaging procedures and effects that lead to the respective modulus values (surface and volume
averaging). The dissimilar moduli result from the enhanced phase separation of the
polymers at the surface.

4.

We proved with detailed analysis carried out with a wide range of techniques that
the structure of segmented polyurethane elastomers is even more complicated than
widely indicated in published papers. We showed that competitive interactions
among various groups including chain-end functional groups lead to the formation
of slightly ordered phases of sub-nanometer size at both ends of the composition
range. These structures assemble to larger units at the 10 nm level, which further
associate to even larger entities in the sub-micron range scattering light and decreasing the transparency of the samples.

5.

We analyzed interactions of various groups being present in segmented polyurethanes and identified thirteen different specific interactions in polyether and 18 in
polyester polyurethanes considering only hydrogen bonds. We estimated binding
energies which changed between 32 and 18 kJ/mol.
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6.

We proposed a model to take into the effect of interactions on structure development and properties of the polyurethanes studied. This effect depends on binding
energy and the number of groups participating in the formation of a certain bond.
We proved that the interaction of unlike segments dominates in both types of polymers, but the relative significance of urethane-urethane bonds is smaller in polyester than in polyether polyurethanes. Dissimilar interactions change the partial solubility of the phases, as well as their size and properties.

7.

We proved that chain-end functional groups also participate in various interactions.
Aromatic end-groups forming at NCO excess are incorporated into the ordered
crystalline units of the hard phase and form physical cross-links. The number and
distribution of these physical cross-link sites determines the ultimate properties
(tensile strength and elongation-at-break) of the elastomers.
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