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_ (ABSTRACT)

The structure·property relationships for various segmented copolymers

were investigated. A number of mechanical and thermal characteristics

were determined. The morphology was characterized by SAXS with

respect to size and dispersion of domains; degree of phase separation

and the domain interfacial thickness.

a. Novel segmented copolymers were synthesized using amino

terminated polydimethylsiloxane oligomers as the soft component and

various hard component. lt was found that the performance of these

copolymers was affected by the varying the hard segment Iinkages,

hard segment content, soft segment MW, stiffness of the siloxane

backbone and amount of chain extender. Two phase nature of these

copolymers was verified‘by dynamic mechanical, thermal and SAXS

studies. The phase separation was found to occur in these copolymers

with as little as 6% HS. These materials displayed a behavior similar

to the segmented polyurethanes and were found to be superior to the



unfilled silicone elastomers. The final materials were used as

reasonable models for investigating various methods for determining

the interfacial layer thickness between the hard and soft phase.

Specifically, due to the fact that there is no hard segment length

distribution as is the usual case for segmented urethanes, these

materials have some degree of model characteristics. Utilizing Porod's

law, and appropriate analysis, both positive and negative deviations

were found in the systematic series of copolymers with the degree of

positive and negative character dependent upon composition. Negative

deviations were accounted for in terms of a finite interfacial thickness

which turned out to be relatively small as anticipated, while the

positive deviations arose due to isolated hard segments that reside_

within the soft segment matrix, concentration fluctuations. ln

calculating the interfacial thickness, several methods were applied and

in general, close agreement was obtained. Finally, correlation function

analysis in conjunction with determination of the coherent Porod

lengths, etc. were determined and discussed accordingly.

b. The structure-property behavior of novel 'water extended'

segmented polyurethane-urea copolymers was also investigated. These

copolymers were synthesized by utilizing the dehydration

characteristics of tertiary alcohols at sufficiently high temperature in

weak acidic medium. Mechanical, thermal, dynamic mechanical and x-

ray experiments were carried out to characterize the morphology and

properties of these segmented copolymers of systematically varying

hard segment content, soft segment MW, block length and hard



segment type. lt was observed that these properties depended

primarily on the degree of order in the hard domains and the order

. could be improved by increasing either the HS content at constantlsoft

segment MW or soft segment molecular weight at the same HS content.

The results obtained for these materials were compared with those from

conventional polyurethanes to investigate the effect of intermolecular

hydrogen bonding on molecular arrangement.

c. The final series of segmented copolymers studied were based on

polysulfone and polydimethylsiloxane, synthesized by solution

polymerization. lt is shown that by varying the length of the

segments for each phase and their relative content, it is possible to

alter the mechanical and thermal characteristics. The mechanical

response was also influenced according to which phase is

predominantly continuous. In addition to dynamic mechanical and SAXS

measurements, the evidence of the two phase structure was obtained

by TEM.
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· CHAPTER ONE

INTRODUCTION

1.1 MOLECULAR ARRANOEMENT

In the last decade, block copolymers have generated considerable

interest because) many engineering needs are fulfilled by their unique,

novel, and controlled behavior. As a result, numerous investigations

have been carried out to study their synthesis, properties and solid

state structures‘-"‘. ln general, these materials are obtained by

chemically combining blocks or segments of two dissimilar homopolymers

along the chainl backbone. If A and B represent the two different

chemical segments, then the possible molecular architectures could be

one of the following :

(a) A—B diblock copolymer

(b) A-B-A triblock copolymer

(c) (AB)n multiblock or segmented copolymer
e

In addition to sequential arrangements, the final properties of these

copolymers are primarily determined by the nature and length of the

blocks employed. The molecular regularity along the backbone chain

gives rise to a number of ordered two phase morphologies which are

determined by the composition of the two components. According to

Molau’, five such idealized morphologies exist for a block copolymer as

shown in Figure 1.01. The various morphologies indicated are very

similar to the behavior of soap micelles with varying concentrations of

1
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the surfactant. Proceding from low to high volume fraction of phase A -
in a mixture of phases A and B, the morphologies are :

(a) Spheres of A in a matrix of B

(b) Cylinders of A in a matrix of B

(c) Lamellar (or alternating slabs) structure

(d) Cylinders of B in a matrix of A

(e) Spheres of B in a matrix of
(BVA

The morphological texture obtained in a block copolymer is also
l

affected by the thermal and mechanical history of the material before

and after the polymerization. However, the degree of phase separation

in these two phase systems is not complete because the two segments

are chemically linked to each other.

Segmented copolymers are a (AB)n type of linear multiblock system

in which long alternating sequences of different segments comprise the

backbone chain. As compared to the diene (e.g. styrene—butadiene) di

and tri-block copolymers, the segments in these _materials are short.

and numerous. Depending upon the nature of the blocks employed,

their composition ratio and the average segment length, the properties

of these copolymers may vary from those of statistical copolymers to „

thermoplastic elastomers. The former behavior is observed in systems

which have either very short segments or similar inter and

intrasegmental binding forces or both. A relatively homogeneous solid

state structure is thus obtained fromlcompatible segments of a block

copolymer, with the copolymers displaying properties often
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approximated by a weighted average of the homogeneous segments.

When physical, chemical and thermodynamic incompatibility exists

between the two segments types, they can separate on a local scale

and aggregate with their own kind to _form domains of distinct phases.

These domains are usually a few nm in size and as a consequence are

frequently referred to as microphases. A two phase solid structure is

obtained when thermodynamic incompatibility and differences in

intersegmental and intrasegmental secondary binding forces exist"

between the two dissimilar segment types. From an application -point of

view, one of the most desirable microphase separated materials are

those which display an elastomeric behavior at the service

temperature. As a result of composition and processing these materials

are obtained when the soft rubbery phase forms the continuous matrix

in a two phase morphology. Such microphase separated segmented

copolymers are a part of a general class of materials, generally

referred to as thermoplastic elastomers (TPE's). At the service

temperature, the continuous matrix component of
al

thermoplastic

elastomer is viscous or rubbery and is usually referred to as the 'soft'

segment. The other 'dispersed' component at these temperatures is

either glassy or forms a high temperature melting crystalline structure

and is conventipnally termed the 'hard' segment.

It is now widely accepted that the unusual properties of these

segmented copolymers are directly related to their two—phase

microstructure"-". In addition to their incompatibility with soft
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segments, the hard segments in segmented system are usually polar in

nature and have the ability to form hydrogen bonding. This strong

molecular association within the hard segments allows them to undergo

phase separation into regions which are termed 'hard domains'.

Hydrogen bonding plays an indirect role in determining properties by

influencing the degree of phase separation, stabilizing hard segment

domains, and determining the alignment of hard segments within their

domains. These hard domains allow the formation a pseudo network

structure by providing multifunctional physical and virtual crosslinks

in the material. Additionally, they also serve as a reinforcing filler

for the soft matrix". Good interfacial adhesion is achieved across the

interface due to covalent links between the two segments. The

presence of hard domains in TPE's is also responsible for the high

plateau modulus properties over a wide temperature range. ln fact,

the mechanical properties of these systems in general can be

conveniently tailored by varying the composition ratio of hard and soft

segments in conjunction with the mode of fabrication history.

Segmented copolymers of this type behave somewhat as physically

crosslinked elastomers at the service temperature, yet they can be

processed either by rapid thermoplastic-forming techniques at elevated

temperatures, or from solution". However, melt processibility in

segmented copolymers may be limited by the excessively high melt

viscosities often exhibited by two phase melts. The incompatibility in

the melt will, of course, be dictated by the two segment types and

their molecular weights. In addition, due to the relatively short
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segment lengths and their broad molecular weight distribution,

microphase separation may be incomplete in segmented copolymers.

This suggests that impure domains may exist along with interfacial

regions composed of a mixed phase in which there is a gradient of

composition. The extent of interphase mixing and how it is affected by

l the sample fabrication method, can affect many important properties of

the segmented materials“. lt is well accepted that thermal history"
"‘,

stereoregularity", block length" " and distribution of block

|engths" play important roles in determining the degree of phase

separation as well as the degree of order in hard and soft segment

domains. Higher phase separation is _favored when non-polar soft

segments‘°’ and/or a longer sequence length of the hard and soft

segments is employed. A distribution of domain sizes may also exist

due to the distribution of block lengths obtained as a result of

polymerization"_’°. ln the study of segmented copolymer systems,

the term compatibility is often used interchangeably with the degree of

phase separation.„ An increased hard segment-soft segment

compatibility implies more diffuse phase boundaries, and appreciable

mixing of hard and soft sequences within the respective domains.

Since morphological texture and the extent of phase separation in

segmented copolymers can be affected by a large number of factors

mentioned above, it implies that a wide variety of thermal and

mechanical behaviors can be obtained from a given system. Therefore,

_ these segmented copolymers in conjunction with processing techniques,

provide a very useful concept for, the design and control of tailor
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made materials which are suitable for specific applications. However,

the numerous morphological structures and mechanical responses

possible in segmented copolymers also makes the task of correlating

the two very formidable indeed. Therefore, the morphological

characterization of these systems offers itself as a challenge. A better

understanding of the structure-property correlation requires the need

to establish the effects of thermodynamic interactions, hydrogen

bonding (if anY), and packing efficiency of the hard segments on the

corresponding degree of phase separation.
V

7.2 SYNTHESIS OF SEGMENTED COPOLYMERS
I

Segmented copolymers are usually synthesized by a step growth or

'condensation' polymerization reaction between difunctional soft

segments, difunctional hard segments and/or difunctional compounds

reacted with a chain extender for the hard segments’ " ". A

typical (AB)n segmented structure is contrasted in Figure 1.02 with

the typical block copolymer structure. As indicated, the block Iengths

in segmented copolymers are much shorter than in the anionically

synthesized di or tri-block copolymers such as the well known

styrene—butadiene·styrene systems.

· Various molecular structures obtained in segmented copolymers can be

obtained by changing the chemical composition and the type of any of

the three reaction components (e.g. macroglycol, diisocyanate and

monomeric diol). Moreover, one" or two" step polymerizations can
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also result inndifferent chain structures. The two step polymerization

method yields a narrower distribution of hard segments provided that

the reactivity of the second isocyanate group is not affected by the

reaction of the first isocyanate group in a difunctional hard segment

unit"
"‘.

The composition and type of reaction components also determines many

molecular properties such as polarity, hydrogen bonding capability,

and crystallizability of either block. lf monomeric diols are replaced by

diamines, highly polar urea Iinkages are formed in the hard block

along with the urethane Iinkages. Polyurethanes also have been

synthesized with piperazine and dichloroformates replacing the

. diisocyanate, thereby eliminating all possibilities of hydrogen

bonding“. The reaction of an amine terminated soft segment with an

isocyanate, acid chloride and anhydride would result in the formation

of urea, amide and imide Iinkages respectively. This provides a means

to control the polarity and hydrogen bonding in the hard domains as

is shown in Table l.| where cohesive energy densities are listed for

various Iinkages. By synthesizing similar segmented copolymers with

various Iinkages, it has been shown that the mechanical and thermal

behavior can be affected greatly even for equally phase separated

systems"
“. U
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1.3 THERMODYNAMICS OF PHASE SEPARAT/ON

Any mixing of two components is always accompanied by a change in

the free energy and can be expressed as :

AG = AH - TAS

where AH and AS are the enthalpic and entropic changes of mixing

respectively and T is the absolute temperature. In order to favor the

formation of a homogeneous solution, the net free energy of mixing

must be negative. When AG is positive, the two components will

segregate and form separate phases under equilibrium conditions.

When two components are mixed, an increase in disorder usually

promotes a positive AS, which in turn favors a homogeneously mixed

structure. For non-polar polymer chains, the enthalpy of mixing is
l

generally positive and large in comparison to AS and hence the AH

term dominates the free energy expression. The conditions for phase
G

separation are determined by the net result of these two opposing

terms, but a segregation is often Iikely to occur than mixing for

polymeric components. From equation (1) it can be seen that

increasing T would lower AG and thus promote mixing of phases

because the temperature dependence for the enthalpy of mixing is

small. lndeed, the work of Wilkes et aI." "° on segmented
1

polyurethanes has shown this expected behavior.

However, due to the restricted large scale molecular mobility caused
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by the covalent bonding of the two incompatible segment types, the ~

phase separation in segmented copolymers causes the formation of

distinct microphase domains. When this occurs, the positive surface

free energy associated with the interface between A and B domains

becomes significant and serves as the driving force for the growth of

these domains. The entropy of mixing itself is lower for segmented

copolymers because of two reasons. First, the large scale movement of

the polymer segments is restricted as segment-segment links are

confined to the interfaces if the phase separation occurs. Second,
the-

drive to maintain constant overall polymer density within the growing

domain excludes a large number of polymer conformations. The final

shape and size of the domains formed as a result of phase separation

is the effect of a balance among these free energy terms. Various

thermodynamic theories have been proposed to predict the

morphological order in phase separated systems. These theories are

based on minimizing the free energy of the system by proper choice of

structural parameters. Some of the most prevalent theories for phase

separation are notably by Krause""°‘, Helfand"""', Meier"’°",

Leibler", Fedors"‘ and LeGrand”. These different approaches can be

used to predict such properties as critical molecular weight for domain

formation; size, shape, and distance between domains; and the

temperature at which domains become unstable. Some comments on .

these theoretical approaches are now outlined. V

Fedors used the Flory-Huggins Iattice theory to predict the minimum

.molecular weight for phase separation by relating the chemical potential
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of mixing to the polymer-polymer interaction parameter x. Krause

used a strictly thermodynamic approach to describe phase separation

and does not take the morphology into account. For an ideal phase

separated system with sharp phase boundaries, Krause showed that ·

the entropy change due to phase separation can be represented by :

AS
+ Nc1n(m-1) + Ncna —%·@

where Nc is the total number of copolymer molecules, vi is the

volume fraction of the ith phase and m is the number of blocks per
“

copolymer chain. The first term, on the right hand side, is associated

with the entropy loss due to a decrease in volume as a result of

domain formation. The second and third terms represent the entropy

loss due to restricted motion of the chain joints at the interface. The

last term in this equation is related to the entropic changes due to the

crystallization of one of the phases if it is allowed by chain symmetry.

Krause's theory can be used to predict the phase separation as

influenced by the :

- number of blocks per copolymer chain

i — molecular weight of the component chain

— crystallization of one component

- composition ratio

I The theory explains why segmented copolymers are less phase
I
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separated and why they retain a homogeneous character until a critical

block length is achieved (which may be two or more times larger than

for the case when homopolymers are being mixed). By substituting

Krause's expression for the entropy change and the Hildebrand·Van

Laar's expression for the enthalpy change in equation (1), it can be

shown why phase separation is improved by increasing the Flory-

Huggins interaction parameter. The resulting expression can also be

used to calculate the critical value of x by setting AG=0. This theory,

however, does not predict the size or shape of the domains in a

segmented system. Statistical thermodynamics provides an alternative

means for predicting the structural parameters.

l
By relating enthalpy and entropy of mixing with interfacial energy,

Bianchi" " demonstrated how domain size and its temperature

dependence can be estimated. Meier's treatment is generally applicable

to uniform and amorphous block copolymers with reasonably sharp

phase boundaries and assumes a constant density within the domain.

This approach also assumes that the enthalpy of separation can be

taken as that of the respective segments. This implies that ·

microphase separation must be entropically governed. The requirements

for phase separation can now be considered as boundary conditions in

a diffusion problem. The model then predicts the size of the spherical

or other domains inl terms of the average end—to—end distance of the

random flight chain for the constituent block. The final equations can

be expressed as :
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D = K<¤‘>* = ·< ¤<¤1„>* = »<c.„M#
where D is the characteristic domain dimension, c is the number of

statistical elements of length I and a is the chain perturbation

parameter (or expansion factor) while k is a parameter which depends

on the domain shape and mclecular architecture.

He|fand's mean-fie|d—theory approach is very similar to that of Meier

except that an external field to the diffusion equation is added to

represent the repulsive force of the second phase. As a result, the

final expression doeslnot include any adjustable parameter. The

treatment indicates that the mass gradient across the interface can be

given by : „

¤(><)=¤ 1+ -25X %l_ *1A A0 [ €XP( ( 12) ( b ) ]

where b is the effective length of a monomer unit of A. Using this

equation it can be further shown that the interfacial thickness is

inversely related to the square root of the interaction parameter and

can be approximated as :

t = 2b
é

·
' (6 Xu)

Since X is inversely related to absolute temperature, Helfand's model

predicts that thickness of the interfacial region is directly related to

the square root of the absolute temperature and at a suitably high
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temperature phase mixing would occur.

Another model developed by LeGrand accounts for the domain formation

and stability based on the change of free energy which occurs between

molecules of a block copolymer having a micellar domain structure.

This model takes into account the elastic deformation of the domains as

well.

None of these theories provide a solution in a closed form, instead

solutions can be approximated numerically for specific situations.

These theories have also been less successful at predicting the

temperature at which |ong—range order will break down. Despite the

fact that most measurements made to study the phase separation are at

best approximations, many studies have indicated a good agreement

with various theories for di or tri block copolymers. However, the

application of these theories to segmented copolymers has been rather

difficult because of their unique characteristics. First, the specific

interactions such as hydrogen bonding which is very important in

determining the bulk properties for segmented copolymers is not

accounted for by these theoretical approaches. Second, the Gaussian

chain statistics treatment for more rod-like hard segments and low

molecular weight of the softsegments may be inapplicable and give

erroneous results when applied.
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1.4 METHODS FOR STRUCTURAL ANALYSES

As indicated within the last section, structural hetrogeneities often

exist in multiblock copolymers as a result of microphase separation.

These hetrogeneities, generally induced on a domain level, may well

also be present at either molecular, periodic or spherulitic

superstructure levels. ln order to understand the morphology and

resulting properties, it is imperative that structural information at all

these levels be correlated with the physical behavior of the materials.

Various techniques are, of course, available to study the structural

organization at different scales. A brief summary of the results

obtained from these techniques is presented below. The information

presented is not intended to be exhaustive, but rather illustrates

various approaches to the understanding of structure-property

relationships in thermoplastic elastomers. Most of the present

understanding about segmented copolymers stems from the structure-

property investigations of various polyurethanes. As a consequence,

the following dis‘cussion on the structural analysis of segmented

copolymers leans heavily on different results obtained for segmented

polyurethanes.

At the molecular levels, the sequential or neighbor-neighbor

arrangement in segmented copolymers can be studied by the pulsed

nuclear magnetic resonance (NMR) technique. The presence of hard

and soft domains in segmented polyurethanes has been confirmed by

Assink" and Assink and Wilkes“" by using this technique. Their
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work with NMR has indicated.that the rate of nuclear-magnetic, free

induction decay can be associated with different types of domains. For

example, a fast gaussian component is indicative of glassy hard

domains whereas a slow gaussian component can be attributed to the

presence of rubbery domains. Froix et al." have also used the NMR

to determine the phase structure in conventional polyurethanes. Using

NMR, it is also possible to determine the relative amounts of each

component in the domains.

Low frequency dielectric relaxation studies have been carried out

successfully by North and his coworkers‘°-" to investigate the two

phase microdomain structures in segmented copolymers. Their work on

polyurethanes suggests that large dielectric absorption peaks observed

·
in these materials are in accordance with Maxwel|—Wagner interfacial

polarization. These peaks were found to be temperature dependent and

the study concludes that hard domains formed are non—spherica| in

shape with large interfacial boundaries.

lnfrared absorption technique can be used on segmented copolymers to

determine the extent of hydrogen bonding, strength of hydrogen

bonding, and variations in H—bonding upon deformation"'. This

method utilizes the differences in the absorption peaks for free and

bonded polar groups in the material"’—‘”’. Generally, the NH or C=O

groups are used for this purpose in copolymers with either urea,

urethane or amide Iinkages. Changes in hydrogenbonding can thus

be ‘ followed, in principle, by infrared frequency or intensity
l
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measurements. Seymour et a|." have investigated the thermal lability

of the hydrogen bonding by studying the temperature dependence of

infrared absorption for NH vibration. Measurements of molecular

orientation are also possible with the application of infrared dichroism

° spectroscopy and have been carried out with success by several

workers"-°". Fourier transform infrared (FTIR) has also been used to

analyze the segmented polyurethanes". Sies|er"’ has reported on

several studies where the FTIR spectroscopy has been used with

simultaneous stress-strain monitering to study the orientation in

various segments when deformed uniaxially. These studies indicate

that as compared to soft segments, the hard segments generally show

greater response to deformation process and show higher recovery

when the stress is removed.

The study of the transition behavior by various thermoanalytical
l

techniques has been of particular importantance to the understanding
" of the morphology and intermolecular bonding in microphase separated

copolymers. For this purpose differential scanning calorimetery (DSC),

differential thermal analysis, thermomechanical analysis (TMA) and

thermal expansion measurements have been employed. The technique of
’

DSC has been used to observe one or more of the following transitions

present in segmentedcopolymers(a)

soft segment glass transition temperature

, (b) crystallization and melting associated with soft segments
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_ (c) short range order associated with annealing or physical

aging effects

(d) long range order endotherm corresponding to the

dissociation of hard domains '

(e) hard segment glass transition temperature

(f) melting of microcrystalline hard domain structure

The variations of Tg with composition, as determined by DSC, can be

used to indicate the degree of microphase separation. Furthermore,

this technique has proved useful in the determination of morphological

changes as a function of annealing time and temperatures" "

“.

More recently Pascault and workers have shown that it is possible to

estimate the degree of phase separation in segmented copolymers by l .

measuring the change in the heat capacity at the glass transition

temperature of the soft segments"‘
"’.

This approach can be

successfully applied if the mixing of hard segments in the soft matrix

is not significant.

Dynamic mechanical analysis can also provide information regarding

various transitions concerning molecular motions and degree of phase

separation in segmented systems. For these materials the shape and

location of the transition are dependent on all factors that affectythe

extent of microphase separation. These include, sample composition,

segment length, intersegment solubility and sample preparation

methods. Mixing of the constituent segments is indicated by a

decreased slope in the storage modulus and broadened loss modulus



18

peaks. In a series of four papers, Seefried et a|."-" correlated

various structural parameters and morphology to dynamic mechanical

properties. Their results show that the glass transition temperature is

directly related to the extent of segmental mixing. Additionally, hard

segment symmetry and composition was found to be a major factor in

determining the microphase separation. Dynamic mechanical studies

have also indicated better phase separation for non-hydrogen bonded

polyu rethanes '
°’

' ' as compared with hyd rogen bonded
”

polyurethanes".

Tensile and other mechanical properties can be used to provide

- indirect information about the morphological order in microphase

separated materiaIs"·". In thermoplastic elastomers, the shape of the

stress—strain curves and the extent of stress relaxation can be

correlated with various morphological features". At high hard

segment contents, yield phenomenon is often observed representing a
l

semicontinuous nature of the hard domain arrangement. The hard

domains act as reinforcing fillers and their presence may increase

energy dissipation by various viscoelastic mechanisms (e.g.

hysteresis). In addition the existance of interface boundaries in

phase separated materials may cause the growing cracks to be

deflected and bifurcated. Stress-strain and swelling experiments have
A

indicated that the molecular weight between the crosslinks, Mc, for

tri·bIock copolymers is related to the soft segment entanglement

lengths rather than the actual molecular weight"‘ of the soft segments.

A high level of stress relaxation observed for a given (AB)n type
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copolymer system" has been attributed to a number of factors which

include restructuring of domains" or to the reduction in the‘number

of network chains’”’ or both. The strain induced crystallization of the

soft segments in segmented copolymers promotes higher hysteresis,

permanent set and tensile strength. For example, stronger

polyurethanes are obtained with PTMO which can crystallize at

molecular weights larger than 1000 as compared to PPO based

polyurethanes where soft segments can not crystallize. Recently there

have been reports on the synthesis of stereoregular PPO which is

capable of crystallization.

Besides the! microdomain morphology, spherulitic superstructures in

segmented copolymers have been also observed and investigated by

several techniques which include polarized light scattering"-‘°‘, small

angle light scattering"
‘°‘-‘°’,

Scanning electron microscopy"
‘°"

(SEM) and transmission electron microscopy"
‘°°

‘°"·‘°' (TEM). Of

these, the technique of electron microscopy is specially attractive

because it can provide direct information on the structural

arrangement. Most of the previous work done by transmission electron

microscopy has been carried out on stained or unstained solution cast

thin films. However, the morphology in thin films, in general, may be

quite different from the true morphology observed in bulk materials.

This is primarily because for thin films the solvent evaporates in a

much shorter time duration as compared to thicker films. At present

it is also· not well understood as to how the morphology is affected

when the sample is stained by heavy atoms. Thomas and Roche"'°
“°
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have recently pointed out that imaging of fine scale polymer .

microstructure is greatly influenced by the microscope transfer

function. Even if the imaging system were perfect, it would be

difficult to determine the true object structure unless the domain size

is the order of the film thickness. Problems arise because the object

image is a two dimensional representation of a three dimensional

morphology. This is demonstrated in Figure 1.03 where an ideal case

of regularly spaced spherical particles is considered in films of

different thicknesses. As indicated, in the thin film, where the
h

thickness is comparable to the size of the domains, a correct

representation of the true morphology is obtained. However, the

isolated domain morphology is replaced by an apparently more

continuous one when the film thickness is much larger. The effect will

be more pronounced when spherical particles are replaced by a lamellar

structure.

Scattering techniques have proven to be particularly useful in

characterizing the two phase morphologica|_ order in microphase

separated segmented copolymers. Wide—ang|e x—ray scattering (WAXS)

has been used exclusively by many workers to determine the

paracrystalline structure of MDI/BD hard segments.
Bonart‘“'“°

has i

proposed both one and three dimensional models which provide for

optimum hydrogen bonding (see Figure 1.04). Recent studies by

Blackwell et
a|.""'“‘

and Hocker and Born‘" have provided much {

more valuable information in the understanding of MDI/BD crystal

structure. The structure of methanol capped MDI has been determined
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using single crystal x-ray method by Blackwell and Gardner**‘ and is

shown in Figure 1.05. Wide-angle x-ray scattering has also been

utilized by Wilkes and coworkers" to imply that domain size increases

with increasing crystallizable hard segment content as evidenced by

the sharpening of the wide angle i<—ray reflections.

Clough et a|.**' and Bonart**’ were the first workers in 1968 to

observe the microphashe separation in segmented polyurethanes by small

angle x-ray analysis (SAXS). Since then, a large number of

investigations have been carried out to characterize the morphological

arrangement in a two phase system by this technique2’
" " *°*

*°‘

*2°-*2'. Small angle x-ray analysis has become so popular now that a

peak in the scattered intensity is often considered as proof for the ·

existance of a periodic morphology in a mu|tiphase_system. The

scattering intensity profile can be used primarily to obtain information

regarding domain sizes and the interdomain spacing. The thickness of

the interfacial region and the degree of segment mixing can be

determined by Porod's analysis. However, it has been suggested

recently that the values obtained for interfacial thickness and extent

of phase mixing are not always meaningful*2‘ because a correct

physical interpretation of these parameters is not clearly understood.

The degree of phase separation obtained by SAXS studies have also

been used to study the effect of composition, annealing, physical

aging at room temperature and crystallization of either component on a

segmented copo|ymer2’ **2 *2* *22 *2'. Orientation studies have also

been carried out to study the structural changes as a result of sample
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deformation. Small angle neutron scattering (SANS) can also be used

on thermoplastic elastomers to provide essentially the same information

as that obtained from SAXS. However, SANS is a much more powerful

technique when used to determine the radius of gyration of the soft

segments. SANS allows the measurement of the conformation of a single

chain by a selective Iabelling in which the hydrogen is replaced by

deuterium to take advantage of the much higher coherent scattering

cross·section of the deuterium. Such measurements have concluded

that the soft segment chains in ABA type block copolymers have

essentially the same conformations as found in the corresponding

prepo|ymer“°—‘". For segmented systems, on the other hand, the

results indicate a slightly extended conformation for soft segments in

the copolymer form‘".
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7.5 STRUCTURAL MODELS FOR (AB)n TYPE MATER/ALS

The morphological architecture in segmented copolymers is complex

because there are many internal and external factors involved which

can alter the arrangement of respective segments. It is not surprising,

therefore, that a number of structural models have appeared in the

· literature. The first structural model was proposed by Bonart‘" based

on both small and wide angle x-ray results. This model is shown in

schematic form in Figure 1.06. Hard segment sequences are pictured

as rigid rods with prefered orientation as a result of strong bonding

between the N-H and C=O groups of the adjacent segments. For

materials where the hard segment order exists, the model explains the

azmuthal dependence of wide angle interference shifts from equatorial

to meidional positions on deformation.

Wilkes and Yusek‘“ presented a morphological model in 1973 (see

Figure 1.07) which summarizes the results of all structural studies up

to that time. As shown in the figure, the model indicates that for a

highly oriented segmented polyurethane the following regions may

coexist in the system

(A) Stress·crystal|ized soft segments

(B) ordered but noncrystalline soft segments ~

(C) amorphous 'so|ution' of hard and soft segments

(D) crystalline hard segment domains

_ (E) ordered but noncrystalline hard segment domains
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A morphological model for hard and soft segments mlxing/demlxing was

suggested by Wilkes and coworkers"
’“

to explain the concomitant

changes in structural properties as a function of time after thermal

quenchlng. Although their model, presented in Figure 1.08, has many

common trends with the original model of Bonart's. it was developed

for the purpose of demonstrating the morphologhical —rearrangements

which take place on heating the copolymer. Cooper and coworkersn

have also used a similar model to explain the long and short range

order in hard domains of segmented polyurethanes.

By correlating DSC and dynamic mechanical results with extensive

SAXS analysis, Koberstein and Stein‘" have proposed a different

morphological arrangement in polyurethanes. This model takes into

account the sequence length distribution in hard segments and their

packing efficiency as shown in Figure 1.09. Allowance is made for

isolated hard segments ln the rubbery matrix, but the development of

the hard domain structure uses large numbers of these small units.

The model also falls to account for optimum hydrogen bonding between

adjacent segments on a 3-dimensional basis.

Various models for spherulitic superstructures in segmented copolymers

have been developed from the electron microscopy results. Two models

for superstructures in non·crystal|lne polyurethanes have been

proposed by Wilkes and coworkers" l". As lndlcated in Figure 1.10,

these models show that the domains can have either a tangentlal or

radial arrangement or orientatlon of hard segments. Schneider et
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a|.", however, have suggested a radial orientation of hard segments

forming pseudo—spherica| Iamellar structures (Figure 1.10(a)) while a
{

tangential orientation is indicated by Fridman and Thomas‘°* (Figure

1.10(b)). According to Estes et al."
"’,

both continuous and

interpenetrating isolated domain morphology can be observed in

segmented copolymers depending upon the segment length and the

composition ratio. The TEM micrographs for unstained segmented

copolymers containing high hard segment content exhibit a molecular

arrangement which is very similar to this model. A schematic

representation of this model is presented in Figure 1.11 where the

hard domains are shown as shaded areas.
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7.6 RESEARCH OBJECTIVES

The objective‘ of this research was the development of structure-

property correlations for segmented copolymers many of which were

based on polydimethylsiloxane soft segments in contrast to various ·
other studies where PTMO or PPO macroglycols formed the soft matrix.

Experimentation involved characterization of the sample morphology

with respect to
A

(1) the size and dispersion of domains

(2) the degree of phase separation

(3) the domain interfacial thickness.

_ The parameters studied included soft segment composition, hard

segment type and content, block length, type and amount of chain

extenders, effects of annealing, Iinkages present in the hard y

segments, and crystallizability of either segment. The bulk of this
l

analysis was accomplished by means of small-angle x-ray scattering.
H

Secondary analytical techniques included stress-strain analysis; stress

relaxation, permanent set and hysteresis measurements; differential

scanning calorimetry; dynamic mechanical testing; thermomechanical

and thermogravimetric analysis; wide—angle x-ray diffraction and

transimission electron microscopy. As many of these—techniques are

common to various separate studies, the experimental details are

briefly summarized in Chapter 2.

Results from four specific studies are presented in this thesis. The
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first study in Chapter 3 deals primarily with the mechanical and ·

thermal analyses of siloxane based segmented copolymers as a function

of composition and type of Iinkages present in the system. From the

composition of these siloxane copolymers, it was evident that only a

small amount of interfacial region was present between the hard and

the soft segments. This chracteristic along with the low hard segment

content present in these materials, led to a detailed morphological

characterization by SAXS. Somewhat ideal behavior of these copolymers

also allowed for the comparison to be made between different structural

parameters as determined by different approaches normally used in

SAXS. This appears in Chapter 4. The third study, given in Chapter

5, concerns the general structure·property relationships occurring in

segment poIyurethane—ureas. In addition to variations in the hard

segment content and soft segment molecular weights, attempts were

made to establish the effect of hard segments based on MDI and TDI.

Finally, in Chapter 6, general correlations were developed for

poIysulfone—po|ysi|oxane 'long' segments copolymers. The larger

domains present in this system also allowed a direct confirmation of the

sample morphology by TEM.
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· TABLE 1.1
COHESIVE ENERGIES AND MOLAR VOLUMES FOR SOME ORGANIC GROUPS

Cohesive Energy VOLUMEGROUPSTRUCTURE.H

9 H
I I

UREA —N—C—N— 59.9 50.8

" 91URETHANE —N—C-0- 36.5 43.5

3 12
AMIDE —N—C— 35.5 36.2

O
-3IMIDE >11— 25.0 --—C

13
9

ESTER —C-0- 12.0 28.9

METHYLENE —CH2— 2.8 21.8

PHENYL 16.3 83 .9

[ from C. Hepburn in “Po1yurethane E1astomers", App1ied
Science Pub., New York (1982) p. 50]
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Figure 1.05: Proposed structure of MDI/BD hard segments. The ac
projection of the unit cell is shown (Ref. (116)).
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CHAPTER TWO

EXPERIMENTAL

The experimental techniques common
tol

the determination of the

structure—property relationships for the various segmented copolymers

reported in this thesis are briefly described here. Any specific

technique employed in the characterization and analysis of a particular

system in one of the later chapters is reported in that chapter. A

discussion of the various materials and their preparation is also given

in the chapter where the structure—property behavior of the same

system is presented.

2.1 Structural Characterization -

Dilute viscosity measurements were carried out in either THF or DMAC

at 25°C using an Ubbelohde Viscometer. GPC chromatograms were

obtained by a Waters HPLC, at room temperature with styrogel columns

of IO",
l0’, l0“

and 50 nm using THF as the solvent at a flow rate of

I ml/min. Structural characterization of the polymers was obtained by

FTIR and NMR spectroscopy using a Nicolet MX-1 and Varian EM-390

'spectrometer. The IR spectra for the oligomers and the coolymers

were obtained from solution cast films on KBr discs.
Y

2.2 Mechanical Testing

Dog~bone specimens were cut from the films for the mechanical testing

of the segmented copolymers. Mechanical measurements included stress-

53
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strain, stress relaxation, tensile hysteresis and permanent set

behavior. All these tests were performed on an Instron Model 1122 at

room temperature. All stress—strain and hysteresis measurements were

carried out at a strain rate of 200 % per minute based on the initial

sample length. Stress relaxation experiments were performed by

stretching the samples to different elongations at an initial elongation

rate of 10,000 percent per minute to the desired elongation.

A tensile hysteresis, TH, experiment was performed by deforming and

unloading the dog-bone specimen to increasing strain levels for each

successive cycle. The end of each cycle was concluded when the

Instron showed a zero stress level. Strain levels ranged from 25

percent to 900 percent in incremental steps of 50 percent strain. The

percent hysteresis for a given cycle was calculated by the ratio :

T, TH XHT0
AREA UNDER THE LOADING CURVE

The areas were determined using a digital planimeter. Strictly

speaking, the values obtained in the manner indicated above do not

represent the true hysteresis if the deformed sample does not return

to its original shapel. For most polymeric materials, some degree of
l

'permanent set' or residual deformation is observed following a

deformation even below the yield point. The mechanical hysteresis

measured for such samples would also include the dissipation of energy

due to plastic deformation. The principle mechanisms responsible for
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mechanical hysteresis, therefore, are — internal friction (viscosity),

strain induced crystallization, stress softening due to local orientation

of the chains, structural breakdown and deformation of the domainsz.

Permanent Set measurements were carried out in a similar manner as

employed for tensile hysteresis, The sample length for a given cycle

wasl measured prior to starting the next cycle. °lnstantaneous' values

of permanent set were obtained when the end of one cycle and the

beginning of the next one were marked by the sample showing zero

stress. The kinetics of further recovery were also studied by

Iengthening the time between the unloading and the next loading step.

The. intervals varied from 10 minutes to twenty four hours at room

temperature (25°C).

2.3 Dynamic Mechanical Measurements

For the purpose of investigating the two phase nature and low

temperature properties of segmented copolymers, dynamic mechanical

spectra were often obtained. These experiments were conducted with a

Rheovibron Model DDV ll-C at 110 Hz and the Dynamic Mechanical

Thermal Analyser (DMTA) manufactured by Polymer Laboratories,

England at 1Hz. The approximate heating rate for the sample was

maintained near 3°C per minute in Rheovibron and 5°C per minute for

DMTA.
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2.4 X—Ray Scattering ,

The formation of domain structure (microphase separation) was also

verified by using small angle X—ray analysis. An automated Kratky

small angle x-ray camera was utilized for the SAXS experiments. The
x—ray source was a Siemens AG Cu 40/2 tube, operated at 40 kV and

20 mA by a GE XRD-6 generator. A Cu Ka-radiation of wavelength

1.542 A was obtained by Ni—foil filtering. More details for the SAXS

experiments and data treatment are provided in Chapter 4.

A Phillips table—top X—ray generator PW 1720 was utilized in

conjunction with a standard vacuum-sealed Statton (Warhus) camera to

obtain wide-angle x-ray diffraction patterns for the copolymers

studied. The samples were approximately 0.5 mm thick and an

exposure time ranging from 10 to 24 hours was used depending on the

system.

2.5 Thermal Analysis

Thermal analysis (DSC, TGA, TMA) of the block copolymers was

performed on a Perkin-Elmer System 2 and System 4. Experiments

were carried out under helium or nitrogen atmosphere using a heating

rate of 10°C per minute. The DSC and TMA scans were started at

—140°C, whereas thermal degradation studies (TG) began at s0°c.“

During TMA measurements, a constant load of 10 g was employed.
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CHAPTER THREE

STRUCTURE-PROPERTIES RELATIONSHIPS
IN

SEGMENTED ORGANOSILOXANE COPOLYMERS

3.7 INTRODUCTION h

Silicone elastomers have received wide—spread attention since they were

introduced commercially in the early 1940's. As a result, several

review articles have appeared in the literature dealing with the

current and developing technology of silicone eIastomers‘—’. In fact,

over 15,000 publications throughout the world have appeared on

elastomeric siloxane materiaIs‘
’.

Special interest exists in these

systems since many engineering needs are fulfilled by their unique

properties and has led to their numerous applications in many

diversified fields.

The most common and widely used silicone elastomers are principally

based on polydimethylsiloxane (PDMS) whose chemical formula can be

- given as :

QH2
‘F'“'3R-[-Si-O-] -Si-R '

.
‘ n i

CH3 CH3

The interesting and useful properties of silicone elastomers are a

result of somewhat unusual molecular structure of the polymer chains

58 ‘
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which consists of alternating silicone and oxygen atoms'. These

backbone chains are sometimes considered to have an 'organic-

inorganic' nature as compared to typical organic elastomers. The

repeat unit is characterized by very low intermolecular forces, ease of

rotation and the relatively long Si-O bond length. These

characteristics enable the polymer molecules to be unusually flexible

and to display properties which are fairly constant over a wide

temperature range.

Elastomers based on the siloxane Iinkages are observed to be quite

thermally stable which may be at least partially due to the fairly

strong silicon-oxygen bond’—“. This bond has an energy of

dissociation of 108 kcal/mole as compared to 85.5 kcal/mole for a C-C

bond. In addition to a high bond strength, the siloxane bonds are

unique in terms of their partial ionic character and the availability of

siIicon's d—orbitals for chemical bonding'. Nevertheless, the siloxane
h

Iinkages may degrade by lower energy dissociation routes which

involve exchange with other siloxane units or impurities"·"‘. These

reactions are reversible which has encouraged numerous studies of the

effect of impurities and imperfections on thermal stability. One

important method here has been the use of chemorheological studies".

The strong Si-O bond also results in chemical inertness and

incompatibility with most organic materials. Silicone elastomers resist

sunlight, weathering, ozone and in general, conditions which would

degrade most organic elastomerss.
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As a result of low intermolecular forces and flexibility, siloxane

polymers possess elastomeric capabilities even at extremely low

temperatures (Tg=-l23°C)"-". This is especially true if a low

percentage of such comonomers such as diphenyl or methyl phenyl

units are incorporated to prevent low temperature crystallization. The

importance of low Tg elastomers for impact resistance both at low and

ambient temperatures have been well documented“ ". Siloxane

elastomers have also been of considerable interest in theoretical studies

due to their nearly ideal behavior in experimental elastomeric

investigations“ ".

Silicone elastomers have been used as insulation on wires and cables

because of their excellent electrical properties at elevated

temperatures". Even when the insulation is exposed to direct flame,

properly controlled systems burn to a non-conducting ash. That is,

„ the degraded material may continue to function as insulation in a

suitably designed cable‘. These elastomers have also found widespread

utility as biomaterials and have been used with success in external

prosthesis for ·encapsulation and some usage as blood-compatible

surface coatings"‘ ". For delicate assemblies and other applications,

molds can be made conveniently and economically using liquid silicone

rubber, as they flow readily and can thus reproduce the finest details

of the pattern with almost no shrinkage“. In addition, siloxane

containing materials are noted for their high permeability to gases,

high surface activity and hydrophobic character. However, because of

poor mechanical properties, many potential applications have not been
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fully realized.

It has been well accepted that the mechanical response of an

elastomeric material depends greatly on the test temperature relative to

the glass temperature. ln addition, the density of permanent and

transient crosslinks as well as the presence and type of filler greatly

affect the mechanical behaviour". Organosiloxane elastomers are about

1s0°c above their glass transition temperature at room temperature.

These facts can generally be related to the relatively poor mechanical

properties (e.g. tear and toughness) displayed by silicone

vulcanizates. In linear form, PDMS behaves as a viscous liquid above

Tg unless it is of an extremely high molecular weight and/or is cross-

linked whereby some degree of solid like character exists". Even at

a molecular weight of about 50,000, it is an apparent solid which

exhibits cold flow and has very weak mechanical strength.

A silicone elastomer network is weak because flaws or microcracks

encounter little resistance to growth due to the high mobility of chains

at room temperature". As a consequence of their poor mechanical '

properties, organic siloxane elastomers are seldom used as pure

'gums'. In order to achieve desirable mechanical properties, it is

imperative that a structural modification be introduced, which not only

acts as stiffener, but also impedes the growth of these microcracks.

The modification of the basic PDMS backbone, however, can be

improved through particulate reinforcement or by the incorporation of

rigid plastic domains. ·
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Certain finely divided solids have been incorporated within the

siloxane matrix to improve the mechanical behavior of these siloxane

elastomers, while maintaining many of their other desirable

characteristic properties"—". Reinforcement is important to silicones

because the unfilled methyl gumstock is too weak to be of much use

(0.35 MPa tensile strength at ambient temperature). The highest

degree of reinforcement is achieved in silicone elastomers by

compounding with high surface area fused si|ica". The elastic modulus

and tensile strength are two of the parameters that are profoundly

influenced by such fillers. This reinforcement of elastomers by finely

divided solids is often attributed to" :

(1) additional crosslinks

(2) polymer/filler interaction of a chemical nature

(3) a physical-mechanical interference of filler particleswiththe

stress distribution and deformation of elastomerw
molecules and

(4) filler/filler interaction which gives rise to a coherent

filler network.

However, there is no complete agreement on the exact nature and

mechanism of polymer-filler interfacial bonding and the presence of

crepe hardening and bound rubber formation has only tended to

confuse the issue" ". Moreover, the utilization of these reinforced

siloxane elastomers requires one to first overcome the usual problem

encountered in processing filled and cross Iinkable systems.
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Segmented copolymers composed of hard and soft segments are well

recognized to provide a very useful concept for the design and control

of polymer properties“° ". They are [AB]n type randomly coupled

or alternating block copolymers in which the blocks are relatively

short and numerous. Such resultant copolymers can range from

thermoplastics to thermoplastic elastomers depending upon the nature

of blocks, composition ratio and/or the average segment length. -

Thermoplastic elastomers are obtained in systems where intersegmental

and intrasegmental secondary binding forces are different". This

generally results in a two phase solid state structure for the

segmented copolymers due to the thermodynamic incompatibility of the
l

two dissimilar segment types. ln these systems, junction points are

provided by the hard segments without requiring chemical crosslinking

and, at the same time, the hard domains serve as reinforcing filler in

the rubbery phase". For elastomeric behaviour at the service

temperature, one component is viscous or rubbery while the other is

either a high temperature melting crystalline structure or high

temperature softening glass.

These segmented copolymers thereby form a reversible elastomeric

system since the hard domains soften at their glass or melting

transition temperatures. Hence, they can be, in favorable cases,

fabricated either from the melt or from solution"". However, in

general, melt processibility can be limited by the excessively high

viscosities exhibited by two phase meIts"’. Utilizing the unique
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- properties of siloxanes, segmented copolymers containing PDMS as the

soft segment and oligomers of various thermoplastics such as

polystyrene", poly (a-methylstyrene)", polysulfone", bisphenol-A

polycarbonate"’ polyurethanes °
‘ ‘

, polyamides
’,

polymethy|methacrylate"
"‘

and polydiphenylsiloxaness " have been

synthesized and studied. _

In the present work, structure property relationships of segmented

copolymers based on soft siloxane segments having either urea, amide

or imide Iinkages have been investigated. The hard segments are

obtained via stoichiometric reaction of a hard component (e.g.

diisocyanates, diacid chloride and dianhydride) with the

aminofunctionaloligomers. Since the mechanical response in these materials

is dictated by the morphology, it is desirable to characterize the

morphology and determine what factors influence it. lt has been well

accepted that the morphology in segmented copolymers is affected by

hard and soft segment type, respective volume fractions of the two

segments, intermolecular bonding, molecular weight distribution and

the length of the segments.

Segmented copolymers of the [AB]n form are usually obtained via

step growth (condensation) polymerization reactions. The reaction

components consist of a difunctional soft segment, difunctional hard
l

segment component and perhaps a chain extender. For this work the

~
hard segments were principally obtained via stoichiometric reaction of

the hard component (eg., diisocyanates) with amino functional siloxane



65

oligomers. More details on the synthesis reaction have been reported

recently by Yilgor et aI."—”".

One of our goals was to utilize the chemical composition as a means to

control or vary the desired molecular structure. Specifically, the final

molecular properties such as polarity, hydrogen bonding capability and

crystallizability of the blocks is affected by the chemical composition.

In many of these copolymers there is no length distribution of the small

hard segment since a chain extender is not used. This suggests that

if a two phase morphology is noted, there is a Iikelihood of only a

relatively small amount of interfacial region between the hard and the

soft segments. In this chapter, the structure-property behavior of

segmented copolymers, which contain aromatic hard segments with

different Iinkages, are investigated. The primary difference in these

polar groups is their hydrogen bonding capabilities as indicated by

their structure and cohesive energy densities listed in Table |.|.

Thus, it should be possible to control the mechanical and thermal

properties by changing the hard segment type and content. These

segmented copolymers also serve somewhat as models, since network

imperfections such as dangling chain ends, which are believed to

contribute to premature rupture", are minimal. Moreover, the plastic

domain should serve as an effective mechanism for imparting

toughness". °



66

3.2 MATERIALS

The synthesis of siloxane oligomers and various siloxane based

_ segmented copolymers with different Iinkages was primarily carried out

by Dr. I. Yilgor and Prof. J. E. McGrath at VPI 8 SU. Since the

chemistry and composition was exclusively used to control or vary the

molecular structure, the synthesis details are provided below which
‘

will benefit the later discussions.

3.2.1 Synthesis of polydimethylsiloxane oligomers

¢z,w Bis(aminopropy|) terminated polydimethylsiloxane oligomers (PSX)
‘?H2 (Fila ·
CH3 CH3

were synthesized by the equilibration of cyclic octamethyltetrasiloxane

(D4) with bis (K—aminopropyI) tetramethyldisiloxane in bulk using

alkaline catalysts such as tetramethyl ammonium hydroxide, potassium

hydroxide or the corresponding quaternary siloxanolate ("N" catalyst).

The reactions were performed at 80 to 100°C for 24 hours which was

sufficient time for equilibration reactions. After deactivating the

catalyst, the samples were stripped under high vacuum in order to

remove low molecular weight cyclic side products which are present at

a level of about 12-15 percent by weight in such equilibration

reactions". A list of oligomers synthesized and used throughout this

work is provided in Table II|.l. Number average molecular weights

were determined by the titration of amine end groups with standard

HCI in isopropanol. FT-IR and 1H-NMR spectra of the oligomer with
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<Mn>=1140 are reproduced in Figures 3.01 and 3.02 respectively. The

FT-IR spectrum shows two peaks which are assigned to the H-bonded
N—H stretching at 3365 (asymmetric) and 3290'cm " (symmeteric)

respectively. There is also a broad band around 1620
cm“‘

due to N-

H bending which is characteristic of primary aliphatic amines. The

broad band between 600 and 900 cni‘ is due most probably to N-H

wagging which ls overlapped with CH3 rocking absorptions (810 and

860 cm"). Strong Si-O-Si stretching absorptions at 1020 and 1090 cm
“‘

are representative of the siloxane backbone. In addition, 'H-NMR

spectrum in Figure 3.02 also confirms the oligomer structure indicated

above.

When cyclic octamethyltetrasiloxane (D4) are equilibrated with 1,3(X-

aminopentyl) tetramethylsiloxane, the resulting siloxane oligomer has

five CH2 groups at each end instead of three as indicated above.

Such aminopentyl terminated siloxane oligomers (PSX') are listed in

Table ll|.|l.

Another structural modification can be introduced by coequilibrating a

mixture of cyclic dimethylsiloxane tetramer, D4, with cyclic

diphenylsiloxane tetramer, D4", using an alkaline catalyst. The 'end

b|ocker' used was. 1,3 bis(X-aminopropyl)tetramethyl disiloxane, which

also regulated the molecular weight. The resulting siloxane ologimer

(DP-PSX) has the following structure in addition to the dimethyl units
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where the relative amounts of diphenyl and dimethyl siloxane units are

determined by the ratio of the two tetramers. Some of these diphenyl

incorporated siloxane oligomers studied in this work are listed in Table

IlI.||I.

AII diisocyanates (MDI, TDI and H—MDI) discussed in this work were

generously supplied by Mobay Chemical Corporation. MDI was

refluxed with toluene to azeotrope the moisture and was then distilled

under vacuum (purity 99.8%). TDI was also distilled under reduced

pressure and obtained with 99.9% purity. H-MDI was used as received,

since it was possible to show that the purity was better than 99.7% by

butylamine titration.

Aldrich brand sebacoyl chloride and Dupont°s terephthaloyl chloride

were used in the synthesis of some of these copolymers. Benzophenone
·

tetracarboxylic dianhydride (BTDA) was a product of Gulf Oil

Company and bis(p-aminocyclohexyl) methane (PACM—20) was supplied

by Dupont. The diamine 1,6-Diaminohexane (HMDA) was also used as a

chain extender in some cases. The structures of various compounds

used in the synthesis of these segmented copolymers are provided in

Figure 3.03. AII starting materials were carefully purified by either
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fractional distillation under vacuum or' by recrystallization. Reaction

solvents included tetrahydofuran (THF), bis (2—ethoxy)ethyl ether

(EEE) and N-methylpyrrolidone (NMP) and were dried over metallic

sodium or calcium hydride by refluxing and then fractionally distilled

under reduced pressure (except THF) before use.

3.2.2 Polymer Synthesis
U

A critical problem in this type of copolymerization reaction with a

siloxane oligomer is the choice of the solvent. As is well known,

siloxanes are extremely non-polar and have very low solubility

parameters. On the other hand, urea Iinkages are capable of strong

hydrogen bonding and are highly polar. Thus the polyureas have

much higher solubility parameters than siloxanes. lt is, therefore,

clear that the choice of solvent(s) used during the reaction is very

critical if one wishes to obtain high molecular weight products. For

siloxane—urea copolymers best results were observed with

bis(2-ethoxy)ethyI ether (EEE) and tertrahydrofuran (THF). Both
U

resulted in homogeneous, clear solutions throughout the reactions.

Both EEE and THF provided high polymer yields but the molecular

weights of the copolymers synthesized with MDI was higher with the
l

former whereas THF gave better results with H-MDI. No significant

chain extension could be carried out when MDI was used. When H-

MDI was used as the diisocyanate in THF, low levels of HMDA and

PACM-20 (upto 14 percent by weight) were incorporated. With TDI, a

° similar series of synthesis experiments in THF and EEE gave very low



70

intrinsic viscosities for the product. In order to overcome the

problems associated with resonance and steric effects, 0.01 percent of

tin octoate was utilized as catalyst to increase the reaction rate. The

use of catalyst resulted in materials with higher intrinsic viscosity as

compared to the synthesis where no catalyst was employed.

3.2.2(¤) $iIox¤ne—ur·ea Copolymers

Si|oxane·urea copolymers were synthesized in solution under dry inert

conditions using EEE or THF as the solvent. All reactions were carried

out in 4 necked round bottom flasks fitted with a dropping funnel,

condenser, gas inlet and thermometer. Stirring was provided via a

magnetic stirrer.

Calculated equimolar amounts of diisocyanate and low molecular weight

polydimethylsiloxane oligomer (PSX) were separately weighed into a

glass stoppered Erlenmayer funnel. The concentrations of the reactants

and solvent could be varied, but typically the diisocyanate was about
l

(0.10-0.15) molar and the total weight of the derived segmented

copolymer was 10-15 grams per 100 cc. The reaction was started by

the dropwise addition of the PSX solution (and chain extender, if

desired) at room temperature to the isocyanate solution in the reaction

flask under continuous stirring. The reactions were all relatively rapid

as expected. An increase in the viscosity of the system was easily

noticeable towards the end of the PSX addition. There was also a

slight increase (2-4°C) in the temperature of the system as expected.

However, after the addition was completed, it was necessary to heat
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the solution to 50-60°C for several hours to ensure high extent

reaction and hence high molecular weight. In some cases, where the

increase in the viscosity was too high, a small amount of NMP was

added in order to reduce the solution viscosity such that effective

stirring could be maintained. When chain extenders were used, they

were generally weighed together with PSX into the same flask and the

same reaction procedure was followed. The reaction scheme for the

synthesis of these siloxane-urea copolymers is illustrated in Figure

3.04.

The products were isolated by coagulation in isopropanol or

_ isopropanol/water (90/10) mixture and washed several times with

alcohol. This was followed by filteration and drying under vacuum at

50°C until constant weights were reached. lsopropanol was utilized

since it is a solvent for any unreacted oligomer or cyclic by—products.

Various amino terminated polydimethylsiloxane oligomers, with the

molecular weight <Mn> ranging from 900 to approximately 5400 were

reacted with MDI, TDI or hydrogenated MDI (H-MDI) to provide the

necessary urea Iinkages. The stoichiometric ratio of [—NCO] to

' [-NH2] for all samples was 1.0. Thus three series of polymers with

varying soft segment sizes were obtained. Additional synthesis details

are provided in Table |ll.IV'and IIl.V for aminopropyl terminated

siloxane oligomer based on MDI 8 TDI and H-MDI respectively. The

segmented copolymers obtained with the 1770 molecular weight PSX and

MDI is referred to as PSX-1770-MDI-88, where 88 represents the
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weight percent of siloxane blocks including the propyl groups. Similar

nomenclature is employed for other samples.

Table |l|.Vl and lll.Vl| contains the composition characteristics of

various segmented siloxane-urea copolymers obtained with PSX' and

DP-PSX respectively. The siloxane copolymers obtained from

aminopentyl terminated siloxane oligomers would serve to study the

effect of larger hard segments for same molecular weight of the soft

component if propyl and pentyl units are considered a part of the

hard segment. Moreover, incorporation of additional (CH2) groups

would also affect the solubility differences between the hard and soft

segments. The diphenyl incorporated materials were also prepared

with a very specific purpose in mind. As mentioned earlier, the

siloxane containing segmented copolymers were not suitable for 'chain

extension' owing to the large differences in the solubility parameters

between hard and soft segments.' lt has been shown for conventional

polyurethanes, that this chain extension step is very critical in

Q determining the final properties of the copolymers. Before any chain

extension can be carried out on these polysiloxane segmented

copolymers, it is imperative that the difference in the solubility

parameters be reduced. Solubility parameters and glass transition

temperatures of the diphenyl siloxane and methyl siloxane containing

dimethylsiloxane oligomers are reported in Figure 3.05. As can be

seen, the solubility parameter of all dimethylsiloxane oligomers can in

principle be raised from 7.5 to 9.6 for the all diphenyl siloxane. The

intermediate values of solubility parameter can be obtained by
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incorporating various levels of more polar diphenylsiloxane in

dimethylsiloxane oligomers. These diphenyl incorporated materials are

studied in this work to investigate the effect of various levels of

diphenyl incorporation.

Films of the siloxane-urea segmented copolymers were prepared by

lcompression molding the dried material for 10 minutes at 180 to 200°C

and 10,000 psi. For chain extended systems, the temperature was

higher than for the stoichiometrically extended materials with the same

hard segments. After removal from the press, all samples were

immediatly quenched to room temperature and placed under vacuum in
la

dessicator until further testing.

3 .2.2(b) $iloxcme—¤mide Copolymers V

Both solution and interfacial polymerization techniques were utilized for

the synthesis of siloxane-amide copolymers. Solution polymerization was

carried out in THF, where diethylamine was used as a catalyst and the

acid accepter. Reactions were conducted with continuous stirring in a

3-necked round bottom flask.

Interfacial polymerization was employed for the synthesis of siloxane-

amide copolymers. Reactions were conducted at room temperature in a

one liter Waring blender. Sodium hydroxide and tetraethylammonium

chloride were present in the aqueous phase as acid accepter and phase

transfer catalyst (PTC) respectively. Calculated amounts of PSX and

acid chlorides were dissolved in methylene chloride (organic phase)
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separately and then added into the blender which contained the
l

aqueous phase. The reactions were generally carried out for 1 hour.

The products recovered by coagulation in isopropanol (or methanol),

were washed several times with water and alcohol and dried in a

vacuum oven at 80°C. The synthesis details are provided in Table

|||.V|ll for representative siloxane-amide copolymers. The reaction

scheme is also outlined in Figure 3.06. The copolymers films were

obtained by compression molding the dried material at 110°C at 10,000

psi and stored under vacuum.

3 . 2 . 2(c) Siloxcme-imide Copolymers

Siloxane-imide copolymers were synthesized in two steps (see Figure

3.07). ln the first step the polymeric amic acid was prepared by

adding the solution of BDTA in THF dropwise into the reaction flask

which contained PSX solution at room temperature. Reaction was

continued overnight. Products were coagulated in 50/50 (v/v)

methanol/water mixture and dried after filtration. In ~the second step

polymeric amic acid was convertedl to poly (siloxane-imide) by heating

the material in vacuum oven at 100-160°C for 3-10 hours in bulk. The

imide formation was followed by FTIR spectroscopy. Various siloxane-

imide copolymers synthesized in thislwork are listed in Table nl.¤x.

Films for siloxane-imide copolymers were obtained by compression

molding at temperatures as low as 40°C.
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3.3 RESULTS AND DISCUSSION

ln the open literature one finds little or no detailed studies on the

controlled synthesis _of siloxane based segmented copolymers. One

patent" describes the synthesis of elastomeric threads, where low

molecular weight siloxanes were reacted with aromatic compounds and

siloxane-urea type materials were obtained. The product displayed

some interesting properties such as high strength and elongation at

break, and good recovery after extension. Although there is an

apparent of lack research on siloxane—urea copolymers, there are

several references to the synthesis and characterization of siloxane-

urethane copolymers. The interest in these types of materials has been
A

mainly due to their excellent bio-compatibiIi_ty”"°". Most of the work

in this field utiliged the well known procedures used for polyurethane

synthesis. The only difference in the reactions was the partial

replacement of polyolswby functional polydimethylsiloxane oligomers at

various levels"
”"

'°.
A

Besides these po|yether—polyester-polysiloxane uretahnes, several other

workers attempted to synthesize po|y(siloxane·urethanes) utilizing

various functionally terminated dimethylsiloxane oligomers. The
_

functional groups included silanols" ", hydroxybutyI“ " and

hydroxypropyl"' groups among others" ". The reactions were

generally carried out in bulk and the products obtained were thought

to be linear, but were mostly of low molecular weight. The silanol
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based systems were easily hydrolyzable in aqueous or alcoholic

so|utions'”’ and thus had very limited use.

3.3.7 Structural Characterization _

Earlier reported work"-°" and herein has demonstrated that it is

possible to synthesize novel segmented elastomers based on

aminopropyl and aminopentyl terminated polydimethylsiloxaneoligomers.Depending

on the type of hard component used, siloxane based

segmented ucopolymers containing either urea, amide or imide linkages

were produced. The advantages of such a system over siloxane-

urethanes include much faster reaction rates even at ambient

conditions, good stoichiometric control due to the directly titrable

(—NH2) end groups, stronger hydrogen bonding in the resultant

si|oxane—urea system due to higher cohesion energy of urea groups as

compared to urethanes" and enhanced thermal stability of the final

products. As will be discussed later, all of the materials display very

interesting behavior. All synthesis reactions were conducted in_

solution, generally at room temperature or slightly higher (e.g. 50°C).

For siloxane-amide copolymers, interfacial polymerization technique was

also used and materials obtained by this approach had higher molecular

weight as suggested by their higher intrinsic viscosity. Tables IlI.I

to lll.IX provide _a summary of the siloxane based copolymers and
l

their characteristics. As can be seen from the tables, the molecular

weights of the siloxane oligomers was varied in each series and final

products with different hard segment contents were obtained in high
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yields. lntrinsic viscosities as determined in THF at 25°C are in an

acceptable range for such siloxane containing copolymers. The GPC

traces of THF soluble siloxane-urea copolymers are given in Figure

3.08. As can be seen, the peak maxima are in good agreement with the

lntrinsic viscosities.

Spectroscopic characterization of the products also showed the

formation of urea, amide and imide linkages in these systems as

expected. A typical FT-IR spectrum of a siloxane-urea copolymer

based on PSX—1140 and MDI is given in Figure 3.09. The strong

absorption bands around 3300 cm" (N-H stretch) and 1700 cm" (C=O

stretch) confirm the urea linkages. The absence of a strong absorption

around 2250 cm " (N=C=O stretch) indicates that all the components

were used in the copolymer formation. The peaks at 1260
cm"‘

(symmetric CH3 bending), 1020 and 1100 cm" (Si-O—Si stretching),

860 and 810 cm " (CH3 rocking) show the incorporation of siloxane
U

into the copolymer.

lt is clear from above discussion that it is possible to synthesize these

segmented siloxane copolymers, with controlled structures, in high

yields. Thermal and mechanical characterization clearly indicate the

dependence of the overall properties of the copolymers on the type

and amount of 'hard' segments present in the system and are

discussed in the following sections.

Although the experiments were carried out on fresh as well as well

aged (e.g. one week after molding) samples, no time dependent 'aging'
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effect at ambient conditions was observed on the microphase separation

character of these materials. This indicates that either the microphase

separation character of these materials does not change with time or

alternatively must reach its equilibrium phase separation in very short

time spans. This behavior is in contrast to many of the segmented

polyurethanes which often display a time»·dependent aging behavior

because rearrangement of hard segments continues to take place at

ambient conditions“. The presence of this time dependent hard·soft

segment demixing behavior is not observed in these materials mainly

because of the fact that the siloxane chains are about 150°C above

their glass transition temperature at ambient conditions. Thus, these

already flexible and mobile chains can attain their 'psuedo equilibrium'

conformations almost immediatly. The term psuedo equilibrium is used

here since it must be remembered that in segmented copolymers a true

equilibrium morphological texture is seldom attained.

3 .3 . 2 Mechanical Characterization

The engineering stress-strain curves for samples with urea linkages

obtained with H·MD| and different PSX molecular weights (and hence

variable urea segment content) are shown in Figure 3.10. This system

compares very well with the siloxane-urea copolymers obtained with

MDI". All curves are shown up to the fracture stress of the sample.

For the purpose of comparison, curves are also included for two filled

silicone elastomers as well as an unfilled system as reported earlier in

the literature"’". The moduli and other tensile characteristics are
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also reported in Table lIl.X. As expected, the value of the initial

modulus is directly related to hard segment content. At the higher

content of H-MDI segment, a yield point is observed, due possibly to

some continuity of the hard phase or perhaps the presence of short

soft segments may influence this behavior for the lower molecular

weight oligomers.

lt is noted from Figure 3.10 that the average ultimate elongation varies

from 400 96 to 1000 % depending on the molecular weight of PSX. Also,

the strength of the elastomer depends greatly on the concentration of

the polar urea linkages. If this is the case, then by preparing PSX

oligomers of even higher molecular weight and using chain extenders

to increase the urea linkages, it should be possible to obtain

reasonably strong elastomeric materials. Interestingly, the preliminary

work done on these high molecular weight chain extended materials did

not show the presence of any yield point.

The tensile strength of 16 MPa was obtained for PSX-1140-HMDl·82

with an ultimate elongation of 600 percent. A value of 13.0 MPa has °

been reported by Polmanteer et al." for a silicone system filled with

about 40 % of high structure Me3SiO4 treated silica particles after

4 hours of heat treatment. The ultimate elongation for this filled
”

system was 640 percent, although the values reported by Boonstra et

al." for the same system are considerably lower. For an unfilled but

crosslinked system, a value of about 0.30 MPa has been reported by

Levin et al." with a maximum elongation of only 75 percent. ‘
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Considering that PDMS with a molecular weight between 1000 and 4000

is essentially a free flowing viscous liquid at room temperature, the

segmented copolymer structure has dramatically changed the mechanical

response and properties of PDMS. Not only are many good elastomeric

characteristics obtained, these segmented systems are actually better

than the filled and crosslinked systems in many ways and can be

prepared in a very systematic and controlled fashion. More

importantly, these materials are easily thermally processable by

conventional techniques, since the junction points are provided by the

domain structure and these domains can be disrupted at elevated

temperatures. A summary of the stress strain results is given in Table

||I.X for the si|oxane—urea systems obtained with MDI, TDI and H-

MDI. As expected, the ultimate elongation and tensile strength and

modulus are seen to be governed by the hard segment content and the

molecular weight of the siloxane chains. ° .

lt is worthwhile to notice that even with as. little as six percentl by

weight of the H-MDI hard component, a "siloxane Iiquid" has been
l

modified to show elastomeric behavior. This implies the formation of

small hard segment domains with equal length, which would be, in

fact, the length of an H-MDI unit. This certainly suggests that little,

if any, interfacial regions can exist for these domains given the

differences in molecular structure between the siloxane and polar hard

urea segments.

One point of interest is the presence of the propyl units at the end of
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the siloxane chains. Because of their intermediate cohesive energy

density, it is not clear whether the propyl units should be considered

part of the hard or the soft segments. They may even serve as an

'interfacial region' between the two segments. To investigate this

further, the stress-strain behavior of H—MD| based siloxane-urea

copolymers with propyl and pentyl groups are compared in Figure

3.11. The results indicate that at higher elongations the mechanical

strength of the pentyl system is slightly higher in comparison with the

system with propyl groups. This may suggest that the (CH2) units

are principally a part of the hard segments in the copolymer. The

higher mechanical strength observed with the pentyl system may then

be speculated to be increased on the basis of a higher volume fraction
4

of the 'fi|ler° or hard segment material. This conclusion is in

agreement with the SAXS results (discussed in the next chapter)

which also indicated that the propyl units are either a part of the

hard segments or act as intermediate or fringe like regions separating

the hard domains from the soft matrix.

In Figure 3.12, the engineering stress-strain curves are plotted for

siloxane urea segmented copolymers obtained from either MDI, TDI or

hydrogenated MDI. Only one molecular weight of oligomer is shown

for each system. In these stoichiometrically linked systems, it is

found that the mechanical behavior is almost the same, especially for

the MDI and TDI systems. This is expected since the cohesive energy

density of the hard domains is about the same, although hard-soft

segment compatibility is somewhat affected. This similarity in behavior
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· between MDI and TDI containing copolymers indirectly suggests that

the number density of the hard segments (and therefore urea

Iinkages) may be a more critical parameter in determining the

performance of these systems rather than their volume
or.

weight

fraction. In other words, since the size of the hard segment is very

small, the hydrogen bonding and polarity of the Iinkages dictates the

mechanical performance. The symmetry consideration between MDI and

TDI; and hard·soft segment compatibility may also be important

although we have not yet systematically addressed this issue. The

symmetry arguments may, however, be used to help explain the higher

tensile strength observed in samples where H—MDI is employed. _ln

Figure 3.13, three configurational isomer forms of 4,4' dicyclohexyl

methane diisocyanate (H—MDl) are indicated. In comparison, the

aromatic rings in MDI are always planar. For MDI based siloxane-urea

copolymers, the SAXS analysis (as will be discussed in Chapter 4) has

indicated that there may be a limitation to the maximum number of

hard segments that can be found in a hard domain This is not

surprising since owing to the large cross-section of the siloxane

backbone chain, not many chains can combine without promoting high

strain at the interface of junction points between the hard and soft

units. However, the random segment structure obtained with H—MDI,

may allow a larger number of these units to combine in order to form a
I

hard domain. This would promote a higher order in the hard domains

r and consequently a stronger material will be obtained. Higher

continuity of the H-MDI hard phase is also suggested by the
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magnitude and location of the yield point in Figure 3.12 and provides

further support to the above arguments.

The effect of different linkages (or hard segments) on mechanical

response is illustrated in Figure 3.14, where the tensile behavior is

plotted for a constant molecular weight of PSX. The variation in the

cohesive energy densities between imide, amide and urea arises

primarily due to the differences in the hydrogen bonding and is

expected to affect the extent of hard-soft segment compatibility as well
l

as the cohesiveness of the hard domains. On inspecting these data it

is noted that the type of hard segment employed significantly affects

the mechanical behavior. For the imide linked system, the lack of

hydrogen bonding causes the material to behave like a weakly

crosslinked rubber. The effect of hydrogen bonding and polar

linkages is also demonstrated in Figure 3.15. In this plot the

concentration of urea linkages has been increased by the incorporation

of various amine terminated chain extenders for the same molecular

weight of the soft segment and the type of isocyanate employed. The

results show that tensile strength and initial modulus are directly

affected by the increased urea content. As expected, the ultimate

elongation displays an inverse correlation with hard segment content.

The·engineering stress-strain curves for samples with urea linkages

and having different amounts of diphenylmethyl siloxane units are

shown in Figure 3.16. Again, all curves are shown upto the fracture

strength of the sample. The molecular weight of the soft siloxane
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segment employed in the synthesis of each of the copolymers in Figure

3.16 is nearly the same and therefore, only the effect of backbone

modification is depicted by the data. For diphenyl containing
' materials, it is evident from the figure that the mechanical behavior

can be systematically controlled by the amount of diphenyl

incorporation. Since all these segmented materials have about 9 weight

percent hard segment, the mechanical response of the copolymer has

been altered by only the modification of the siloxane backbone. For

low levels of diphenyl modifier, elastomeric materials with high ultimate

elongation are obtained. As the diphenyl content is increased, the

resulting material is more rigid and displays higher mechanical

strength as a function of elongation. The increase in tensile modulus

can be correlated with an increase in diphenyl content along the

siloxane backbone. As might be expected, the ultimate elongation,

which varies from 400 to 700 percent, is inversely related to the

amount of diphenyl incorporated. All mechanical behavior mentioned

above is related with the changes in stiffness of the siloxane

backbone. When siloxane chains become more rigid as a result of

diphenyl incorporation, the glass transition temperature is also

increased and the tensile behavior would also be affected as a result.
‘

lt was shown earlier that the mechanical strength of the segmented

copolymers, obtained from PSX based siloxane-ureas was superior to

those of silica filled as well as unfilled PDMS based systems. For the

same length of the siloxane block, a comparison of those copolymers

with diphenyl incorporated system here, confirms that stiff backbone
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chains yields a much stronger material. Not only are many good

elastomeric characteristics obtained, but these segmented copolymers

also offer a route to tai|or—made fabrication due to their systematic and

controlled behavior. More importantly, the materials can be, in

favorable cases, fabricated either from solution or melt as there is no

chemical crosslinking involved.

The stress relaxation behavior for these siloxane based copolymers was

investigated to demonstrate how the internal microstructure in the

sample is affected by the changes in composition and the degree of

deformation. The stress relaxation curves for H—MDl system (shown

in Figure 3.17) illustrate that for these copolymers the stress rapidly

decays to a near equilibrium value. For all samples this equilibrium

character was reached within two hours, dropping to about 25 % of the

initial stress level. This again confirms the fact that we are dealing

with a psuedo c·ross—linked system, for the material would have

continued flowing rapidly after stretching if this had not been the

case.

The data in Figure 3.17 indicates that the residual stress level is

higher in samples with higher hard segment content. When the same

data is presented in a normalized form (as shown in Figure 3.18) the

trend is, however, reversed. In the normalized form, results show

that a higher fraction of the initial stress is retained by the sample

which has the lower hard segment content or higher soft segment

molecular weight. This would suggest that, upon deformation, domain
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morphology ls perhaps least disrupted or deformed for low hard
segment containing copolymers. Clearly, for a strained sample with
higher hard segment content and small soft segment molecular weight,

the siloxane chains are Iikely to experience higher local strains and as
a result they may lead to more disruptions in morphology and

structure. This relative large scale rearrangement or restructuring of
hard domains could then be reflected by a higher percentage drop in

the stress level. Furthermore, as a result of this structuring, the

reduction in the number of network chains is also likely to be higher

for sample PSX-1140-H-MDI-81 in comparison to other samples. A

reduction in the number of chains implies an increase in the molecular

weight between the crosslinks which would tend to lower the stress

level within the sample.

ln Figure 3.19, the hysteresis behavior is shown for H-MDI containing

siloxane-urea copolymers as a function of elongation under cyclic

loading conditions. The results indicate that a combination of higher

härd segment content and short soft segment length, causes a high
l

level of hysteresis at small stains. High values of hysteresis are often

caused by greater energy dissipation resulting from plastic deformation .
of the structure within the material and/or disruption of

interconnected hard segment domains.

Although the segmented system prepared with 3600 molecular weight

PSX has less than six percent hard segments by weight, they show

only 50
‘%>

hysteresis at 100 % elongation at the conditions used for
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measurements.. These hysteresis properties are somewhat higher when

compared with some conventional polyether-MDI-BD based

polyurethanes containing 35 % hard segment content’° which show 30 %

and 40 % hysteresis at 100% and 500 % elongations respectively under

the same loading conditions. As seen from the figure, the tensile

hysteresis goes through a maxima with elongation. This behavior,

which is also seen in many block and segmented copolymers, is

primarily attributed to the breaking up of the continuity in the hard

segment phase. Hence, there is an excessive amount of energy lost in

these processes which is irreversible at short times and this appears

as the maxima at short elongations. However, there is an experimental

factor which would also contribute to this behavior, and therefore

should be kept in mind. Specifically, the hysteresis experiment is

carried out at constant cross—head speed of the lnstron and hence

there is an increasingly larger time interval available for the unloading

part of the cycle at high elongations. This would result in the soft

siloxane chains having more time to relieve the stress by

conformational rearrangement. This is especially true for these soft

segments for they are about 150°C above their glass transition

temperature at ambient conditions and therefore are highly mobile and

have short relaxation times.

The hysteresis behavior in Figure 3.20 shows the effect of hydrogen

bonding capability of various hard segments with similar molecular

weights of the soft segments in each sample. The results indicate that

different Iinkages in the hard segments cause different amounts of
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energy dissipation by hysteresis mechanism. For the same amount of

structural deformation, the siloxane-urea copolymers would certainly

require more energy to disrupt its more cohesive and polar hard
'

segments and as a result they could exhibit higher hysteresis at all

elongations. Additionally, the highly polar hard segments may also

cause higher irreversible disruption of the molecular structure by not

allowing the hard segments to return to their initial morphology.

When this occurs, not only would the sample show a higher amount of

'permanent set' but the higher amount of energy not recovered would

also be reflected in higher hysteresis displayed by the sample. Based

on similar' arguments it might be expected that the lesser degree of

hydrogen bonding capability for the hard segments in siloxane—amide

and siloxane-imide copolymers may cause lower hysteresis to be

displayed by these materials. Although the hard-soft segment

compatiblity· may_ have also been influenced by changes in hard

segment units andtheir respective linkages.

lt has been established that permanent set for segmented copolymers is

also closely related to its domain morphology and phase composition.

When deformed, the ability of the copolymer chains to discover new

internal structure and kinetics consideration to reestablish the initial

morphology will determine the permanent set in the material. This, of

course, would also be reflected in the degree of relaxation achieved by

the polymer. ln Figure 3.21, the instantaneous permanent set behavior

is shown as a function of elongation for H—MDl based si|oxane—urea

copolymers under cyclic deformation. The results indicate that an
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_ increase of hard segment content and lower soft segment molecular

weight leads to high permanent set. These results are consistent with

the stress relaxation and hysteresis results discussed earlier.

Measurements of these three seemingly different properties is

associated with a degree of restructuring which occurs within the

sample once it is subjected- to strain. Higher energy Iosses due to

hard segment orientation and irreversible disruption of molecular

structure under deformation would yield high hysteresis, permanent

set and stress relaxation behavior. The amount of energy loss would,

of course, be determined by the chemical nature and composition of.

different phases in the sample.
F

Although the instantaneous permanent set values are large, especially —

at higher hard segment content, these systems show reasonably good

recoverability in the copolymer, which is dependent on the physical

network structure. When compared with typical thermoplastic

elastomer segmented urethanes of comparable hard segment content,

the values obtained for stress relaxation and instantaneous permanent

set are somewhat higher for the siloxane systems. This comparison may

not be completely valid since in most of the reported data on

permanent set, a 10 min relaxation time is generally allowed in between.

the loading and the unloading cycles. Hence, it is difficult to directly
l

compare the permanent set data unless a same time interval is used for

the materials to be compared. This is of significance as shown by the

kinetic study of the permanent set on these copolymers. The kinetics

of permanent set for H-MDI based siloxane-urea copolymers in Figure
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3.22 shows dramatic differences for longer time intervals following

unloading. The data has been presented on a semi-Iogarithmic scale

because of the large time intervals considered and also to bring out
h

the exponential nature of the permanent set recovery. For example,

the permanent set for a high hard segment content MDI system at 100

percent elongation had an instantaneous value of 60 96. This value

dropped to 13 % after 10 minutes and was only 5 96 after twenty four

hours !

The dependence of permanent set on chemical nature of the hard

segment is demonstrated in Figure 3.23 where percent permanent set
‘ (measured after 10 minutes interval between each cycle) is plotted for

similar soft segment molecular weight samples with either imide, amide

or urea Iinkages. As discussed earlier, the lower irreversible

deformation of molecular structure experienced by the siloxane-imide

copolymers may be related to their less cohesive hard domains and the
l

absence of any hydrogen bonding capability of the hard segments.

The presence of more cohesive hard segments and their increased

hydrogen bonding capability may restrict the chains to reestablish the

initial morphology. For the time scale utilized in this experiment, the

siloxane-imide copolymers exhibit the lowest permanent set at all

elongations in contrast to siloxane—urea copolymers which display
l

highest permanent set at all elongations. The siIoxane—amide

copolymers, because of their intermediate hydrogen bonding capability

and cohesive energy density of the amide linkage display an
4

intermediate dependence.
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3.3.3 Dynamic Mechanical Measurement:
l

The dynamic mechanical behavior for the urea Iinkages containing

systems obtained with H-MDI also serve as an example to illustrate the

two phase nature of these materials. From these experiments, the

molecular relaxation behavior in these segmented copolymers is also

explored as a function of domain structure. The overall dynamic

behavior is shown in Figure 3.24 in terms of changes in storage

modulus (E') and dissipation factor (tan 6) on the temperature scale.

All samples show a primary relaxation near —110°C which corresponds

to the glass transition temperature of the soft siloxane phase. The Tg

of the pure PDMS is observed near —123°C by DSC. The transitions

observed from the Rheovibron are 8 to 9° higher than those obtained

by DSC because of the frequency dependence of this second order

transition. In general, the results indicate that glass transition

temperature increase with decreasing molecular weight of the PSX

oligomers. The 'end' restrictions due to hard segment coupling are

believed principally responsible for this rise in the Tg of low molecular

weight copolymers, although some of this behavior is also likely to

come from the influence of the higher content of the n·propyl capping

group for low molecular oligomers.

The intensity and location of the glass transition relaxation peaks in

the tan 6 curves are strongly dependent on the composition of the

sample. The height of the tan 6 peaks appear to be quantitatively
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associated with the siloxane content of the sample. As might be .

expected, the second tan 6 peak, corresponding to the softening

temperature of the hard segments also shows a similar dependence.

The only sample (PSX'-5400—H·MDl-97, not shown) in which mechanical

dispersion associated with cold crystallization of the siloxane chains

are observed, the tan 6 peak corresponding to the soft segment Tg is

highly suppressed. ln this case the intensity of the tan 6 peak would

correlate to the amount of amorphous siloxane present at low

temperatu res .

The dynamic mechanical results also show the effect of composition on

the E' curves. The transition in E' from glassy to the rubbery region

is more gradual for the low oligomeric molecular weight PSX material as

compared to the higher oligomeric molecular weight samples. These

results may suggest a higher degree of mixing between the two

components for the low molecular weight siloxane materials. The

rubbery plateau is also observed to be composition dependent and

expands over a larger temperature range for samples with high hard-

segment content. The magnitude of the rubbery plateau increases as

well when the hard segment content is increased. Increasing the hard

segment content results in the formation of a stronger material which y

is reflected in the E' behavior.

The dynamic mechanical characteristics were also explored to determine

the role played by hydrogen bonding in copolymers with same

molecular weight of the soft segment. In Figure 3.25, the E' and tan 6
5
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curves are presented for copolymers containing either imide, amide or

urea Iinkages. The extent and nature of the rubbery plateau is

observed to be dependent on the type of Iinkages present in the hard

segments. The si|oxane—imide copolymers, which have no hydrogen

bonding capability begin to flow near room temperature andi rubbery

plateau is the smallest for these materials. Siloxane-urea copolymers,

on the other hand, display the largest rubbery plateau. This is, no

doubt, caused by the strong hard domains formed by the polar urea

Iinkages present in the sample. As expected, an intermediate behavior

is exhibited by siloxane—amide copolymers. ln a similar manner the

magnitude of the rubbery plateau can also be correlated with hydrogen

bonding capability and cohesive energy density of the hard segment

involved. The highest magnitude is observed for siloxane—urea

copolymers, while the lowest rubbery plateau is indicated by siloxane-

imide copolymers. These E' observations are consistent with the

mechanical behavior displayed by these samples. The sample showing

the strongest mechanical response, also exhibits the highest plateau

modulus. The tan 6 peaks corresponding to the glass transition of the

soft segment appears to be slightly dependent on the hard segment

type. The peak shifts somewhat to higher temperatures as the

hydrogen bonding capability of the hard segment Iinkage is Iowered.

The lowest Tg is observedfor the samples containing aromatic urea

Iinkages. This would suggest that mixing of hard and soft segments is

less in copolymers which have the highest cohesiveness in its hard

domains. This is not surprising because the incompatibility between
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the phases can be enhanced by increasing the polarity and hydrogen

bonding capability of the hard segments.

3.3.4 Thermomechanical and Thermogravlmetric Analysis

Figure 3.26 compares the thermomechanical spectrum of the three

representative copolymers obtained from H -MD| . I n each

representative plot, there are clearly two softening transitions in the

region of ·l20° and *l80°C which indicate the formation of phase

separated segmented copolymers. The lower temperature penetration

around -l20°C is clearly due to the glass transition of the siloxane

segments. The higher temperature penetration, on the other hand, is

ascribed to the softening temperature of the hard domains. This

softening temperature is most likely not associated with the crystalline

·meIting, since the DSC data indicates that a disruption of long order

in the hard domains occurs near l80°C and clearly shows the

crystallization exotherm around 250°C. The extent of rubbery plateau

is not strongly dependent on the type of diisocyanate utilized and

hence the curves for MDI and TDI are not shown as they overlap

those obtained for H-MDI. This behavior can be explained by the

similar polarity and hydrogen bonding capabilities of all the hard

segments. All the urea linked copolymers are characterized by a large

rubbery plateau and small penetr_ation over the temperature range

studied. Although they contain nearly 90 percent dimethyl siloxane in

their structure, these copolymers retain their integrity against

penetration upto l60°C, where they then begin to soften and flow.
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The shape of the°TMA penetration curve within these siloxane—urea

systems is dependent on the molecular weight of the PSX, however,

this dependence is decreased as the molecular weight of the siloxane

segments is increased.
U

The results in Figure 3.27 for the sebacoyl chloride (SC) based
‘ siloxane-amide copolymers indicate that the amount of chain extender

also affects the TMA penetration curve for these segmented materials.

The rubbery plateau modulus and shape are altered when the degree

of chain extension is varied. As the material becomes stronger due to

the chain extension, the rubbery plateau modulus exhibited is higher.

The materials also flows at higher temperatures corresponding to the

disruption of hard segment domains which are now present in higher

volume fractions.

Figure 3.28 compares the thermomechanical (TMA) spectrum of three

representative copolymers with different 'hard' segments. In all three

TMA curves indicate the formation of phase separated segmented

copolymers. For all copolymers, a penetration around -l20°C is present

due to the glass transition of the siloxane segments. A softening

transition for hard domains was indicated by TMA measurements for all

copolymers. The nature and extent of the rubbery plateau is strongly

dependent on the type of the Iinkages between the soft siloxane

segments. The urea linked copolymer has the largest plateau, the

imide has the shortest, while that for amide is intermediate. This

' behavior can again be reasonably explained by the polarity (cohesion
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energy) and consequently the hydrogen bonding capability of the hard

segments. The siloxane-urea copolymer which has the most polar

linkages, shows the smallest penetration over the temperature range l

studied. Siloxane-imide, which has no hydrogen bonding capability, is

the weakest in terms of mechanical strength and begins to flow near

room temperature. An intermediate behavior is displayed by siloxane-

amide copolymers. This is not surprising owing to its intermediate H-

bonding capabilities.

Thermogravimetric analysis on these siloxane containing copolymers

gives strong evidence of their excellent thermal stability. The

excellent thermal stability of polysiloxanes results from the- high Si-O _

bond energy’ (108 kcal/mole) as compared to C-C bond (82 kcal/mole).

Under inert conditions, highly purified polydimethyl- and

polydiphenylsiloxanes display stabilities up to 350 - 400°C. Small

amounts of acidic or basic impurities facilitate the degradation since

they can attack the partially ionic Si-O bonds‘. On the other hand,

under oxygen and/or moist atmosphere, thermal degradation of

polysiloxanes starts around 200°C which is still quite high as compared

to other hydrocarbon polymers. Degradation of polysiloxanes yields

mainly low molecular weight cyclic species together with some linear

chains. The thermal stability can be improved slightly by substituting

‘
methyl groups with phenyl rings. However, in segmented copolymer

systems the thermal stability is likely to depend on the structure and

nature of the hard segments as demonstrated below.
‘
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The TGA curves for these materials are shown in Figure 3.29. These

segmented systems are very stable at temperatures around 200°C but

have lost 50 % of their weight near 400°C. Copolymers based on either

MDI, TDI or H-MDI show nearly the same behavior. The degradation

of these siloxane copolymers above 200°C under inert conditions is

believed due to the instability of the hard segment itself. This can be

demonstrated by considering the changes in thermal stability of

copolymers with different linkages and hard segment types. For

example, siloxane-imide copolymers were found to be stable up to

400°C with only 15 96 weight loss observed at 500°C. Siloxane-amide

copolymers, on the other hand, begin to degrade near 300°C under

. inert conditions. This difference in stability, observed by changing
I

the linkages in the hard segment is therefore due to the stability of

the hard segment itself with the possible exception of the imide

containing copolymers where siloxane chains would begin to degrade

earlier.

3.3.5 Thermal Analysis

The thermal response of siloxane oligomers and copolymers prepared

from these oligomers were investigated by differential scanning

calorimetry (DSC). Various transitions and other thermal

characteristics determined for these siloxane based materials have

already been summarized in Table lll.l through ll|.lX. All parameters

associated with hard and soft segments are observed to depend on the

composition of the sample. The values obtained are in good agreement



98

with the relaxations observed in dynamic mechanical and TMA spectra,

although the transitions indicated by dynamic testing appeared at

higher temperatures due to their frequency dependence.

The DSC thermograms of the starting polysiloxane oligomers display a _

sharp transition around -l20°C as expected. This corresponds to the

glass transition temperature of the polydimethylsiloxane chains. The

value of Tg increases slightly as the oligomeric molecular weight

decreases, which can be attributed to the restrictions imposed on the

soft siloxane segments by the polar end-groups and/or to the presence

of n-propyl capping groups which would be expected to display a

higher 'Tg'. For molecular weights less than 4000 for the polysiloxane

oligomers, crystallization and melting peaks are not observed.

Crystalline siloxane chains at low temperatures are not observed mainly

because of the very small lengths of the siloxane chains involved
ß

(<Mn> 600 to 4000). Many other authors have noted a similar occurance

as we||" ". The siloxane crystallinity is either not present at low 5

molecular weights or it is at too low a level to allow its detection. This

rationalization is verified when higher molecular weight oligomers are

investigated. The DSC thermogram for the 5400 molecular weight

oligomer, in Figure 3.30, does indeed show the presence of

crystallization and melting activities. ln addition to the glass transition

temperature at -l23°C, a crystallization peak is observed at —83°C

which is followed by dual sharp melting peaks in the region of -43 and

-29°C.
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Observation of dual melting transition for dimethylsiloxane is not —

without precedent and has been reported by several workers‘ " "
"‘.

Bacon Ke" has also summarized the few such studies which

interpreted these peaks to be resulting from two different

morphological arrangement. The lower temperature melting peak is

associated with a spherulitic structure while the other corresponds to

an aciform (needlelike) crystal structure. The crystallization kinetics

data by Warrick" on stretched and unstretched films of PDMS

indicates that spherulitic growth is favored for the unstretched

sample. Their study further showed that the rate of crystal growth of

the aciform crystal was considerably greater than the spherulitic

growth and its crystallization took place at a higher temperature. The

DSC thermogram in Figure 3.30 is consistent with their findings and

shows a crystallization exotherm present inbetween the two melting

peaks. The lower crystallization peak observed at ·83°C would

therefore correspond to the spherulitic crystal structure.

The DSC results obtained for the copolymers differsignificantly from

those on the oligomers. The DSC thermograms for all siloxane based

copolymers also exhibit a siloxane Tg which is dependent on the

molecular weight of the siloxane oligomer used. The low temperature

thermal activities for MDI based siloxane-urea copolymers are shown in

Figure 3.31 and the results are summarized in Table II|.Xl. The
l

results indicate that the glass transition is higher as the molecular

weight of the siloxane chains is decreased. Beyond 2000 molecular

.weight of the siloxane chains the Tg appears to level off around



'l00

-l20°C. The higher values observed for low molecular weight is again

most likely due to the restrictions imposed on the chain ends as well

as the higher concentration of n-propyl groups. Higher Tg would also

be observed if some mixing between the hard and the soft segments is
l

present. The change in heat capacity at glass transition is also

largest for low hard segment content materials indicating a better

phase separation with increasing molecular weight of soft segments.

lt has been suggested by Pascault"
’°’

that the degree of phase

segregation in segmented copolymers can also estimated by measuring

the heat capacity change at the glass transition of the soft phase. lf

the hard segment impurities within the soft phase are small, then the
”

l ratio :

. C
Allgä-ACp

reflects the percent segregation of the soft phase. The quantity

ACP. is the heat capacity change normalized with respect to. the

amount of soft segments present in the copolymer while ACp„ is the

change observed for pure soft segments measured on corresponding

oligomers at their glass transition. The ratio would be unity for a

completely phase separated system provided that the effects of

restrictions imposed on the chains due to domain structure are

minimal. The condition for minimal amount of hard segment impurities

in the soft matrix arises because it is possible that such mixing may

alter the heat capacity change for the soft segments. The difference .



101

( ACp" - ACp' )
would then be related to either the amount of soft segments outside

the soft phase present and, therefore, at the interface or inside the

hard domains. However, this approach would be unsuitable for

estimating the degree of phase separation when a significant amount of

hard segments are dissolved in the soft matrix. When this mixing is

present, then the observed heat capacity change may be different than

the heat capacity which would have been observed if isolated hard

segments impurities were not present in the soft phase. Therefore, if

a substantial amount of either segment is present in the other phase,

then the the parameters indicated above would represent an artifact of
lthe

true morphology. Additionally, it may be possible to have a

system, where as a function of composition the heat capacity change at

the glass transition is the same but the Tg's could be sufficiently

apart to indicate the presence of phase mixing. However, at least a

qualitative conclusion can still be made by determining these two

parameters for the same series of segmented copolymers.

The calculated values of these parameters for some of these siloxane

based segmented copolymers are summarized in Table ll|.X|l. The

ratios, as indicated in the table, are observed to be higher for higher

molecular weight based siloxane copolymers. This would suggest a

higher degree of segmental mixing in the copolymer as the hard

segment content is increased and the molecular weight of the soft

segments is decreased. These findings are in agreement with the
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SAXS results which are discussed in the next chapter. It was

mentioned in the beginning that due to the small size of the hard

segment units in siloxane-urea copolymers, the interfacial region is

likely‘to be small, if any, especially for samples with low hard segment

content. lf this assumption is correct and we further assume

insignificant mixing of the soft segments in the hard phase, then the

non—zero value of (ACP.,-ACp„) for PSX-3600—MDl—94 would indicate
that substantial isolated hard units are solubilizing the soft matrix.

This conclusion will become important when the SAXS results are

discussed in the next chapter.

For all samples the glass transition temperature for siloxane chains is

observed to be higher in the copolymer form as compared to the

corresponding oligomer of the same siloxane molecular weight. This

is, no doubt, caused by the restrictions imposed on the siloxane

chains by the interface coupling introduced as a result of the

formation of a two phase domain morphology where hard domains act as

filler particles.

The DSC analysis on all of these segmented copolymers did not

indicate any distinct signs of siloxane crystallinity when the molecular

weight of the siloxane chains is less than 4000. In addition to the·

-earlier arguments regarding the lack of siloxane crystallinity in

oligomers, the nonequilibrium chain conformations in the copolymers

imposed by the hard segments, can also inhibit the crystallization

process. For PSX'—5400-H-MDI—95, on the other hand, the presence of
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siloxane crystallinity is indicated by the thermogram shown in Figure

3.30. The glass transition temperature is observed to exist at -121°C

and the crystallization peak appears at -97°C. The dual meltilng peaks

observed in the corresponding oligomers are now replaced by a single

broad peak at —43°C. This indicates that the aciform crystal form does

not exist in the copolymers. Recall that the data of Warrick had

indicated that spherulitic growth is favored in the unstrained samples.

This suggests that the siloxane chains are essentially present in

unstrained conformations. This could also explain why no aging effect

was observed at ambient conditions for these segmented copolymers

and why the siloxane chains in the copolymer display an ideal behavior

with regard to their end-to—end distance calculations as will be

discussed later in this chapter as well as Chapter 4. The

crystallization peak in the copolymer appears at a lower temperature in

comparison to the oligomer. ·This may be attributed to the

microstructural nucleation effects which would be significant in a

sample with domain morphology. By the term microstructural

nucleation it is implied that soft segments chains are physically forced

together at the interface as a result of seggregation by the hard

segments due to thermodynamic incompatibility. Not only could this

lower the crystallization temperature, but can also facilitate the

crystallization process itself and thereby increasing its rate.

In the high temperature DSC thermograms any distinct glass transition

attributable to the hard segments were not observed for any siloxane

based segmented copolymer. This is primarily because the change in
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heat capacity of the amorphous hard blocks at glass transition is

generally small in lthe pure form alone. The transition would be even

harder to detect in the copolymer because of lower hard segment

content}
r

However, endotherms associated with various ordering behavior in the

hard domains were observed for the siIoxane·urea copolymers. Figure

3.32 shows the high temperature DSC scans for the MDI based

copolymers. The results show that for sample PSX-1140-MDI—82 two

distinct endotherms exist. These endotherms are identical to those

observed in polyurethanes in the same temperature range"-‘°’. The

endotherm near 80°C has been reported to be associated with the

physical aging or annealing effects and reflects the poor structure

developed in the material. It has also been shown by Cooper at aI."

that this endotherm can be shifted to higher temperatures by

increasing the annealing temperature and is always 20 to 50°C above

the annealing temperature. Their studies have also shown that

annealing the sample near 1s0°c merges this endotherm with the

second endotherm at a higher temperature. This higher temperature

endotherm has been ascribed to the disruption of a more perfect

arrangements of the hard segments, usually referred by them as long

range ordering of hard segments. lt is doubtful that the second

endotherm is associated with pure crystalline melting since the

crystalline endotherm for MDI type hard segments is observed near

250°C in Figure 3.32. Although it is possible that some imperfect

microcrystallites may exist which melt below 200°C. The long range
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ordering endotherms have also been reported to sh‘ift slightly towards

lower temperatures with time after quench, disclaiming further any

notion that suggests its origin arising from crystalline melting. ln the

second DSC scan, taken immediatly after the first, none of the two

endotherms was observed.

For sample PSX—3660-MD|—94, the two endotherms are broader but less

intense. In the region where the two endotherms overlap, a large

endotherm is observed instead and lies exactly midway between the

temperatures corresponding to the two endotherms. The weak

endotherms are clearly due to the small amount of hard segments (6 96

by weight) present in the sample. The broader endotherm may

possibly indicate a distribution of domain sizes within the hard domains

_ since this copolymer is not likely to have a significant poor ordering

in the hard domains.

3.3.6 lnterdomain Spacings

The presence of the two phase nature has been strongly implied above

from the results of thermal, mechanical and and dynamical mechanical

analysis. In order to more directly confirm the presence and character

of th_e domain structure, small angle X-ray analysis was applied to

these siloxane based segmented copolymers. The structural parameters

such as interdomain spacings from Bragg's law were determined for all

these copolymers and are discussed below. lt is demonstrated how °d'

spacings are influenced by the compositional changes and this .

knowledge is used to evaluate the the morphological texture in these
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segmented copolymers. From the scattered intensity profiles it was

observed that highest intensity was obtained with MDI based siloxane-

urea copolymers. This is primarily due to the largest electron density

differences which exist between MDI and the siloxane chains. lt is for
I

this reason that MDI based copolymers were chosen for detailed

investigation by the small angle x-ray technique in the forthcoming

chapter. I

The pin—hole collimation intensities, obtained at ORNL, are presented

in Figure 3.33 for MDI based siloxane copolymers. The plots clearly

show that the location and intensity of these curves are altered by the

hard segment content and the soft segment molecular weight. The

curves have been shifted vertically ini order to bring out the

dissimilarities arising due to changes in the composition. For all the

curves, the presence of a maxima is indicated beyond which the
l

scattering intensity gradually diminishes.

The interdomain spacings calculated from the data presented in Figure

3.33 are summarized in Table IIl.XIII. The results indicate that the

interdomain distance or 'd' spacing increases as the molecular weight

of the soft segments is increased. From the SAXS data, 'd' spacing of

4.0 nm was obtained for sample PSX-900-MDI-88 and 6.0 nm for

PSX-3660-MDl-94. In addition, the physical size of the hard segment _

(MDI unit) in these systems was also calculated. By taking into

consideration the bond angles between various atoms, the interatomic

distances and the planar nature of the aromatic rings, the end-to-end
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_ distance for a MDI unit was found to be less than 1.2 nm. This value

would increase to about 1.7 nm if the n-propyl units were included in

the hard segments. Thus, the SAXS spacing obtained is too large to

be directly correlated to the domain size. The fact that the spacing is

increased by an increase in the molecular weight of PSX, suggests

that one is dealing with the average interdomain spacing as might be

expected. ·

From the results presented in Figure 3.34 and Table IlI.XIII it is

discovered that the interdomain spacing for TC based siloxane—amide

and TDI based siloxane-urea copolymers is consistently lower by about

0.7 nm as compared to the corresponding molecular weight MDI or H-

MDI based copolymers. This is to be expected because the hard .

segment units in TC and TDI based copolymers have only one aromatic

ring as compared to two aromatic rings in MDI and H-MDI based

siloxane copolymers. For siloxane imides, the interdomain spacings are

comparable to MDI or H-MDI based systems, as might be expected, due

to the two aromatic rings present in the hard segment unit for each.

The size of the hard domains can now be estimated by utilizing the

interdomain spacings determined above. Flory and workers‘°"
‘°’

have shown that for polydimethylsiloxane chains, the unperturbed

mean square end—to—end distance can be expressed as :

<r2> = 6.3n12 where 1=0.164 nm

By using this—reIation, the approximate size of the various hard
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segments can be calculated by subtracting the end·to-end distance

from the interdomain spacing. The values obtained for various hard

segment units are listed in Table |l|.XlV. The results are consistent

with the structure associated with each hard segment as mentioned

earlier. However, there could be some error introduced in the

magnitude of the hard domain sizes because of two reasons. First, it

is assumed that Flory's empirical expression is valid for the low

molecular weight siloxane chains being considered here. The second

assumption deals with the error generated by the smeared pin—hole

data obtained at ORNL due to the finite size of the collimation hole.

For intensity curves with peak maxima at high angles, the effect ofl
the Iatter might be negligible since a shift in the peak location there

would cause only a minor change in the 'd' spacing. Good agreement

between the MDI hard segment size by small-angle x-ray analysis and

calculated MDI unit size obtained by taking into account the bond ·

lengths and angles seem to indicate that F|ory's expression might be

valid for these low molecular weight siloxane chains.

The interdomain spacing also appears to increase when the stiffness of

the siloxane backbone is altered. For PSX-2000-MDl-86, the

interdomain spacing increases from 5.0 to 8.0 nm when 40 percent

dimethylsiloxane·units are replaced by diphenylsiloxane units in sample
l

DP(40)PSX-2000-MDl-88. An increase in the interdomain spacing is also

observed when the hard segments are chain extended, as shown in

Table llI.Xlll.
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Based on the above results and other work to be reported, a possible

simplified domain model of these segmented siloxane block copolymers is

depicted in Figure 3.35. As shown in the figure, the molecular weight

distribution can affect the conformational aspects of the soft siloxane

chains. This is to be expected since the intermolecular forces between

siloxane chains is small whereas, the interaction between the polar

hard segments is quite large. The model shows that most Iikely only a

few hard segments combine together through H—bonding to form the

pseudo crosslinks. This is not surprising since the siloxane backbone

chain has a relatively large cross—section and hence not many chains

can combine without promoting high strain at the interface of junction

points between hard and soft units. Although the n-propyl groups

present at the end of siloxane chains would help relieve some of this

strain.

This proposed model is also somewhat supported in a quantitative way

by the calculation of Mc (molecular weight between junction points)

from the theory of rubber elasticity. By using the relation: '

60 [X - X'2]
c

where;

p = density

X = extension ratio
V

0 oo = equilibrium stress

T = temperature
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R = molar gas constant -

Mc = average molecular weight between the

junction points

Mc values were determined from the equilibrium stress values for

different elongations. As shown in Table lII.XV, the Mc increases

with increasing elongations. This is expected since upon deformation

some hard segments will be pulled away from the domains to relieve

_ _ the imposed strain and thus a rearrangement of hard domains would

take place. Additionally, the number of network chains would also be

reduced. The consequence of this action would be seen by a

corresponding increase in the value of Mc. When this imposed strain

is removed from the sample, all the hard units will not instantaneously

return to their original domains. As a result of this, after the release

of loading, some of the siloxane chains would be under considerable

stress and will pull the hard segments towards the positions occupied

by them prior to earlier deformation. This inte_rpretation would in turn

also help explain the time dependence of the permanent set behavior

discussed earlier.
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3.4 CONCLUSIONS

lt was demonstrated that it is possible to synthesize segmented

polydimethylsiloxane based copolymers in a systematic and controlled

fashion which display good thermoplastic elastomeric behavior.

Mechanical, thermal, dynamic mechanical and x-ray investigations were

carried out on these segmented copolymers to study the systematic

variations in hard segment content, hard segment linkages, soft

segment molecular weight, stiffness of the siloxane backbone, and

finally the type and amount of chain extender. By varying these

parameters, a wide range of mechanical and thermal properties were

obtained.

lt has been shown that the mechanical behavior, in general, can be
l

altered by changing the hydrogen bonding capability and cohesiveness

of the hard segments. This could be- achieved by changing the hard

segment content; type of linkages _in the hard segments (urea, amide

or imide); and degree of chain extension where.possib|e. lt was

found that the modulus and ultimate tensile strength decreased when

the molecular weight of polydimethylsiloxane (PSX) oligomer was

increased. This was expected and may be explained by the fact that

any increase in PSX molecular weight decreases the hard segment

content. The filler effects are also enhanced as well because of higher

hard segment content. As the hydrogen bonding capability of the

hard segments was reduced by changing the linkages in the system,

the tensile strength and modulus were also lowered. ln addition, the
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diphenyl incorporation in the PDMS backbone also affects the

mechanical response by changing the stiffness of the siloxane chains

and hence their glass transitlon temperature.

The data presented demonstrates that the properties depend on the

molecular weight of the PSX segment and that high strength

necessitates a dispersed phase or microphase texture. For the same

molecular weight of the PSX oligomer, the si|oxane—urea copolymers
I

obtained from MDI and TDI showed similar mechanical response. This

implies that the number density of the hard segments may be a more

critical parameter for the control of mechanical behavior as compared

to the volume or weight fractions. Slight improvement in the

mechanical strength was indicated for H-MDI based siloxane-urea

copolymers and can be attributed to higher order obtained in the hard

domains with these diisocyanate units. The stress—at—break does

increase rapidly with the concentration of hard segments. This

increase can be attributed primarily to the presence of a second rigid

microphase which gives an increased capability for energy dissipation.

However, the ultimate elongation decreases with increasing hard

segment content since the siloxane segments —become smaller.

The segmented siloxane-urea copolymers show an interesting recovery

behavior. Even with a very small amount of hard segment content,

these copolymers display hysteresis behavior which is comparable to

other segmented copolymer systems of higher hard segment content.

- The extent of plastic deformation for hard segments was also shown to
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be greater as 'the hydrogen bonding capability of the hard segments

was increased in addition to the hard segment content.

The two phase domain formation was supported by thermal, dynamic

mechanical, as well as the SAXS studies. From these investigations it

was evident that these hard segment domains act as physical crosslinks
‘

in the rubbery phase and prevent it from flowing. The hard segment

domains also seem to be serving as a reinforcing filler as is typical of

other microphase sepa rated segmented copolymers . The

thermomechanical spectrum showed that the nature and extent of the

rubbery plateau was affected by varying the molecular weight involved

on the soft segments along with the type of linkages present in the

hard segments. At high temperatures these siloxane containing

copolymers showed sufficient thermoxidative stability to be easily

molded at temperatures up to 200°C. No distinct hard segment glass

transition was observed for any of the siloxane copolymers studied in

this work. In addition the siloxane crystallinity was not observed for

samples where the molecular weight of the chains was less than 4000.
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TABLE |||.I

Characteristics of amino-propyl terminated Siloxane Oligemers

Mn No. Si—(CH3)2-O Tg

(Titration) Repeat Units (°C)

580 6 -115
950 10 -117‘ 1140 13 -118

1770 22 -121
2420 32 -123 '
2740 35 -123
3660 47 -123

Tg determined by DSC
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TABLE IlI.Il

Characteristics of Aminopentyl Terminated
Polydimethylsiloxane Oligomers

Sample PSX No. Tg
No. (g/mole) Rep. Units (°C)

1 960 10 -115
2 1550 19 -120
3 2740 35 -121
4 5400 70 -123

Tg determined by DSC
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TABLE III.III

. Characteristics of (Diphenyl-dimethyl)
Siloxane Oligomers Synthesized

Oligomer <Mn> Modifier ' Tg
Tyge (g/mole) (wt %) (°C)

DP-PSX 1780 .5.6 -119
DP-PSX 1380 15.8 -112
DP-PSX 1950 21. 5 -105
DP-PSX 1990 43.4 -79
DP-PSX 2150 59.6 -49

Tg determined by DSC
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TABLE I|l.V|

Synthesis and Characteristics of Siloxane Urea Copolymers
Synthesized from H-MDI and Aminopentyl Terminated PSX Oligomers

Sample — PSX Yield [n]?|.äFC Tg
N6. <Mn> (wt.%) (dl/9) (°c)
PSX·1 960 94 0.25 -106
PSX-2 1550 94 0.31 -116
PSX-3 2740 89 0.48 -119
PSX-4 5400 98

‘
0.32 -122

Tg determined by DSC
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TABLE l|I.V|l .
l

Synthesis and Characteristics of Siloxane-Urea Copolymers
based on MDl' and DP—PSX Oligomers

. . . 25öCSample PSX Modifier Yield [n]THF Tg
<Mn> (% wt) (wt.%) (dl/g) (°C)

DP-PSX-1 1780 5.5 94 0.62 -116DP—PSX-2 1380 15.5 87 0.26 -110
DP-PSX-3 1950 21.5 97 0.43 -87DP-PSX-4 1990 43.4 84 0.28 -54DP-PSX—5 2150 59.6 91 0.31 -12

Tg determined by DSC
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TABLE ||l.V||I

Synthesis of TC based SiIoxane—Amide Copolymers

PSX TC Yield In I25öC TgMn (9) (9) (%) (dl/g) (°C)

248.5 8.28 6.77 82 -- 96950 7.00 1.49 79 0.58 -108
1150 11.53 2.04 67 0.34 -1151770 8.85 1.02 71 0.49 -1212770 6.93 0.51 56 0.61 -1243580 11.94 0.68 ‘ 57 0.59 -124

Tg determined by DSC
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TABLE |lI.IX
Synthesis Charactristics of Si|oxane—|mide Copolymers

PSX BDTAYield<Mn>
(9)(9)580

8.66 4.99 93 0.43900 12.15 4.48 83 0.311140 11.41 3.32 87 0.383660 14. 66 1.32 85 0.33
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TABLE III.X|

Results From Diffrential Scanning Calorimeter
for MDI based Siloxane—Urea Copolymers

SAMPLE Tg_(K) ACP
from to Mid oint (ca|/ .de )

PDMS 0.093PSX 3660 MDI 143.4 160.4 151.9 0.078
PSX 2420 MDI 144.8 160.7 152.7 0.067PSX 1770 MDI 147.0 165.0 155.0 0.059PSX 1140 MDI 150.0 172.5 162.3 0.052 ‘
PSX 900 MDI 151.0 181.0 164.7 0.030

all temperatures in K
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TABLE |lI.XII

Degree of Phase Separation by DSC Analysis
for MDI Based Siloxane-Urea Copolymers

Sample ACp' /ACp ACp '-ACp
x10’(CaI/gdeg)

PSX- 900-MDI 0.51 4.50PSX-1140-MDI 0.57 3.95PSX—1770-MDI 0.65 3.20PSX—2420-MDI 0.73 2.47 .PSX-3600-MDl 0.84 1.44
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TABLE ||I.XlII

lnterdomain spacing for Various Samples
(in nm)

Interdomain
Sample Spacing

“

PSX- 900-MDl 4.4
PSX-1140-MDI 4.5
PSX-1770-MDI 5.0_ PSX—2420—MD| 6.0
PSX-3600-MDI 6.2

DP(21.8) PSX-2420-MDI 6.7
DP(43) PSX-3600-MDI 9.0 ·

PSX-1140-TDI 4.0
· PSX—1770-TDI 4.2

PSX-1140-HMDI 4.5
PSX—2770—HMDI 6.0
PSX-3770—HMD| 6.2

PSX- 546-BDTA 3.3
PSX- 900-BDTA —-

PSX- 950-TC 3.1
PSX·1150—TC 3.2
PSX-1770-TC 3.8
PSX-3740-TC ' 5.7

PSX—3740-HMD|-PACM20(9.6) 8.9
PSX—3740-HMDI-HMDA (9.2) 7.2
PSX-3740—HMDI-PACM20(14) 10.4
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TABLE III.XIV

Estimated Size of the Hard Segment Domains
(in nm)

Hard Segment Size estimated
unit 'd' Spacing

„ MDI 2.0
HMDI 2.0
BDTA 1.9
TDI 1.2
TC 1.1
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TABLE lIl.XV

Calculation of Mc for Various Elongations

Sample: PSX-3660-MDl-94

96 Elongation Mc Approx. no. of units

50 8036 2
100 12646 3
300 19960 5
500 23776 6
700 26700 6.5
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Figqre 3.01: FT-IR spectra for aminopropyl terminated siloxane
oligomers of 1140 molecular weight.
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Figure 3.02: NMR results .showing the structure if the siloxane
oligomer synthesized.
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Figure 3.03: Structures of various compounds used to form the hard
segments in various siloxane based segmented
copolymers studied in this work.
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Figure 3.04: Reaction scheme for the synthesis of siloxane—urea
copolymers. The MDI unit could also be replaced by TDI
or H—MDl.
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Figure 3.05: Changes in the solubility parameter and glass transition
temperature as dimethyl units are replaced with diphenyl
units.
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Figure 3.06: Reaction scheme for the synthesis of siloxane-amide
copolymers using TC and interfacial polymerization.
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Figure 3.07: Reaction scheme for the synthesis of siloxane-imide
copolyniers. The amic acid is produced in the first step- as mdicated.
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- Figure 3.08: GPC traces for various MDI based siloxane copolymers° synthesized. The intrinsic viscosities as determined at
25°C in THF are also listed alongside to show a good
correlation observed between the two methods.
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Figure 3.09: FT-IR spectra for (A) MDI and (B) PSX·'|140—MDI-82.
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Figure 3.10: Stress vs. percent elongation behavior for siloxane-urea
· segmented copolymers from H—MDI as a function of

molecular weight of oligomer used and the hard segment _

content at 25°C. Curve 4 and 5 are from Ref. 88 and
curve 6 from Ref. B'].
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Figure 3.11: Stress-Strain behavior for (A) PSX'-2740-HMDI-92 and
(B) PSX-2740—HMDI—92.
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Figure 3.12: Stress vs. percent elongation behavior for various
siloxane-urea segmented copolymers containing about the
same molecular weight of the siloxane oligomer.
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Figure 3.13: Various isomeric forms possible for H·MDl units.
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Figure 3.14: Stress-strain behavior for (1) siloxane-urea, (2)
siloxane-amide and (3) siloxane-imide copolymers with
similar molecular weights of the siloxane oligomer.
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Figure 3.16: Effect of diphenyl incorporation on the tensile properties.
The amount of diphenyl incorporation in the copolymer
is (1) 5.5, (2) 15.5, (3) 21.5, (4) 43.4, and (5) 59.6.



156
l

eo 100 % STRAIN

v

I.„ O 3

m 300% STRAIN

I;
0

N I
2

· 3
0
0 IO 20 30 40 50 60

TIME (Min)

Figure 3.17: Stress relaxation behavior for (1) PSX-1150—HMD|—81, (2)
PSX—2740—HMD|—91, and (3) PSX—3740-HMDI-94 for 100
and 300 96 elongations at ambient conditions. _
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Figure 3.19: Percent hysteresis vs. percent elongation behavior for’
siIoxane—urea segmented copolymer system obtained from
H-MDI. Curve (1) PSX-1150-HMD1-81, (2)
PSX-2740—HMDI-91, and (3) PSX-3740-HMDI-94.
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Figure 3.20: Percent hysteresis vs. percent elongation behavior for
siloxane based copolymers but different hard segment
Iinkages. (1) PSX-900-MDI—78, (2) PSX-950—TC—75 and
(3) PSX—900-BTDA-74.
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Figure 3.21: Percent °|nstantaneous' permanent set at different
elongations for siIoxane—urea segmented copolymer
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Figure 3.22: Semi—logrithmic plot of permanent set as a function of
time at different elongations for siloxane-urea segmented
system obtained from MDI and siloxane oligomer of
molecular weight 1140.
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Figure 3.23: Percent permanent set for various copolymers indicating
the effect of polarity of the hard segment present in the
system. (1) PSX-900—MDI—78, (2) PSX-950—TC·75 and
(3] PSX—900—BTDA-74.



163

E Q
3§_ I
Q GI„ 2 V

°$° 6
5 ß

§ 4 2
N

ä
S w az ·

I PSX-I|50—HMDI-BI O "

gn 2 PSX-ITTO-HMDI-87
—· 3 PSX-2770-HMDI-9I

4 PSX-3680- HMDI—94 gu
:

| E
V

2 O

3
4 N

O

'
O

-I5O -50 50 |5O
TEMPERATURE °C

Figure 3.24: Dynamic mechanical behavior for various siloxane-urea
copolymers based on HMDI as indicated.



164

‘

A O'!
N .
§ I

Q
2§„_ 3

Q
I~

in
tb§

‘

*9
O

3 2 I

xk, 3
<o
c
2

N‘ Ö

O
·I50 •50 50 I50

TEMPERATURE (°C1

Figure 3.25: Dynamic mechanical behavior for various siloxane based
copolymers indicating the effect of hard segment type.

_ · (1) PSX-900-MD|·78, (2) PSX-950-TC-75 and (3)
PSX—900-BTDA—74. ‘



1
66

cu

gd)

t-°¤»

*‘:

mGJOQN

Q

6

‘Eud.)

ro

3

"·

*:2;

0m

M

No:

XELÖ

l

2

T?
EE

ä

”~ä"

cc

S§i’^

4-;

•"'

E

¤•€‘·'

2

"’¢

d.)•_w.2

LU

>‘¤

L-

L
*,5

S

°’ °

'

c-Egg

LN

°

§·§g“·

HWOV

2:,8%
:5

MS

3

.,,*6:

M

(@:6:

Q

6

"’%°

~
S

<·$

M
==

6
S



‘6

A
6

"°

4,2;.,,

¤=Bo‘E

Qxißeu

O

qm

E

0

=

°m

m

L-E

6

·U°g¤

L

m$·•-vw

C

éäzää

~.

OE

gw

HJ.

¤-¤

""<r°

3

V"N

O

QCÜÖ3d2

o

°;’

E6

TN

Q2

vi

“‘;

2
ä

E



„ 167

ID
EN"’C>
N

"'T
gä

6 2** 25
me
gg

· 8 $6
„- >|T

6 äää
O”ä äää

E E „- 3 {E
<( C"6 S3 $:8

E cu •¤ q°
E b .><

· Om mmm^*•— can.
€\I:8

~<8.‘¤
20:
l-um

OQ .„
5 @

N

0*)
Q)
L

O g)

·
_,_ LL

NO|lVH.L3N3d—·‘
I _



168

dlEé$2
6 A
{D

‘¤.¤
gv

m
/ E3

N
··~.2

cu §
$*/2

9 Fg

-
gv gg
<I‘&* xl

‘ D 2°‘_ .-O.
< ***8
CK66 :6

SE *5ÄE
'· 61@6

·

O
LEE

91
*66
Tug '

Ev
gc

3 P"'

001 O9
?Ö

1:13 °
"’

7 J.H9l3M %
3
3
CDLT



4
169

E0:LuI
1-
8
E

2 A

B

‘ -|50 -l00 -50
i

TEMPERATURE (°C)

Figure 3.30: DSC thermogram for (A) 5400 molecular weight siloxane
oligomer and (B) PSX'-5400-HMD|—96.
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Figure 3.31: Lcw temperature DSC scans for various siloxane—urea
copolymers based on MDI. The molecular weight of the
siloxane oligomer for each sample was (1) 900, (2) 1140,(3) 1770, (4) 2420 and (5) 3660.



T7]

:.*3

*+-6

**

sä
O;

Ö

NC
3

°°Z
éé

L
$3¤‘?

8

Ex
FU:

¤

>ä"“

o__
g_>'¤

N <.>
Ä,-L

2,
‘- ¢:

2•«N'E8

.
LL:

¤%
8.%;

z
.3..;

3%
228

'*NN;

0

2E:

O
wmo

Q

·•-• en
4:*:+-*

-

gäé

*4-

.

cu

Ai

WHBH

' IOV
:.9*LL



172

>-I-
EZ Iu.I
I-
;aj

0: 3

‘ 4

O O.! O.2 O.3 O4
S(nm")

Figure 3.33: Scattered intensity profiles for various MDI based
siloxane urea copolymers. (1) PSX-3660-MDI-94, (2)
PSX—2420-MDI-92, (3) PSX-1770—MDI—88 and (4)
PSX-1140-MD|—82.
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Figure 3.34: Relative scattered intensity profiles for (1)
PSX-900-BTDA-75, (2) PSX—900—MDl—78, (3)
Psx—1120-TD1-86 and (4) PSX-950-TC-75.
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CHAPTER FOUR

u.
SMALL ANGLE X-RAY STUDIES

SlLOXANE—UREA SEGOlvl:ENTED COPOLYMERS

4.1 INTRODUCTION

In recent years, segmented copolymers have received extensive

attention because of their unique structure—property behavior.

Segmented copolymers composed of hard and soft segments have been _

well recognized to provide a very useful concept for the design and

control of polymer properties‘-7. This allows the tailor—making of

polymers with desired properties suited for specific applications.

The segmented copolymers are [AB]n alternating block copolymers in

which the blocks are relatively short and numerous. Such resultant

copolymers can range from thermoplastics to thermoplastic elastomers

depend·ing on the nature of the blocks, composition ratio and the

average segment length. Thermoplastic elastomers are obtained in

systems where intersegmental and intrasegmental secondary bonding

forces are different'. This generally results in a two phase solid state

structure for the segmented copolymer at the service temperature due

to the thermodynamic incompatibility of the two dissimilar segment

~ types. ln these systems, physical multifunctional crosslinking points or
l

microdomains are provided by the hard segments which are held

together by secondary intermolecular forces. These hard domains are

also viewed as serving somewhat as a reinforcing filler in the rubbery

175
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phase comprised of the soft segments’.

For elastomeric behavior at the service temperature, one component is

viscous or rubbery while the other is either a high temperature

melting crystalline structure or high temperature softening glass.

These segmented copolymers thereby form a reversible elastomeric

system where the hard domains soften at the glass or, if

crystallizable, at their melting transition temperature. Hence, they

- can be, in favourable cases, fabricated either from the melt or from

the solution". However, in some cases, melt processability can be

limited by the excessively high viscosities exhibited by two phase

me|ts“. .

The mechanical and thermal behavior of these segmented copolymers

has been the subject of many investigations in recent years. The

results of these investigations have been well documented in the

literature. These properties have been studied as a function of the

type, content and length of the hard and soft segments. ln addition,

the effects of solubility parameter differences and type of secondary

binding forces have been considered. The existance of two phase

morphology in these materials has been verified by many techniques.

These include mechanical testing22‘", dynamic mechanical analysis27_
i

2',_ differential scanning caloremetry"'", electron microscopy2‘ 27,

dielectric relaxation2' and infrared spectroscopy2’ ". Furthermore,

the work of Meier, Krause, Leibler and Helfand has contributed

greatly to the understanding of phase separation in the block and
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segmented copolymers as a function of the compositional variables.

Despite so many detailed investigations, the understanding of these

segmented copolymers is far from being complete and due to numerous

compositional variables involved, no single morphological model is

expected to describe all segmented systems. The small angle

scattering techniques with x-rays and neutrons have contributed

greatly to our knowledge and work continues in this vein. The

objective of this work is to analyse the morphology of one segmented

system by also utllizing small angle x-ray scattering (SAXS).

In thispresent work, the segmented copolymers based on soft siloxane

segments having urea linkages have been investigated. Since the

mechanical response in these materials is dictated by the morphology,

it is desirable to characterize it and determine what factors influence

this structure. It has been well accepted that the morphology in

segmented copolymers is affected by the hard and soft segment type,

respective volume fractions of the two segments, intermolecular

bonding, molecular weight distribution and the length of the segments.

One of the goals in this study was to utilize the chemical composition

as a means to control or vary the desired molecular architecture. ln

all of these copolymers, there is no length distribution of the small

hard segments since no chain extenders was used. This suggests that

if a two phase morphology is noted, there is likelihood of only a small,

if any, interfacial region between the hard and the soft segments.

These siloxane-urea based segmented copolymers displayed elastomeric
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behavior even for very low hard segment content (approximately 6 %

by weight). This has allowed us to study the SAXS analysis for a
I

dilute hard segment domain system and to compare the results with the

higher content domain systems — the Iatter have been typically studied

e.g. segmented po|yurethanes""""'. Since the length of the hard

segments is the same for all these materials, the only variable being

considered is the length of the soft segment. All other compositional

variables including solubility parameter differences remain nearly

constant.

4.2 SAXS ANALYSIS

The technique of x—ray scattering often provides an excellent means

for characterizing the bulk sample morphology and determining the

microphase structure in polymeric materials. Wide angle x—ray

diffraction (WAXD) can be utilized to determine the crystallinity and

orientation of the segments along with the paracrystalline order which

might be present in a two phase segmented copolymeric system""*°.

Small angle x-ray scattering (SAXS) analysis, on the other hand, may
•

n
provide a measurement of domain size, interdomain spacing, the

relative degree of microphase separation, particle size distribution,

and domain boundary diffuseness ""'". Based on the findings of

these two techniques, much has been learned about the morphology of

the block and segmented copolymers. As a result, a number of models

have appeared in the literature for the microdomain structures in these

two phase systems " " ""
“"‘°.

As this study involves an
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extensive morphological investigation by SAXS, a comprehensive review

of the appropriate scattering theory is presented next. This will

benefit the subsequent discussion of the experimental results on

segmented siloxane—urea copolymers.

4.2.7 Scattering Theory

The technique of small angle x-ray analysis can be employed to

measure any structural feature which is of the order of 2 - 100 nm in

size. The interaction of incident electromagnetic x-ray radiation with

the electrons in the sample gives rise to scattered radiation which is

nothing more than the three dimensional Fourier transform of the

actual electron density distribution in the material. The angular

dependence of the scattered intensity, upon analysis, yields

morphological information in terms of the magnitude and periodicity of

the electron distribution. For a dilute system, the scattering curve

can provide information about the shape, size and volume of the

particles. The different part of the scattering curves provide _

different morphological information, especially for dense systems,

where the interaction between particles is present. For example, the
U

overall intensity is related to the degree of phase separation. the

· breadth of the intensity distribution is related to the size distribution

of the inhomogeneities. The interdomain spacing, if periodic, may be

derived from the angular position of the maxima in the scattering

curve. Finally, the shape of the tail 'region' is dependent on the

thickness of the diffuse boundary between the phases. However, it
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must be kept in mind that SAXS does not provide a direct image of

the structure in the material, rather the structural or morphological

information is indirectly derived from the scattering curve.

The observed intensity profile or pattern from SAXS is a result of the

interference phenomena between the various scattered waves generated

by the individual electrons in the material. As mentioned earlier, these

scattered waves are generated when electromagnetic x—ray radiation

interacts with the electrons in the material". Strictly speaking the

results are valid only for elastic or Thompson scattering, when there

is a direct phase relationship existing between the incident and the

scattered waves. A lack of phase relationship between the waves Ieads

to inelastic or Compton scattering".

The scattered intensity at a given angle of observation is obtained by '

taking the square of the amplitude of the composite wave from the

group of electrons at that point. This composite amplitude, As, can

be represented by the equation " : _

AG) = Aoiglexp [-2„i(§·§i)] cn

where Ao is the maximum amplitude of the electric field scattered by

the electrons at the origin, N is the total number of electrons, ri is

the vector from arbitrary”origin to the ith element and scattering

vector s is the difference between the unit vector along the incident

and the scattering rays (see Figure 4.01). The magnitude of this

scattering vector is given by
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2(sin)G/>.
l

(2)

where Bragg's angle 6 is one half the scattering angle and ). is the

wavelength of the scattered radiation.

The summation in equation (1) can be replaced by integration,

provided this integration is performed over a distribution of electron

density. Defining p(r) as the function representing the electron

density distribution, the integral form ·of the composite amplitude over

the scattering volume is given by :

AG) = AO fpm exp[-z„1(‘§·§)1 ai (3)
V .

The intensity of scattering is obtained by taking the conjugate product

of the scattering amplitude. For a system, where a center of symmetry

exists in the electron distribution, the scattering intensity can be

given by ·

IQ GXP ]2
(4)

”
V

There are two significant points that can be made about the equation

(4). First, the scattered intensity varies as the square of the electron

density. In other words, in x-ray analysis the number of electrons as

well as their arrangement are the governing features. Therefore, it is

important that an electron density difference exists between two

phases if the domain structure is to determined by SAXS analysis.

Second, the scattering intensity is a function of the scattering vector,

s, whose magnitude is inversely related to the wavelength (see
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equation (2) and Figure 4.01) and thus has reciprocal dimensions.

Hence, the scattering curve is a representation of real space

l morphology in reciprocal or Fourier space. The morphological features

can now be derived from the scattering intensities via mathematical

analysis based on theoretical models. These models are discussed in

the following sections.

4 . 2 . 2 Correlation Functions

Most of the structural information would be available, if the properties

of the electron density distribution function, p(r), could be estimated

from equation (4) for a given material. However, the distribution

function p(r) can not be calculated exactly from the intensity profile.

lt was shown by Debye and Bueche "° that if the scattering amplitude

is squared prior to integration, the scattering intensity for an

isotropic substance can be given by the following scattering equation :

I(s) = 4nieAp: jry(r)
rzdr

(5)

where the correlation function, X(r), is a probability function and

represents the extent of inhomogeneity of p(x), V is the illuminated

sample volume. The term Ap: is the mean square electron density

fluctuation and is defined as

z
—FM?) = (M?) - 5m)2 (6)

where p(r) is the electron density at point r and pm is the mean

electron density. From equation (5) it can be seen that the correlation
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function is the inverse Fourier transform of the scattering intensity

distribution. This function represents the spatial correlation between

local fluctuations in electron density. As this is a probability function,

it represents the probability that the mean electron density fluctuation

at two points, separated by distance r, can be correlated. This three

dimensional correlation function was defined by Debye and Bueche as: ·

Ap(x + rl) axEzv v

< Ap. Apk >r

- K52 (7)

In the above equation Api represents the local fluctuation of the

electron density from the average overall fluctuation for a constant

distance r. Therefore, the value of the correlation function is related

to the probability that a rod of length r will have both of its ends in

the same phase. The limiting value of the 3-D correlation function are

unity at r=0 and zero as r approaches infinity. ln addition the

correlation function is assumed to have spherical symmetry. By this it

is implied that the electronic density at any point depends only on the

distance from the center of the particle. The behavior of this

function in one dimension form is shown in Figure 4.02. It is evident

from this figure and the definition of the correlation function above,

that the presence of a maximum in the correlation function is indicative

of the periodicity in the phase correlation and is often therefore,

related to the average interdomain spacing in segmented and block
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copolymers that display microphase separation.

The three dimensional correlation function, Z(r), can be determined

experimentally by taking the inverse Fourier transform of the intensity

expression in equation (5). The resulting expression for the

correlation function is:

dl') ‘ s“¥j)—*—z"£.'I.—€"”‘ ds (8)
For the limiting value of r=0, the above expression yields an important

quantity, the invariant, which is related to the mean square density

fluctuations within the material. The invariant, Q, is defined as

Q = FV =
4w/l

sz [léillds (9)
. 0 e

By combining equations (8) and (9), the final expression for the 3-D

correlation function is obtained as

fwsz
I(s) ds

0

sz I(s) ds (101
o

There are many cases where the assumption of spherical symmetry is

not valid and therefore the 3-D correlation function defined above can

not be utilized to obtain morphological information. One situation where

this might be especially true is that of a system which contains

Iamellar structure. For such anisotropic systems, the average

interdomain spacing can be obtained by a one dimensional colinear

correlation function, K(x), as developed by Vonk "
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f®s2
I(s) cos(21rxs) ds

o.
Y(x) = ws2

I(s) dsfg (11)

The form of the 3-D correlation function has been found to be related

to the order in a two phase system. For a two phase system with

completely random distribution of phases of random domain sizes, it

has been shown by Debye, Anderson and Brumberger" that the form

of the correlation function is exponential

v(r) = e><p(—r/lp) (12)

where 1p is the correlation distance or the inhomogeneity length and

is a measure of the average size of all the inhomogeneities in the

material ""'. Debye et al." further showed that for a dense two

phase system the initial slope of the correlation function can be related

to the specific surface area of the interfaces between the phases.

Using this information in conjunction with equation (12), it can be

shown that the inhomogeneity length, ip , can be expressed as

1 = E- /:2 ds (13)p TTZK 0

Although the development of lp assumes a dense two phase system, v

for a dilute dispersion of one component in another, ip can be best

expressed as the average size of the dispersed component. According

to Porod and Kratky
‘°’

" for a dense system, inhomogeneity length,

lp can be defined as
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1 - 1p
1 E (14)

and

1
‘P

2 =11 (16)

where ¢1, ¢2 are the volume fractions and 11, 12 are the
average size of phase 1 and 2 respectively. For a two phase

arrangement as shown in Figure 4.03, if an infinite number of straight

lines are drawn through the two phases, then the average of all

chords lying in , say, phase 1 would give 11. Equations (14) and

(15) can be combined to yield

1 1 : L + L'TE 11 12 (16)

Thus, lp is the harmonic average of the chord lengths in phase 1

and 2. The measurement of 1p can be made through the use of
equation (13). However, if equation (12) is substituted into the

intensity expression given by the equation (5), the scattering

intensity takes the form"

1
1(S) = K;Y (1 + 4:YsY1Y )Y

p · (17)

The above equation provides a graphical approach to the determination

of the inhomogeneity length. From the plot of 1//I vs s2, the ratio

of the slope to that of the intercept provides the value of lp which

can be used to provide information on specific sample morphologies.
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In addition to the inhomogeneity length, Ip , there are other

parameters which are related to the size and size distribution of the

particles in the material. These parameters can also be obtained from

the intensity distribution and are referred to as the integral and

differential parameters of the correlation function".

The correlation, coherence or characteristic length IC is the mean

width of the 3-D correlation function and is defined as

ic = 2 ~/·v(Y‘) dr (18)
0

The one dimensional analog of the coherence length is given by

dc = 2f Y(x) dx (19)
0

The 1-D and 3-D coherence lengths are related to each other by the

reIation"

lc ‘ 2% (20) .

The coherence length IC development assumes a dilute phase and is

representative of the number average intersects which can be drawn

through every point in the dispersed particles. If the data on these

intercepts is collected, then a statistical assembly of intercepts from

zero upto the largest particle diameter of the body are obtained.

Now it is possible to describe a distribution function, A(I), which

gives the probability of finding an intercept of length I. lntuitively, it
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can be seen that this distribution function and the correlation function

should be related. Indeed, Porod" °" has demonstrated this and

shown

Y") =
lr di (21)

where

T=_/1A(1)d1 (22)
o

By differentiating the equation (21) twice with respect to r, the

distribution function, A(l), can be obtained as the differential

parameter of the correlation function as indicated below

T ° Au) = i (23)
8 r r=1

The chord distribution function, as it is generally referred, can now

be obtained by differentiating the 3-D correlation function and the

data is generally presented in a normalized fashion.

It must be recalled that the inhomogeneity length lp was described

for a rdense system whereas the coherence_“lg_n_gth is more applicable to
‘

a dilutegiyfteml. Therefore, care must be exercised when a comparison
of Tand lc is made. This is true because the averaging

techniques utilized in the developing equations are different for both

(compare equations (13) and (16) ). Nevertheless, for a dilute system

it can be shown that

'lp s lc 2 ll (24)
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where the subscript of 1 represents the distributed phase in a dilute

two phase system.

4.2.3 Degree of Phase Separation

In equation (9), Porod's invariant was defined and it was stated that

this parameter is related to the mean square electron density

fluctuation ""'". This fluctuation or mean square variance is often

used as an indicator for the degree of phase mixing in a material. For

a multiphase system, the variance of the electron density is givenbybi 1t l
12 N —)z

- A : E
_ _

-0 0 (25)

When the above equation is viewed along with the intensity expression,

it should be apparent that if the density of a phase is equal at all

„ points to the mean electron density, then this phase does not

contribute to the intensity profile"

The equation (25) can be further simplified for an ideal two phase

system with sharp phase boundaries as

,2 2
ADC = ¢1¢2(D1' O2) (26)

The electron density profile for this ideal system shown in Figure

4.04(c). A detailed procedure to calculate the electron densities and

mean square electron density fluctuation for an ideal case are provided

in the Appendix.
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The electron density profile for a real system can be approximated by

the one shown in Figure 4.04(a). The profile is distorted because of -

the presence of mixed phases, thermal density fluctuations and diffuse

interface boundaries between the phases. The thermal density

fluctuations or background scattering can be estimated experimentally

with the help of several approaches and can be subtracted from the

scattered intensity profile. The models for estimating the thermal

density fluctuations are discussed in the section dealing with the data

treatment. The corrected electron density profile obtained after the

removal of the background scattering is depicted in Figure 4.04(b).

There is a possibility of another situation where, although sharp phase

boundaries exist at the interface, the electron densities of the

respective phases are affected and the resulting profile is presented in

Figure 4(d). For this case the corresponding variance is given by"'°

X6?] = ¢1¢2(P1m * Ozml (27)

For yet another special case, where the gradient in the electron

profile between the two phases is linear, it can be shown that"

E2 = (ol - ¤2)(¢1¢2 · Ä ¢3)

where ¢3 is the volume fraction of the interfacial region.

The corresponding variance, Ä}-Z', for the profile shown in Figure

4.04(b) can be defined with the aid of equation (9) as

Pe = 4172Ps ds ( )
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lt has been shown that the effect of diffuse phase boundaries on the

scattered intensity can also be considered. lf the dependence of the

diffuse phase boundary from the electron density profile in Figure

4.04(b) is removed then the corrected profile would appear as the

profile in Figures 4.04(c) or 4.04(d). The corresponding electron

density variance can then be calculated from

gw:
ä

Ä,
Uc¤m~(s)] sz ds

1e H0 (S) (20)

where H’(s) is the Fourier transform of the smoothing function

required to construct an ideal profile from the real one. This function

is considered in more detail when the interfacial thickness

determination is discussed. At this time it is sufficient to say that

H'(s) provides a measure of the diffuseness of the interfacial

boundary.

Bonart"‘
”"

has shown that a comparison of these three model

variances (EFC, E2' and [Ä"' ) can be made to estimate the state

and the degree of phase separation.

The ratio

Ap /A¤C (30)

represents the degree of overall phase separation and approaches

unity when complete phase segregation is achieved. When mixing of the
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segments ccurs, the ratio lies somewhere between zero and unity

where the value of zero represents complete mixing of segments i.e.

no distinct boundaries exist. Q

The amount of hard/soft segment mixing within the domains,

independent of the diffuse phase boundaries is reflected in the term

—z
äh, - 1 (31)$2*

When no segmental mixing occurs the term is zero. The presence of

intradomain segmental mixing increases the numerical value of the

term. However, the other limit for the case of complete mixing also

should yield value of zero for the term.

The term

4 ÄE'211
-1

gv (32)

is indicative of the presence of the diffuse phase boundaries

irrespective of the intradomain mixing and a value of zero for this

case also represents a completely phase separated system.

Despite some limitations, these terms can be used to qualitatively

compare different materials. However, it would be inappropriate to look

for anything more in the numbers obtained from these terms.

4.2.4 Radius of Gyration

In addition to the homogeneity length, coherence length and ‘chord

distribution function, there are several other structural parameters
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which can be obtained from the intensity profile. Like those mentioned

above, these parameters can be employed to furnish information

regarding the size of the scattering regions. One such parameter is

the radius of gyration, Rg, which can be defined as" °"
'°

y(r)
r‘*

dr

2 o
0 0 R9 = —.?—‘—’

2 y(r) rz dr
(33)0

The radii of gyration term is obtained through the use of the law of

Guinier. lf the sin(21rsr)/211sr term in equation (5) is expanded then

the following expressions are obtained _

°3 s
IG) = 4,) ie (211sr) + . . .]dr
l

•
0 · GJ

Ü

=
‘ L2

2 _4TT2S2„

II (34)
0

which can be further simplified to

2
NE) =1011- B} 27TSz +. . .] (35)

and ‘

+ R 2
I(s) = I exp [ - -9- 4‘ll'2S2] (36)

0 3 1

where lo is the zero angle scattering intensity. The value of Rg
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can_ be estimated from the equation (35) and (36) from a I vs sz or

ln(l) vs sz plot respectively. The radii of gyration can be used to

describe the size of the dispersed scattering particles. As indicated by

the development of equation (35), the law of Guinier coincides with the

exact intensity expression for the terms up to the fourth power of s

and vanishes as s approaches a large value. A dilute system

requirement is inherent in the development of the Guinier equation.

Although unlike many accepted notions it is in fact applicable to a
l

non—spherical dispersed particles". The shape of the particle governs

the shape of the scattering curve at large angles and manifests itself

in the form of deviations from the initial slope of ln(I) vs sz plot.

For example, the negative deviations from the ideal Guinier behavior

for a given radius of gyration are observed at high angles for systems

with spherical dispersed particles. The occurs because Guinier

approach is only an approximation to the correct intensity expression

and at higher angles, the discarded terms are no longer insignificant.

For ellipsoidal or cyliderical shaped particles, positive deviations from

ideal behavior are normally observed. Therefore, when the scattering

curves of paricles of two different forms are to be compared, it is

essential to choose particles having the same radius of gyration.

lf a distribution of the particle size exists in the material, then the
_

radii of gyration is defined as

= l—2+«i2 xr :5**:
lo

(37)
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where m(r) is the mass distribution function. Several methods are

available by which this distribution function can be estimated " ". It

_ is evident from equation (37) that large particles would be weighted

more in the determination of the radii of gyration. When the method of

Guinier is to be utilized to calculate Rg, it must be made certain
that the slope is not determined beyond the limits where the law is

valid. These limits have to be considered since the Guinier approach is

only an approximation to the true intensity expression. Roughly, for

spherical particles the outside limit is reached when the product

211sRg approaches 1.3, whereas for rod-like particles the value of

0.7‘indicates the range of applicability".

There is one other approach to the determination of the radii of

gyration that deserves some attention. This approach is applicable in

cases where the dispersed particles in the system are geometrically

similar in shape and give rise to a scattering curve which can be

approximated by the exponential law. Further, it is assumed that the

distribution of the radii of gyration can be given by a maxwellian

form. Then such a system the method of Hosemann can be applied to

determine the radii of gyration" "
"‘.

This method is based upon

the use of a plot where the product
|*s’

is shown as a function of s.

The shape of a one such typical curve is shown in Figure 4.05. From

this plot the position, sM, corresponding to where the maxima occurs

and position sT where the tangent through the point of inflection at

_the high angle intercepts the x—axis, are obtained. These values of
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sM and sT are now substituted in the following relation

-1 X J— (38)M ·/ZFTY
and the value of the constant n is determined. Once n is known, the

arithmetic mean radii of gyration is given by

in
= 1 — VßQM MM}; Hg #

Vgl (39)
2

where I' represents the gamma function.

4.2.5 Porod's Law

Earlier it was mentioned that when the summation sign in the intensity

equation was replaced with an integration, a probability function for

the electron density distribution had to be introduced. This

probability function was referred to as the correlation function in the

real space. As this parameter depends upon the real distance, r, it

is possible to represent the correlation function by a power series

expression"
•

,Y(Y„)=l_ay•+by•2+cy‘3+•••••.•••••If

this power series representation of the correlation function is

substituted into the intensity expression of Debye and Bueche

(equation (5)) and the resulting relation is integrated by parts, the

final intensity expression is given as"
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cosu

Mw
From this relation it is evident that at larger values of s, all the

contribution to the intensity comes from the first term only. The other

terms are either too small at large values of s or, they are

pseudoperiodic in nature and cancel each other. Therefore the)

expression above can be simplified as" " "
“"‘

IG) il um$ + °° 2 u u8’lT S S

where KP is Porod's constant. Thus, for a two phase system with

sharp phase boundaries, the product |*s" should reach a constant

- value. This relation can now be used to determine the non—idea|

nature of the two phase system under study. Also, Porod's law

provides the means to extrapolate the intensities at higher angles.

ln equation (42) it is explicitly stated that Porod's Law'behavior is

valid only at high values of the scattering vector. There exists a

minimum value of s below which the Porod's law is not applicable. This

. minimum value is a function of the position of the peak in the

scattering curve and the breadth associated with this peak. Generally,

the valid lower limit is approached by s 'values which correspond to

second maxima of the long period". However, there are questions as

to whether the Porod's law can be actually used for a ~muItiphase
V
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system. If not, then does the presence of an interface boundary

region between the two phases constitute an invalid application of

Porod's law ? Another question arises as to how big a particle has to

be before it can be accepted as the second phase ?

At present there are no answers availiable to these questions, but

despite these shortcomings, the Porod's law behavior can still be used

to qualitatively determine much‘morpho|ogical information in phase

separated segmented systems. This can be achieved by studying the

deviations from the ideal Porod's law.

In most real systems the product l*s" does not reach a constant value

at high angles. For an ideal case, a plot of I*s" vs sz (or s) (such

plots are generally referred to as Porod's plots) should reach a

constant value as is shown in Figure 4.06. Any other factor which

contributes to the intensity profile would result in a positive slope in

the Porod plot. The factors which can cause these positive deviations

from Porod's law include thermal density fluctuations and isolated

mixing of one type of segment in the other (intradomain mixing)" "
’°

". These effects are shown in Figure 4.07 along with

accompanying electron density profiles.

lf, on the other hand, vany variable causes a reduction in the intensity

at high angles, then negative deviations result". The presence of

diffuse phase boundaries would cause these negative deviations to
i

occur because they result in a larger volume fraction of the material

having the electron density which is near the mean density of the two



199

phases. lt was pointed out earlier that such phases do not contribute

to the scattered intensity" (see equation (5)). Three different

situations are depicted in Figure 4.08 which can lead to various

amounts of negative deviation from Porod's law. All these situations

are a result of the presence of an interfacial region between the two

phases. If the only consequence of the phase mixing is the Iowering of

the mean square density fluctuation, then the numerical value of the

Porod constant Kp is reduced.

lt has been shown by Ruland" " that the Porod's law behavior can

be modified to include the effects of these deviations. The resulting

modifications also allow the determination of the width of the diffuse

interface. This development is important since the extent of the

interfacial region can affect the mechanical and thermal behavior of a

hetrogeneous system".

4 . 2 .6 Interfacicil Thickness

As mentioned in -the preceding section, if an ideal two phase system

with sharp boundaries exists, then it can be shown that the intensity

at high angles diminishes as the fourth power of the scattering vector

s. It was also shown that the scattered intensity of a material can be

determined by the Fourier transform of the electron density

fluctuations ( equations (4) through (9)
)‘.

In other words, for an

ideal system
K

Iideal(S) = Q? ‘ Fl Ezideal} (43)
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where F represents the Fourier transform of the function.

If however, diffuse phase boundaries exist in the system, then the

equation (43) needs to be modified. lt was suggested by Ruland ",

that the electron density profile for a real system can be expressed in

terms _of the profile for the ideal system. In Figure 4.09, two cases

are presented where the diffuse phase boundary in one is sigmoidal in

shape and in another there is a linear gradient in electron density. lf

a smoothing function h(r) is defined such that"‘

°real(r) = °ideal* h(r) (44)

where * represents the convolution product, then it can be used to

reconstruct an ideal morphology for a real system. The nature of h(r)

could then provide a measure of the interfacial boundary thickness.

The nature of the smoothing function as seen from the Figure 4.09,

depends upon the type of the interfacial gradient assumed. For a

sigmoidal gradient, the smoothing function h(r) is gaussian“ " "

and for the linear gradient a box or square pulse represents the

smoothing function"
”.

Substituting equation (44) in (43) it follows

that

2
Ireal(S) = F{[ Apideal* h(()] } _ ‘

=F{’

Iideal(S)·H2(S)
_ (45)
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ln the above equation
H’(s)

is the Fourier transform of the smoothing

function and represents the negative deviations from the Porod's law

due to a diffuse interface. The term H’(s) has a value of unity at

small values of s, but becomes zero when large values of s are

approached. The function Iideal is still assumed to obey Porod's law

so that ~

Ireallsl = -5%- Hzlsl
s (46)

The above equation is valid when the intensity data is obtained using

pin-hole collimation. For the case where the intensity data is smeared

owing to the use of slit collimation, Guinier and Fournet" have shown

that
Kl

Treal = ig- Hzlsl (47)

where Kp' equals 1rKp/2 and a squiggle (tilde) over the symbol l

represents the smeared intensity. Various forms of H’(s) are available

depending on the nature of the interfacial gradient assumed and the

model considered to evaluate it" " " ". Tables lV.l and lV.|l list

various forms of H“(s) for pin-hole and slit collimation data

respectively. Generally the form of H“(s) does not allow a direct

analytical determination of the interfacial thickness. In order to

U achieve this, graphical techniques are more suited. The required plots

and the calculated parameter from the slope and the intercept of these

plots are listed in Tables IV.Ill and lV.lV for both types of

collimation.
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ln general, the term 0 is used to describe the interfacial thickness for

a sigmoidal model. The interfacial thickness for a linear gradient is

denoted by E. A more physical description of these parameters is

provided in Figure 4.09. A comparison of expressions for sigmoidal

and linear gradients in Tables IV.I and IV.I|| show that 0 and E are

related to each other by the relation

E = ¤/Ü 0

= 3.464 0 (48)

As depicted in Figure 4.09, the parameter 0 is the standard deviation

of the gradient in the direction normal to the interface. Although 0 is

. related to the interfacial thickness, it nevertheless does not represent

the actual interfacial thickness. The parameter 0 characterizes the

width on either side of the central plane where the smoothing function

h(r) falls to 60.6 96 of the maximum value. Hence, 0 differs from the

actual interfacial thickness by a factor greater than two. Another

relevent parameter is obtained if one defines" " "
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ai-h(o) =f h(r) dr (49)

Here a rectangular area is being equated to the area under the

smoothing function h(r). The breadth of this rectangle ai can now

yield a somewhat more meaningful parameter for the interfacial

thickness. Since, the smoothing function h(r) for the sigmoidal

gradient is 2
‘

h(Y‘) = eXpzM) 26 (50)

the use of equation (49) and (50) gives the following result

ai = Ö? 6
= 2.5066 6

= 0.7236 E (51)

·
This parameter would yield a value which should be more closer to the

actual interface boundary thickness for systems where the gradient

across the interface is sigmoidal. However, when doubts exist as to

the type of the interface gradient, then 6 can be used to qualitatively

compare the compositional changes in a two phase polymeric system.

. #.2.7 Bragg's Law

The simplest small angle x—ray analysis involves the determlnation of

the angular position which corresponds to the maxima occurring in the

scattering profile. The scattering vector, s, can be related to the

interdomain spacing, d, through the Bragg's equation
as‘°° ‘°‘
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ISI = 2 sin 9 = L (52)Ä d

The maxima in the SAXS curve occurs as a result of a regular long

range ordering of the structure within the material. The value of

smax obtained from the I vs s plot would yield the interdomain
spacing in a 3·dimensiona| system. This value, though generally larger

than the interdomain spacing obtained from the 3-D correlation

function, should be comparable. The deviation results because Bragg's

law assumes a regular placement in one direction. lf a 1-dimensional

analog of the interdomain spacing is to be determined, then the

Lorentz correction is necessary to determine the 'd' spacing. This

requires a plot of
s’*l

vs s and then determining the position of the

maxima on this curve. When this correction is taken into consideration,

the scattering curve represents a hypothetical system where all

repeating structures are aligned along a common axis. The 'd' spacing

obtained in this manner should agree with the results obtained for the

interdomain spacing from the l-D correlation function. There ·are cases

where the interdomain spacing determined from Bragg's law are in

disagreement with the true value by as much as 50 %. However, the

validity of determining the 'd' spacing from
s“*l

vs s plots is not clear

since all scattering curves, when plotted in this manner, would show a

distinct maxima.

4.2.8 Data Treatment

Unfortunately, most of the data collected in small angle x-ray analysis



l
205

_ is not according to the predicted values from equation (4). Manyi

factors contribute to the scattered intensity and therefore are

superimposed on the desiredq scattering data. A careful correction

analysis of the experimental data is necessary in order to remove the

undesired contributions to the scattered intensity. The experimental

intensity, aside from the scattered intensity, contains contributions

from one or more of the following:

a. polychromatic radiation

b. parasitic scattering

c. smeared intensity for slit collimation

d. onset of wide angle x-ray scattering

e. background or thermal scattering

f. intradomain mixing

lt is required in practice to utilize monochromatic radiation for x-ray

scattering. The x-ray tube, on the other hand, generates a spectrum

of wavelengths. The intensity distribution over wavelength contains _

two peaks which are referred to as the Ka and KB peaks‘°°
‘°‘.

As

Ka peak is much more intense than the KB peak, it is desirable to use

only the Ka peak for the scattering experiments. This can be achieved
”

somewhat by the use of filters which selectively permit only a small

range of wavelengths to pass through. For example, for a Cu target

tube, use of Ni filter yields primarily the Ka radiation. However, not

all of the polychromatic or 'white' radiation is removed by this

technique. The other method. is to utilize a crystal, which when placed
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in the path of the incident beam, allows only the desired wavelength

to diffract at a given angle. This wavelength can be easily estimated

with the use of Bragg's equation. The metal filters can be utilized

with success if a pulse height discriminator is used in conjunction with

a proportional counter. As the energy of a wave is directly related

with its frequency, a pulse height discriminator allows only those

pulses to pass through which have an energy level in between the

preset window for the energy levels.

Most x—ray equipmentslhave components possesing sharp edges in the

form of slits and collimators, which lead to dispersing x-ray intensity

over the whole angular range even when the sample is not present.

„ This parasitic scattering, which is characteristic of the equipment, can

be routinely determined and subtracted from the total collected

intensities.

In the preceding development, a pin—ho|e collimation was assumed such

that the intensity at a given point was a result of scattering from a

corresponding unique angle. If, however, the slit collimation is used, n

the intensities at a given point of registration are 'smeared' because

intensities from various angles can now reach this point of

registration‘". The slit collimations are desirable because of the

higher count rate which can obtained from this arrangement. A

mathematical manipulation of these smeared intensities can give the

desmeared intensities corresponding to the pin—hole collimation. Before

this desmearing routine is discussed further, it must be pointed out
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that because of the approximations involved in the desmearing

procedures, a large number of errors can be introduced. A more

convenient and accurate means of carrying out SAXS analysis from a

slit collimation would be to use smeared intensities wherever

permissible. This is possible because many formulations are available

which allow the determination of most structural and morphological

parameters from the smeared data itself. However, for determination of

quantities like interdomain spacing using Bragg's law requires that the

data be desmeared. Generally speaking, the desmearing procedure

causes the maxima in the intensity profile to move to higher angles.
l

The use of pin-hole collimation itself does not ensure that the the

intensities will not be smeared. The smearing in the intensity profile

can be caused by the finite size of the pin-hole utilized and the 'd'

spacing obtained from such profiles are Iikely to be higher.

The smeared intensities are related to the corresponding pin—ho|e

intensities by the relation‘°"‘"

Ils) =
/lm/49lX)

fly) HS2 + l>< d>< dy (53)

= 2·/w„<¤> Ills + (1)*} du (54)
o

where
U

. ·
l

wulu) = -l:°9l><) hlx - y) dt (55)

where Wu is the weighing function which depends upon the

dimensions and arrangement of the collimation slits in the instrument
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used for SAXS analysis. The form of Wu can be estimated by the

procedure outlined by Hendricks and Schmidt‘". For a gaussian form

· of the intensity profile, the weighing function is given by
(

_ _ 2 2
Wu(¤) = ir ép e p U (56)

For an infinite slit approximation the value of parameter p equals zero

and for other cases it can be easily determined. The corresponding

pin—hole intensity can be estimated by the expression

¤=· 2 , ,2...z

21r%p _m /s2 + u2 (57)

The pin-hole intensities can now be determined using this relation by

either iterative techniques "'
‘°’,

matrix inversion method“° or by

methods which require differentiation of the experimental scattering

Curve 106 107 111 112. _

4.2.9 Modification of Por·od's Law

As stated earlier, the presence of thermal density fluctuations or

background scattering can give rise to positive deviations in Porod's

behavior. The presence of these thermal fluctuations has led to the

modification of Porod's law as"
’° “’.

Iobs(s) = Ip(s)·H2(s) + IB(s) (58)

The corresponding analog for the the case of slit collimation is given

byhl
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Yobsl-s> = ?p<s>-¤=<s> + iB<s> (59)

The term IB has been treated both theoretically and empirically by

several workers"‘ "
"‘.

The forms of the various treatments are

listed in Tables |V.V and |V.V| for pin·hole and slit collimation

respectively. The treatment of Bonart assumes a constant value for

the background. The method of Ruland and Vonk is based on the fact

that at high angles the term
H’(s)

goes to zero. Thus the limiting

value of the observed intensity at high angle equals the background

intensity. The intensity at these angles is fitted into numerical

expressions and extrapolated to lower angles to determine the

background scattering for the whole angular range. The use of a

correct background is important in the determination of the interfacial

thickness. However, many workers"'
"‘ ’5

have reported that the

choice of the background treatment does not effect the determination

of E or 0 significantly. Although this may be true for a case where

the interfacial thickness is large, for a dilute system with small

interfacial thickness, the- results can vary significantly from each

other depending upon the type of background correction used.

Isolated mixing of one type of segment in the other phase can also

give rise to further deviations from ideal behavior. As mentioned

earlier, this type of segmental mixing gives rise to a positive deviation

from the ideal Porod's law. So far no modification of Porod's law has

been reported in the literature, which may account for this hard/soft

segment mixing within the domains. Most of the earlier studies which
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restricted primarily to 'dense' systems where the effects of this type l
of mixing, if any, would be small and may be overshadowed by the

‘
large negative deviations present in the system. As a result, any

further modification of the Porod's law was not deemed neccessary. For

a dilute system, however, a modification in the Porod's law may be

needed. Since, the intensity contributions from hard/soft segmentmixing within the domains, lm(s), are not removed by the usual
backgorund treatment, a modification of the Porod's law is proposed asfollows _ “

lObS(s) = Ip(5)·H2(5) + [B(g) + [m($)
(60)

It is clear from this expression that the existance of this type of

mixing in the system will give rise to positive deviations iiräm the ideal

Porod's behavior. Although at present no exact from for the |m(s)

term is available, it still serves a useful purpose. For example, if two

segmented copolymers with identical interfacial boundary thicknesses

but different degree of isolated mixing of one type of segment in other

phase are compared, then the negative deviations from the Porod's law

will be less for the system with higher intradomain mixing. As a result

this material would indicate a smaller interfacial boundary thickness in

comprison to the other. There exists a possibility that the amount of

such positive deviations present in the system may exceed the usual

negative deviations due to the diffuse phase boundaries present and

the system will display a net positive deviation from the ideal
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behavior. Such an effect was indeed observed for one of the sample

analyzed in this study and is discussed accordingly.
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4.3 EXPERIMENTAL
·

The synthesis of aminopropyl terminated polydimethylsiloxane oligomers

(Psx)

QH2 ?Hs
H2N-(-CH2-)3-[-Si-O-]n-Si-(-CH2-)3·NH2

CH3 CH3

and siloxane-urea copolymers has already been discussed in Chapter 3.

The reaction scheme, the characteristics of the oligomers and additional

synthesis details are provided in Figure 3.04, Table lII.II and Table

IIl.|V respectively.

Small angle x—ray experiments were carried out on two instruments

which had different types of collimation incorporated in them. The 10-m

SAXS facility at Oak Ridge National Laboratory was used to approximate

a pin-hole co|limation“'. Due to its reasonable pinhole size, the

scattered intensity profile are slightly smeared, however, no correction

was made for the data obtained at ORNL and the results were treated

only qualitatively. The smeared intensities were obtained by the slit ~

collimation arrangement in a standard Kratky camera
“’ ‘“.

The

Kratky camera was equipped with a step scanning device interfaced with

a PDP 8/a computer. The focal size (8 X 0.25mm) of Siemens AGF Cu
l

4ST tube allowed the condition of infinite slit approximation to be

maintained up to a scattering vector maximum of 0.6 nm"
‘“.

The

tube was operated at 40 kV and 25 mA by a General Electric XRD-6

generator. A nominal thickness of 1 mm was utilized and the data was

collected for 1000 secondslat each scanning step. This duration of
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counting time permits the percent_probable error at 50 96 confidence

level to be less than 1.

A proportional sealed gas counter was used in conjunction with a pulse

height discriminator and Ni foil filters so as to provide a Cu Ka

monochromatic radiation corresponding to a wavelength of 0.15418 nm.

The slit width effect was assumed to be negligible in this study. This

is not a severe approximation because in most cases its effect is small

and thus can be neglected without causing serious error. This

assumption allowed the data to be collected by slits of different sizes at

different angular ranges. A set of three entrance and exit slits were

used for each sample. The smallest (30 microns) entrance slit was used

to provide a resolution of 1 mrad while the largest (150 microns) size

entrance slit was used to collect data up to a maximum scattering vector

of 1.0 nm
‘.

ln each case the ratio of exit slit to entrance slit size was

kept constant at 2.5
‘".

The parasitic scattering was measured with

the aid of incident radiation, attenuated by the sample under study.

The SAXS data was analyzed with a computer program provided by

Vonk"". The absolute intensity measurements were carried out with

the aid of a calibrated Lupolen sample. This is a standard procedure

suggested by Kratky and
Pi|z‘"'”°’

and has been incorporated in the
I

computer program vutilized for the data analysis.

The wide angle diffraction patterns were obtained on a table top Phillips

Diffractometer Model PW 1740. The sample to film distance was kept

constant at 8.0 cm.
l

‘
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The following nomenclature has been used to define the intensity data

at various stages of its treatment. All intensity data has the parasitic

scattering removed prior to any processing. The subscript B is used to

denote the background or thermal scattering. A subscript of 'obs° is

used to represent the intensities from which the background has not

been removed. Once, the thermal density fluctuations are removed, the

resulting intensities are shown with a subscript 'corr' to denote the

corrected data. The ideal intensity which follows the Porod law behavior

is represented with a subscript of p.
l
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4.4 RESULTS AND DISCUSSION

ln the earlier reported work in Chapter 3 and elsewhere“" **7, it was

demonstrated that it is possible to produce segmented siloxane

copolymers containing urea Iinkages. Through the choice of different

molecular weights of the polysiloxane soft segments, various siloxane-

urea copolymers were obtained in high yields by solution polymerization.

Table |ll.|V provides a summary of the results on the synthesis

reaction and the chemical composition of the copolymer obtained. As

chain extenders were not utilized in the synthesis of these copolymers,

the molecular weight of the soft segment and the hard segment content

are interdependent. Table |V.V|| gives the volume and the weight

fraction of the hard segments as a function of the soft siloxane oligomer

molecular weight.

The mechanical and thermal characterization was carried out on these

materials and the results reported”"‘“. ln summary, the results

showed that the performance of these materials was dependent on the

molecular weights of the soft segments utilized. By varying the soft

segment length and the hard segment type and/or content, a wide

range of mechanical and thermal properties werehobtained. The data

also demonstrated that the, high strength of the materials necessitates

microdomain formation.

Although the experiments were carried out on "fresh" as well aged

samples (e.g. one week after molding), no appreciable differences were
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observed regarding the microphase separation character of these

materials at room temperature. To perform this comparison the quantity

Tt(s) - TB(s)

^r is) - T (S)
'6"

0 B
was determined for the samples. Here, lo refers to the intensity of

the sample at the scattering vector corresponding to the maxima in the

scattering profile immediatly after removel from the press. And It

refers to the scattered intensity of the sample at time t at the same

angular position. The ratio was found to be unity for the length of the

duration in which this experiment was performed. This behavior was

mainly observed because the siloxane chains are about 150°C above

their glass transition temperature at ambient conditions. Thus, these

already flexible and mobile chains can attain their 'pseudo equilibrium'

conformation almost instantaneously. The term pseudo equilibrium is

used here since it has been reported by several authors that.in block

and segmented copolymers, a true equilibrium morphological texture is

seldom attained‘""". It is postulated, however, that the extent to

which the soft segments are removed from the true equilibrium will

dependent on the physical and chemical characteristics of the soft

segments; the solubility parameter differences between the two

segments; and hydrogen bonding capability, packing efficiency, and

size of the hard segments.

The wide angle diffraction pattern for these materials, annealed both at

room temperature and at 200°C for 4 hours showed only the presence of

an amorphous halo. Sharp rings indicating the presence of an ordered
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crystalline hard segment structure, however, were observed at wide

angles after a thermal treatment at 250°C for 1 minute. A

representative diffraction pattern for sample PSX 900 MDI before and

after various thermal treatments are shown in Figure 4.10. These

results are in agreement with the DSC results (presented in Chapter 3)

. where the crystallization exotherm was observed for these materials near

250°C. lt should be pointed out here that the authors discussion will

only consider the amorphous system.

4.4.1 Thermal Background Corrections

_ The SAXS data was collected on three sets of entrance and exit slits to

maintain good resolution and high count rate over the whole angular

range. An overlapping region for data from two slits was maintained so

that scaling of different curves was possible. Parasitic scattering was

determined for all samples over the identical angular ranges utilized in

the scattering runs. Thus, six sets of data were obtained for each

sample corresponding to the three slits used in the experiment. Three

of these six sets correspond to the parasitic scattering for each set of

slits employed. The parasitic scattering was then subtracted from the

corresponding scattering runs. A master curve was created by matching

the intensities in different overlapping sections of the scattering curve.

Due to large counting time maintained during the data collection, the

statistical variance (or scatter) in the data was found to be small. In

Figure 4.11, the percent fluctuations are plotted as a function of the
l

angular position. lt shows the scatter in the data is totally random in
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nature and justifies future smoothing of the data. A typical master ,

curve, prior to smoothing is shown in Figure 4.12. All these curves

were characterized by the presence of an increase in the intensities at

higher angles where the wide angle scattering begins to be significant.

In the next step, the background intensities were subtracted from the

master curve. This is generally a routine step for most block and

segmented copolymers, but for the materials under investigation it was

a very critical step. As is apparent from the synthesis description,

these materials have well defined hard segment domains which are

approximately the size of the diisocynate (MDI) used. There is a large

difference) in solubility parameter between the hard and the soft

segments for the copolymers and the hard segments present are

relatively small and well dispersed. This would lead one to believe that

the interfacial region would be smaller for these copolymers in

comparison to the conventional polyurethanes and block copolymers.

Therefore, the negative deviations from Porod's law (see equations

(42), (46) and (47) ), which represent the presence of diffuse phase

boundaries is expected to be slmall. As a result, the negative slope in

the Porod's plot might also be expected to be small.

This situation is further highlighted by the fact that in one case the

amount of MDI hard segment content present is approximately 6 96 by

weight. Based on the chemistry of these materials, it would be

anticipated that the amount of negative deviation present in the system

would be small, if any. lt _would expected, therefore, that the
l
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background correction utilized in the data treatment may significantly

affect the Porod behavior. The work of Vonk, Hashimoto et al. and

Koberstein et a|.'°'
’“

" has indicated that for the materials under

investigation, a :10 % error in the background determination results in

only about a 10 % deviation in the diffuse boundary thickness. This

behaviour is generally true only for systems which have large interface

thickness and thus a large negative slope in Porod's plot. For the case

where- the interface thickness is inherently small, a *10 96 error in the

background calculation can potentially change a small negative slope in

Porod's plot to a positive one and vice versa. Since the materials

under investigation in this work fall in this category, the background

determination is a very critical step and thus required careful_

attention. The plots required to estimate the background intensities

were prepared according to the method indicated in Table lV.Vl. The

resulting plots for background determination by Ruland, Vonk and

Bonart method are shown in Figure 4.13, 4.14 and 4.15 respectively.
U

The first two methods are based on the approximation that the term

H’(s) in equation (58) vanishes at high angular regions. The Bonart

method, on the other hand, assumes a constant thermal or background

scattering. The parameters indicated in Table IV.Vl were determined

from the slope and intercepts of the representative plot. For Ru|and's

— as well as Vonk's technique, a linear region is clearly indicated in the

plots. Fkom Figure 4.15 it is apparent that the constant background

assumption is invalid as a constant slope is not observed. On this basis

the method according to Bonart was discarded. The parameters
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estimated from the linear section in Figures 4.13 and 4.14 were used to

construct the background intensities over the whole angular range of

the analysis. The caiculated values of IB according to Ruland and

Vonk's methods are presented in Figure 4.16 for the four samples. For
‘

Vonk's method, all samples except PSX—1140—MDl showed the best fit

when the n value was chosen as 4. The value of 2 gave the best

results for the sample PSX—1140—MD|.

A comparison of Ruland and Vonk's methods indicates that the two

background intensities are almost identical beyond the scattering vector

corresponding to the maxima in the intensity profile. Below this s value

the two background intensities differ slightly. Since the deviations from

Porod's behavior occur beyond the scattering maxima, both methods can

be used. Of the two, the method of Vonk was chosen over Ruland for

the sake of convenience. As pointed out earlier, Porod's law is valid

only beyond the scattering vector corresponding to the second maxima

This implies that choosing the background intensity by one method over

the other would not affect Porod's analysis for these materials.

4.4.2 lnterdomain Spacings

After the background subtraction, the scattered intensities were plotted

as a function of the scattering vector. The results for the desmearedl

intensities are' plotted in Figure 4.17 for the four samples under

investigation. All curves show the zero angle intensity followed by a

maxima which corresponds to some form of ordered spacing in the

sample. At high angles all scattered intensities vanish. From this
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·figure it is clear that the position of the maxima is dependent on the

chemical composition of the material. The scattering vector

corresponding to the maxima was largest for the sample for which the

smallest PSX dligomer was employed. This indicates the 'd' spacing or

interdomain spacing (see equation (52)) is smallest for this material.

This is expected as the hard segment size has been kept constant and

any variation in the soft segment molecular weight would directly affect

the interdomain spacing. The scattering vector for the maxima was used

in Bragg's law and the values of the interdomain spacing were

calculated. These results are reported in Table lV.Vlll for both the

data obtained from the Kratky camera and the 10 m facility at ORNL. ln

general the 'd' spacings obtained from two instruments are in good

agreement with each other. From these results two conclusions can be

drawn. First, the data from ORNL is slightly smeared because the 'd'

spacings obtained from the ORNL 10 m system is consistently higher as _

compared to desmeared form of orginal data obtained by utilizing Kratky

camera. This is no doubt caused by the finite size of the pin hole size

employed in the instrument as mentioned earlier. Any desmearing of

ORNL data would shift the maxima to the higher angles (as is usually

observed on desmearing) and thus lower the 'd' spacing. Second, the

interdomain spacings are found to increase with the increase in the

molecular weight of the soft segment in between the hard domains. The

numbers listed in Table |V.Vlll can not be taken as a direct measure of

the true interdomain spacing. A more meaningful and correct value is

obtained from the correlation functions.
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In FIory's"‘ treatment of mean end-to·end distance for the two chain

ends, it was shown that this distance can be expressed as

<rä> = bnlz (62)

where n is the number of segments in the chain, I is the segment

length and b is a constant which expresses the flexibility of the chain

at the joints. ln the past, siloxane networks have been utilized as

model networks and shown to display a near gaussian behavior‘"
‘".

This behavior is the result of very weak intrasegmental Interaction and

a high degree of flexibility in the backbone chains"’
"‘°.

Due to the

small molecular weight of the soft segments and hydrogen bonding

present in these segmented copolymers, the soft segments were not

initially expected to behave in an ideal gaussian form. Nevertheless, in

order to see the extent of ideal behavior displayed by siloxane chains

in dilute segmented copolymers, the interdomain spacing was plotted

against the square root of the molecular weight. In terms of equation

(62) it is analogous to plotting
<r’>

against (n)1/2 (where n is the

number ~of Si-O bonds) because the number of segments in chain are

directly related its molecular weight. Such a plot is shown in Figure

4.18 from the data obtained by the Kratky camera and at ORNL. Both

sets of results show good agreement and give linear plots as predicted

from equation (62). The intercept is different for the two instruments

used and is primarily due to the smeared nature of the data obtained at

ORNL. Before any attempt is made to investigate the physical rationale

behind this non—zero intercept, correct interdomain spacings would have
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to be employed in preparation of such plots. Such spacings can be

obtained from the correlation function analysis and are now discussed.

The interdomain spacing were determined by the use of correlation

functions given in Eqs (10) and (11). A typical plot of the one and

three dimensional correlation function is shown in Figure 4.19 for

sample PSX-900-MDI. An existance of periodicity is indicated by the

presence of a maxima in the 1-dimensional correlation function. This can

be taken as a sign of the existance of a two phase morphology as

expected in these materials. The 3-dimensional correlation function does

not decay exponentially, indicating that the structure in the material is

not totally random as required by equation (12). However, the position

of the maxima was difficult to locate in a 3-D correlation function as

compared to its 1-D counterpart. The correlation distances or the

interdomain spacings from the 1-dimensional correlation function are

listed in Table lV.lX. Results from Tables |V.Vl|l and |V.lX justify

the assumption thatthe Lorentz correction is not required for these

materials. The respective interdomain spacing from correlation functions

are again found to increase with the molecular weight of the soft
U

siloxane segments employed in the synthesis.

The 1-_D correlation distances were then plotted as a function of the ~

square root of the molecular weight. This result is depicted in Figure

4.20. As observed previously, a linear correlation is obtained as

predicted by Flory's treatment. lt must be pointed out again here that

the low molecular weight siloxane chains may not be gaussian. _
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Noteworthy again is the observation that the intercept for this plot is

not zero. In light of the ideal behavior displayed by these materials a
I

physical explanation of this positive intercept is needed. From Figure

4.02 it is evident that if for an ideal case as the length of the soft

segment is reduced, the interdomain spacing would be' reduced

accordingly. In the limiting case, where the length of the soft

segments approaches zero, the extrapolated intercept would correspond

to the length of the hard segments in the material. The extrapolation is

the only technique which can be used here since gaussian approximation

will not be valid for molecular weights approaching zero. The intercept

from Figure 4.20 was determined to be 1.8 nm.

To determine what this number corresponds to in reality, the length of

a MDI unit with, or without, the end propyl groups was estimated. In

these calculations the bond lengths, bond angles and planar

arrangement of phenyl units were taken into consideration. The values

obtained were 1.2 nm for the MDI unit and 1.7 nm for the MDI unit

with extended propyl units attached at either ends. Thus the intercept
_

magnitude of 1.8 nm has significant meaning. If the correlation

distances obtained are assumed to be accurate and the use of mean

square end-to-end distance for the low molecular weight siloxane chains

is applicable, then the results can be_used to speculate on the nature

of propyl units separating the hard and the soft segments. The results

suggest that the propyl units attached at the ends of the siloxane

oligomers could be a part of the hard segment units and appear to be

present in the extended form. It is also possible that the propyl units
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may serve as the interfacial region between the hard and soft segments

owing to their intermediate electron densities.

The ratio

(63)

has been determined both theoretically and experimentally by Flory and

his coworkers""
‘"

for the poly (dimethysiloxane ) chains. They

determined the maginitude of the ratio to be 6.3. From this knowledge

it is possible to calculate the end-to-end distance for an unperturbed

siloxane chain of any reasonably high molecular weight. lt was

postulated that if the end-to—end distance for a given molecularweightwas

determined and the value 1.8 nm (intercept on correlation distance

vs (MW)1/2 plot) was added, then the sum should come close to the

correlation distance reported in Table lV.lX. The necessary

calculations were performed and the results are summarized in Table

lV.X along with the experimentally determined value of interdomain or

correlation distance. The procedure, although not very accurate in light

of the limitations discussed earlier, does provide good agreement

between the experimental and theoretical values and thus its

significance can not be overlooked. These results again appear to

indicate that propyl units act either as a fringe like region separating

the hard and softsegments.The

primary reason for this observed correlation can be attributed to

the chemical composition of the material itself. The low volume fraction
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of hard segments and the siloxane backbone forming the soft segments

are perhaps responsible for this behavior. The fact that the siloxane

chains are in equilibrium position within the copolymer can also explain

why no 'aging' effect was not observed at room temperature. It might

be more difficult to utilize this procedure in situations where either the

hard segment content is high or where the soft segments utilized have

significant intrasegmental interaction and have low soft segment

molecular weight. Indeed, recent SANS resultszzz have indicated that

the soft segments in a segmented polyurethane copolymer have a

slightly extended form as indicated by the differences in the radius of

gyration between the prepolymer and the copolymer.

4.4.3 Domain Size and Size Distribution ‘

U
To explore other ways to investigate the size of the hard segment

domains and their distribution, the integral and differential parameters

of the correlation function were obtained. These include determination

of Porod's coherence or correlation length, chord distribution function

along with the inhomogeneity length and the radius of gyration of the

dispersed particles.

The correlation length was determined by using equation (18) which

involves the numerical integration of the correlation function with

respect to r. The inhomogeneity length or chord length was estimated

by two different techniques. First, with the aid of equation (13) and

secondly with the aid of a Debye plot. In this plot 1//1 was plotted

against sz in accordance with equation (17). The inhomogeneity length
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could then be estimated by

slope é

lp = (Intercept 4112) (64)

The inhomogeneity length has been defined as the harmonic average of

the average chord lengths in phases 1 and 2 of a two phase system

(equation (16)) Knowing the volume fraction for each phase, these

chord lengths were calculated by using equations (14) and (15). All of

these five quantities are reported in Table |V.Xl. From these results

it is immediately clear that the values obtained are quite reasonable in

light of the size of the MDI unit discussed previously. lnterestingly,

there is an excellent agreement between the inhomogeneity length, lp,

obtained by two different techniques (column 3 8 4). A comparison of

inhomogeneity length and coherence length, IC, shows only some minor

differences. But it must be remembered that these two quantities are

valid for two entirely different situations. The development of the

inhomogeneity length assumes a dense dispersion of the hard phase.

The coherence length by Porod's analysis, on the other hand, considers

only a dilute system. Hence, Ip would indicate a correct value for a

dense system while IC would better represent a dilute system.

Consequently, the chord length of 0.8 nm represents the sample

PSX-3660-MDI which has about 6 % hard segment by weight. A chord

length of 1.5 nm would be more representative of a dense system

encountered in PSX·900-MDI. For a very dilute system excellent ,

agreement is obtained among lp, IC and I1 as indicated by
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equation (24). Here the subscript of 1 is chosen to represent the

dispersed phase. When the value of I2 in the last column is compared

with the interdomain spacings in Table lV.|X close agreement is

obtained for a dense system like PSX-900-MDI. For dilute systems like

PSX—3660-MDI, the disparities between lz and interdomain spacings

are large because, as indicated earlier, these parameters have a

physical significance only for a dense system.

The behavior of IC does warrant a special comment. As a function of

molecular weight, it is observed that the coherence length is the same

for' samples PSX-1770-MDI and PSX-3660-MDI. When the amount of hard

segments is increased in PSX-900-MDI and PSX-1140-MDI, the coherence

length is the same for both but increases in comparison to the other

two samples. This implies that the structural arrangement is similar for

PSX·1770-MDI and PSX-3660—MDI. This arrangement changes when the

hard segment content is increased but is approximately the same in

PSX-1140-MDI and PSX-900-MDI. A similar hypothesis can be made from

the results on the chord distribution functions discussed next.

The chord distribution functions were determined by the double

differentiation of the correlation function according to equation (23).

The results are presented in a normalized form in Figure 4.21. The

distribution functions indicate that the particle size distribution for

PSX—1770-MDI and PSX-3660·MDl is the same. For PSX-900-MDI and

PSX-1140-MDI the particles are slightly bigger but the distribution form

remains the same for both. These results can be explained rather easily
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if one accepts that there is a limiting number of hard segments that a

domain structure can have. This is especially true for the siloxane

based copolymers because of a much larger cross-sectional area of the

siloxane chains which form the backbone of the soft segments. When a

few hard segments get close together to form a domain, there is not

much strain on the bonds that connect the soft segments to the hard

ones. As the number of hard segments increases for a domain, owing to

the steric hinderance, the strain on the bonds can increase to such an

extent that soon a limit is reached when no more hard segments can

associate with this domain. This could also explain why the propyl units

may be present in an extended form.

With this hypothesis the chord distribution function results can be

viewed as follows. For PSX·3660-MDI the hard segment units are so few

that the limiting case mentioned above is never reached. The same

trend holds for PSX—l770-MDI where the number of domains has

increased to accommodate the increase in the hard segment content.

However, for PSX-“ll40·MDl the situation is reached where most of the

domains in the system are close to their limit. As more hard segments

are added in PSX—900—MD|, the increase in the number of hard

segments is accommodated by a further increase in the number of hard

domains. And all these domains have reached their limit for the number"

of hard segments they can have. This hypothesis amy help explain why

samples PSX—ll40-MDI and PSX—900-MDI have nearly an identical

distribution function.
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The radius of gyration was determined next to obtain the size of the

· dispersed particles. This quantity was determined by the method of

Guinier as well as that of Hosemann. The Guinier plots were drawn for

the samples and are shown in Figure 4.22. The initial slope on these

curves equals -Rgz/3. The Hosemann plot required to determine the

radius of gyration is given in Figure 4.23 for the sample PSX—3660-MDI.

The Rg can now be estimated by the application of equations (38) and

(39). The results on these calculated values of radius of gyration are

given in Table lV.X|l. Because of the error involved in the intensity

profile at zero angles, the determination of the slope was not

straightforward. This problem was reflected in the values of Rg

obtained by this method as is evident from column 1 of Table |V.XII.

These values are still in good agreement with the size of coherence and

inhomogeneity lengths in Table |V.XI.

The method of Hosemann could not be used for PSX·1140-MDI and

PSX-900-MDI because the term

— 1 .
m

is almost zero (see equation (38) ). For the other two samples, the

results for the radius of gyration are in excellent agreement with those

obtained by the method of Guinier. One additional conclusion can be

drawn from these results. Recall that for a polydisperse sample, the

Guinier technique provides a higher order average value of Rg ( see

equation (37) ). By Hosemann's method, only an arithmetic average

value is obtained. A close agreement for the Rg value by the two
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techniques indicates that the si;e distribution for the hard segments is

not large. The same conclusion was reached when the chord distribution

functions were discussed thereby suggesting that the Hosemann analysis

may be applied to these materials.
T

#.4.4 Diffuse Boundary Analysis

The presence of interfacial boundary region in these materialslwas

carried out in terms of the deviations from Porod's law (equations (42),

(58) and (59) ). The desmeared intensities were used to determine how

the product säl behaves at high values of the scattering vector s. lt

was of interest to see if a constant value for this product is attained.

lf the slope of this plot is negative, then the presence of diffuse phase

boundaries is indicated. The amount of the interfacial region would be

proportional to the magnitude of the negative slope and would be

determined more quantitatively by measuring interface thickness by

other methods. A positive slope is indicative of the presence of isolated

mixing of hard/soft segments in the domains. The intensity data has

been carefully treated so that the wide angle scattering and thermal

density fluctuations are completely removed.

The required Porod's plots for these siloxane urea copolymers are

shown in Figure 4.24. From these plots a very interesting behavior is

observed. For samples with high hard segment content (PSX-900-MDI

and PSX-ll40—MDl) there is a negative deviation present which can be

explained in terms of the diffuse boundary existance. For the sample

PSX-1770-MDI, where the hard segment content is lower, an near ideal
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Porod's behavior is observed. For an even more dilute system like

PSX—3660-MDI where only 6 % hard segments are present, a positive

deviation from Porod's behavior is observed. Does this ideal Porod's

behavior by PSX—'|770—MDl imply that no interfacial region or

intradomain mixing is present for this sample ? This question is

addressed below.

lt is true from the chemistry of these materials that the interfacial

region should to be small, if any, and may be present only because of

the intermediate electron desity for the n—propyl units. The only

remaining factor which can cause positive deviation is the isolated

mixing of one segment in the other phase. All other factors, which can

cause positive deviations have already been removed. To explain this

apparent Porod's behavior, the amount of interfacial region and mixed
'

hard segments are approximated on a volume basis for different

molecular weights. Remembering that isolated mixing of segments causes

a positive deviation and interfacial regions would result in negative

— deviation, the plot in Figure 4.25 is proposed. According to this plot,

at low molecular weights or, high hard segment content, the interfacial

region/volume is large and the mixed hard segments/volume is small.

Therefore, it is conceivable that the net result of these two opposing

behavior would appear as a negative deviation in Porod's behavior. For

sample PSX-l770—MDl the positive and negative deviations may be

present in equal magnitude and thus cancel each other. The result of

this is the display of psuedo ideal behavior. The sample

PSX—3660-MDI, where the hard segments are present in a very small
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amount, the mixed hard segment/volume would be expected to be large.

It is therefore possible, that the positive deviations are greater than

the negative deviations and a net positive deviations is observed.

Ophir and Wilkes"" have stated from their work that an interfacial

region can only serve as a relative parameter which is useful when

comparing similar materials. The results obtained on these siloxane urea

copolymers in this study help confirm this conclusion. However, from

Figure 4.25 it is clear that these 'similar materia|s' would have to be

essentially materials with similar hard segment content if a comparison

of the interfacial boundary thickness is to made. In other words, it

would not be correct to compare interfacial thickness for two vastly

different systems because the amount of positive deviations _from isolated

segmental mixing could be different. Therefore, interfacial thickness
A

comparison would be more meaningful for the same material which has

undergone different processing or thermal history. Similar conclusions

were reached by Ophir et al. from their work on segmented

poIyurethanes"".

The diffuse boundary thickness estimations were carried out next to

quantitatively compare the interfacial regions. As mentioned earlier, the

interfacial boundary gradient can be assumed to be either linear of

sigmoidal in shape as shown in Figure 4.09. The work by Helfand"°"

"" and other workers
’°

" have shown that the sigmoidal gradient is

most likely to occur. This has been proven correct on theoretical

grounds as well. Consequently, the sigmoidal gradient is assumed to
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hold for these siloxane-urea copolymers. The parameter o would thus

represent the magnitude of the interfacial thickness.

Various plots were prepared to calculate the interfacial boundary

thickness by Ruland, Bonart, Exponential, Koberstein and Roe's method

in accordance with Tables lV.lI and lV.lV. These plots appear in"

Figures 4.26, 4.27, 4.28, -4.29 and 4.30 for each case. With Ruland's

method, the plot of sl vs 1/sz did not show a negative intercept for

PSX—l770—MDl and PSX-3660—MDl. Hence, the interfacial thickness could

not be determined by this method for these two samples. Except by

Roe's method, the interfacial boundary thickness could not be estimated

for PSX-3660-MDI by any method as was expected from the Porod's

behavior in Figure 4.25. lt appears that there may be some averaging

problem involved with Roe's method and thus the interfacial thickness is

always overestimated. The fact that the data which shows positive

deviations in Porod's behavior gives a measurable boundary thickness

only by Roe's method appears to be a proof of this.

The magnitude of interfacial boundary thickness was estimated next

from the slope and the intercepts of the various plots as indicated in

Table IV.lV. The results of the interfacial parameter o are presented in

Table IV.XIll for all the methods considered. The qualitative variations
l

in c confirm the behavior observed from Porod's plot in Figure 4.25.

The interfacial thickness is the largest for the sample which has the

highest amount of hard segment content. Within the experimental error

the value of c obtained for PSX-900-MDI and PSX—ll40-MDI is quite
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close to each other as expected from the large hard segment content.

The amount of hard segment content for. these two samples is quite

close to each other. Any difference in c for these two samples can also

be associated with the differences in the molecular weight distribution

of the soft segments. This effect has been discussed by Peeb|es"" and

- its effects are mentioned by Ophir and Wilkes"". For the sample

PSX-1770—MD|, where a near ideal behavior was observed in Porod's

plot, the interfacial thickness obtained is very small. These values are

indicative of the effect of isolated segment mixing on the determination

of o. The value of interfacial thickness obtained for these siloxane·

_ urea copolymers are smaller than those reported in the literature for

segmented polyurethanes and block copolymers"" '°'.

Some of the plots used in the determination of c do not have a clearly

defined linear region from which the slope and the intercept can be

estimated. The choice of the region selected can affect the magnitude

for the interfacial parameter c. Therefore a check is required to make

sure that the correct regions were selected.

The consistency check comes from the recent work of Koberstein et a|"

"'. From the analytical solutions and the corresponding graphical

techniques, a plot as shown in Figure 4.31 can be prepared. Here, the

ratio cmeasured/ctrue is plotted for various methods used in the
interfacial thickness determination. lf this ratio for a given sample lies

on the indicated curve in Figure 4.31, then the choice of the region isU
justified. Since, otrue is not known, the value for the interfacial
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thickness parameter obtained by Koberstein's empirical_method was used .

instead. This self-consistency check was employed on the value of a

obtained by different techniques and the results are indicated on Figure

4.31. A close proximity of these calculated ratios to their respective

curves justifies the choice of the region selected in the determination of

interfacial boundary thickness.

4.4.5 Degree of Phase Separation

The ratio given in equation (30) was determined for all the samples

investigated in this study and the results are summarized in Table

|V.X|V. The results indicate that approximately 70 % degree of phase

separation is acheived for sample PSX-900-MDI and PSX-1140-MDI.

However, for sample PSX-1770-MDI and PSX-3660-MDI the ratio is found

to be higher than unity. To explain these results consider the errors
4

which are normally involved in the calculation of this ratio. The

determination of this ratio requires that the quantity Äßzc be known.

This quantity is estimated using the procedure described in the

Appendix and requires that the correct density of the corresponding

segments is known in the copolymer, ln most cases only the density of

the precursory materials is availiable which may not represent the true

density of the segments in the copolymer form. Furthermore, there is

no knowledge of the mass density at the interface when even the form

of the electron density gradient across the interface is not known.

This suggests that if the term EFC is overestimated, which would be

the usual case, then the ratio would be lower and would not represent
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the correct order present in the system. On the other hand, if hard

segment impurities are present in the soft matrix, then they would

contribute to the intensity profile as indicated by the positive

deviations from the ideal Porod's behavior. Hence the electron density

variance, EH! determined with the aid of equation (28) will be

accordingly larger. Therefore, it is conceivable that if a sufficient

amount of isolated hard segments are present in the soft phase, then

the ratio in equation (30) may actually turn out to be higher than unity

and will again represent an artifact of the true morphological order in V
the system. lt is therefore recommended that the use of electron

density variance to determine the degree of phase separation be limited

to only those cases where the isolated mixing of hard segments in_the

soft matrix either does not occur or is the same. Further, the degree

of phase separation determined from this approach should be used only

to qualitatively compare two different samples because of the limitations

discussed above.

As a final comment it must ·be added that all the morphological

information derived from the SAXS analyses on MDI based siloxane-urea

copolymers supports the morphological model proposed back in Chapter

3 (see Figure 3.35).
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4.5 CONCLUSIONS

A detailed SAXS analysis on segmented polydimethylsiloxane-urea linked _

copolymers provided some very significant findings. lt was observed

that owing perhaps to the high mobility of the soft segments and the

large cohesive energy density of the urea linkages, microdomain

formation could be observed for samples with as low as 6 96 hard

segment content by weight. This allowed the SAXS analysis to be

performed on materials which had approximately 6 to 30 96 hard segments

by weight and compare the results for the similar materials ranging

from dilute to dense two phase systems. The effect of this distribution

density was apparent when Porod's coherence length was compared with

the inhomogeneity length. The inhomogeneity length, valid for dense

systems, was found to represent the high hard segment materials

better. The coherence length defined for a dilute system, was in more

agreement with low hard segment materials.

As the hard segment length was kept constant in these materials, the

increase in the soft segment molecular weight was directly reflected in

the corresponding increase in interdomain spacing. The same results

were obtained for °d° spacing from Bragg's law and the position of the

first maxima in the correlation functions. A near ideal behavior

displayed by the soft PDMS chains allowed the indirect calculation of

the hard segment size from the Flory's treatment of end-to—end distance

for a flexible gaussian chain. The unperturbed dimension of the soft
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‘ segment were used to calculate the interdomain distances and were

found in surprisingly good agreement with the experimental values. The

size of the hard segments found from the radius of gyration, chord

Iengths etc. was found to be consistent with the numerical value

obtained by considering the bond Iengths and angles for MDI units.

The results also indicated that the propyl units attached to the ends of

the siloxane oligomers serve as either a part of the hard segments or

act as a fringe like region separating the hard and the soft segments.

The results further imply the the n—propyl units could be in an

extended form.

Even after the ·subtraction of the background intensity, as calculated

by different techniques, some positive deviation was observed in the

Porod's behavior for dilute systems. These deviations are attributed to

the presence of isolated mixing of one type of segments with the other.

The degree of such mixing or dilution by segments were found to be

related to the molecular weight of the soft segments and the hard
”

segment content. For a dilute two phase system with high molecular

weight of the soft segments, the mixing contribution was higher and

can be explained on probablistic arguments. These systems were also

found to display positive deviation from the Porod's behavior.

The amount of the interfacial boundalry thickness, based on the
I

sigmoidal model, obtained were small as expected. However, they were

not found to be equal. This was surprising if one considers that the

same hard segments were employed for all materials. It is speculated
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that the difference occurred because of different amount of mixed

segments and molecular weight distribution effects. The MWD effect on

interfacial thickness would be more severe for low molecular weight

oligomers. However this contribution is not a major factor in these
i

materials as compared to the effects of mixed segments. As one would

expect, the high hard segment content materials would have less

intradomain mixing and therefore less positive deviations present in

them. This rationale can be used to explain the close agreement between

the interfacial boundary thickness for PSX-900-MDI and PSX—ll40—MDI.

Based on the chemistry described here, the results of chord

distribution function indicate that 'a hard segment domain can not

continue to add an infinite number of hard segments. This seems

reasonable because of the steric hinderance and differences in the

cross—sectionaI areas of the two components. When this occurs a limiting

number is reached for the hard domain, and any more hard segments

have to form new domains or associate with domains which have not yet

reached their limit.
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APPENDIX
E

In order to determine the true electron density variance, it necessary

to know the chemical structure of the components and their mass

densities in order to first calculate the electron density corresponding

to each component. The procedure is as follows. From the known

chemical structure of the component calculate the molecular weight and

the total number of electrons present in that chemical structure. Let

them be M and n respectively. If p is the mass density of the

component in g/cm’ then the electron density for the component 1,

p1, can be given by :

p1 = (p x n)/M

V The units for the electron density determined in this manner would be

m-elec/cm’.

EXAMPLE

Determination of electron density for MDI

Molecular weight of MDI = 250.2572 g/mole

Number of electrons/MDI unit = 130

_ Density of MDI = 1.19 g/cm’ ‘

Therefore,

Electron density for MDI, p1 = 0.6182 m—elec/cm’

= 0.3723 elec/A’
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TABLE IV.I _
_ Forms of H2(s) for Pin-Ho1e Co11imation

Sigmoida1 exp(-4n2¤2s2)

Expanded Sigmoida1 (1 — 4n2c2s2)

Expanded Linear (1 -
%-¤2E2s2)
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TABLE IV. VII

WEIGHT AND VOLUME FRACTION OF THE HARD SEGMENTS**
(BASED ON MONEMERS AND OLIGOMERS)

MW PSX Weight Volume
<M¤> (96) (96)

900 22 27
1150 18 22
1770 12 14
2420 9 11
3660 6 7 _

** for Siloxane-urea Segmented Copo/ymers from MDI _
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TABLE IV.V|II

INTERDOMAIN SPACINGS (In nm) AS DETERMINED BY BRAGG'S LAW
USING PIN-HOLE AND SLIT COLLIMATION.

Samgle KRATKY ORNL

PSX 900 MDI 4.0 4.3
PSX 1140 MDI 4.2 4.4
PSX 1770 MDI V 4.6 4.9' PSX 2420 MDI -- 5.9
PSX 3660 MDI 5.8 6.1
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TABLE IV.IX

CORRELATION DISTANCES (in nm) AS DETERMINED
FROM THE FIRST MAXIMA OF K(x)

Samgle Corr. Distance Bragg Sgacing

PSX 900 MDI 3.7 4.0
PSX 1140 MDI 3.9 4.2
PSX 1770 MDI 4.2 4.6
PSX 3660 MDI 5.4 5.8
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TABLE |V.X

COMPARISON OF <r2> AND CORRELATION DISTANCE

<¤·2> = 6.3 nI2

where I = 0.164 nm

SAMPLE n <r2> Q<r2>)’+ 1.8 Corr. Distance

PSX 900 MDI 18 3.05 3.5 3.7
PSX 1140 MDI 24 4.07 3.8 3.9
PSX 1770 MDI 44 7.45 4.5 4.2
PSX 3660 MDI 94 15.9 5.8 5.4
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TABLE IV.XI

A RESULTS ON CHORD LENGTH ANALYSIS (nm)

* @Sample IC Ip Ip I1 I2

PSX 900 MDI 1.0 1.5 —- 1.5 4.1
PSX 1140 MDI 1.0 1.3 1.4 1.4 5.0 '
PSX 1770 MDI 0.8 1.0 1.0 1.2 7.1
PSX 3660 MDI 0.8 0.9 0.9 1.0 12.9

* calculated from Debye plot
@ calculated from 3-D correlation function
subscript 1 refers to the dispersed phase
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TABLE IV.XII

RADILIS OF GYRATION AS DETERMINED BY TWO
DIFFERENT APPROACHES

Samgle Guinier Hosemann

PSX 900 MDI 1.5 ——
PSX 1140 MDI 1.3 —-
PSX 1770 MDI 1.4 1.3
PSX 3660 MDI 1.4 1.4
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TABLE |V.X|V

DEGREE OF PHASE SEPARATION FROM VARIANCE CALCULATIONS

SAMPLEApäPSX-

900-MDI 0.70
PSX-1140-MDI 0.74
PSX-1770-MDI 1.02
PSX-3660-MDI 1.11
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Figure 4.12: Intensity profiles at various stages of data treatment as
indicated.
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Figure 4.13: Plots used for the graphical determination of background
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Figure 4.14: Plots used for the graphical determination of background
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. CHAPTER FIVE

MORPHOLOGY AND PROPERTIES OF SEGMENTED
POLYURETHANE-UREA COPOLYMERS

5.1 INTRODUCTION

In the past, numerous detailed studies have been carried out,

investigating the structure-property relationships in various segmented

polyurethanes. A wide variety of aromatic and aliphatic diisocynates

and low molecular weight diol or amine chain extenders have been

employed. The chain extenders commonly used for the hard segment

have about 2 to 12 carbon atoms. The soft segments have been

typically 1000 to 3000 molecular weight polyester, polyether or

polybutadiene polyols. A brief summary of the more common

polyurethane systems investigated thus far is shown in Table V.|.

From this list it is evident that hard segments formed by extending

methyl diphenyl diisocyanate (MDI) with 1, 4-butanediol (BD) have ‘

been the subject of many extensive investigations. In the segmented

polyurethanes, phase separation of the urethane hard segment into

microdomains, has been observed even when the segmental length is

relatively short. The primary driving force for domain formation is

the strong intermolecular interaction between the urethane units which

have some aromatic character and are capable of_forming interurethane

hydrogen bonds. Polyurethanes are not high temperature polymers and

cannot be used for continuous application at temperatures in excess of

100°C. At high temperatures, polyurethanes begin to degrade

thermally in an oxidative environment and lose their two phase

301



302

texture. Several workers have also observed the presence of

hydrogen bonding between the urethane NH groups and oxygen of the

macroglycol ether or ester |inkage'°’
"’.

This observation is consistent

with the postulate that some hard segments are dissolved in the soft
V

segment matrix phase or vice versa.

The incorporation of urea Iinkages in polyurethane hard segments has

a profound effect on the phase separation and domain structure of

polyester polyurethane-ureas (PEUU). This is due to the high polarity

differences between the hard and soft segments and the Iikely

development of a three dimensional urea hydrogen bonding network’ "

"". These urea Iinkages can be introduced °by allowing an isocyanate

group to react with an amine group. Owing to their improved

hydrogen bonding capability, good elastomeric behavior has been

observed in other urea linked segmented copolymers which contained

as low as 6 96 hard segment by weight
"‘ "‘.

As has been denoted within the literature, various polyurethane~urea

copolymers have been prepared and studied. Paik Sung et aI."
"‘

"
have described the properties of segmented PEUU's based on 2,

4-toluene diisocyanate (2,4 TDI), ethylenediamine (ED) and poly

(tetramethylene oxide) (PTMO). The morphological investigation by

SAXS has been carried out by Wilkes et a|." on these materials. In

contrast, Khransovskii'*’ studied the PEUU composed of PTMO,

2,4-TDI and 4,4°-diaminodiphenyl methane (DAM). The hard segments

formed in both these polyurethane—ureas are capable of only limited
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crystallization because of the unsymmetric structure of TDI units.

lshihara et al."
"‘

" have reported on the synthesis and behavior of

more crystallizable po|yurethane—ureas based on PTMO, MDI, and DAM.

A symmetric MDI/DAM hard segment would have better packing

efficiency than a TDI/DAM hard segment. As a result, much stronger

hard domains would be obtained with the former and the copolymer

would be expected to display a stronger mechanical response. As

compared to MDI/BD based polyurethanes, the thermal properties

would no doubt be enhanced because of the complete aromatic nature

of the hard segments. .

Unfortunately, the large thermodynamic incompatibility between the

hard and the soft segments also makes the synthesis and processing of

these segmented polyurethane-ureas very difficult. The problem also

arises because the reaction between amine and isocyanate groupsl

proceeds at a much faster rate than the reaction of isocyanate and

hydroxyl groups. In a one-step bulk polymerization, the high

reactivity of -NH2 and -NCO groups could result primarily in the

formation of a MDI/DAM copolymer which can prematurelyprecipitateout

of the reaction mixture. Some success is achieved when a strong

polar group is attached to the diamine component to slow down the

isocyanate-amine reaction e.g. MDI and 3, 3°-dichloro-4,
_

4'-diaminodiphenyl methane (MOCA). Use of the latter diamine has

been discontinued because of carcinogenic hazards. Solution

polymerization of PEUU°s is also possible when the reaction mixture is

maintained at low temperatures to control the -NH2/—NCO reaction. l
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However, the solution polymerization approach suffers from the

difficulty of obtaining a good common solvent for all the reaction

components. In brief, the choice of solvent clearly affects the degree

of polymerization and a weak polymer would be obtained if the

molecular weight of the segmented copolymer chains is low. -

Attempts have been made to synthesize the MDI/DAM based segmented

polyurethane-urea by addition of stoichiometric amounts of water to the

mixture of PTMO and excess MDI. Adding controlled amounts of water

would convert the excess MDI into DAM by the reaction scheme shown

in Figure 5.01. The water molecule causes the formation of the

unstable carbamic acid which decomposes further to yield DAM and

CO2 is given off in the process. This approach, although promising,

cannot been used effectively because water is immiscible with

polyethers. As a consequence, addition of water results in the

formation of water droplets and a copolymer with hetrogenous·

properties may thus be obtained. _.

Historically, in 1948, Saunders and S|ocombe‘°‘ reported that tertiary

alcohols dehydrate at reasonably high temperatures in the presence of

isocyanate groups. Although no mechanism was proposed, it is

postulated that a tertiary alcohol would give off water in the presence

of a weak acidic environment. Therefore, it is possible that

segmented polyurethane—ureas could be synthesizedl by taking

advantage of this dehydration reaction. Specifically, a mixture of

isocyanate capped polyether, diisocyanate and a tertiary alcohol, when
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heated under inert conditions, could result in the formation ofla

PEUU. This could result from the fact that the tertiary alcohol would

dehydrate and cause the formation of an amine group by the reaction

of isocyanate and water. Next, this amine unit would react with

isocyanate to serve as the chain extender for the MDI hard segments.

Thus, this scheme provides a novel approach to the synthesis of

segmented PEUU's as high molecular weight copolymers can be obtained

by a homogeneous in situ chain extension step involving essentially

two isocyanate groups. The water is introduced only
alt

the molecular .

levels and is consumed immediately in the amine formation.

Concentrated quantities of water in the form of droplets are avoided

and the resulting copolymers might be expected to display uniform
‘

properties.

Using this approach, novel segmented polyurethane-ureas have been

successfully prepared and some synthesis details have already been

reported". These copolymers are obtained by reacting PTMO and

excess MDI (or TDI) at high temperatures. Tertiary cumyl and dicumyl

alcohols (CA or DCA) were added for the purpose of providing the in

situ conversion of isocyanate groups. Two series of PEUU were

prepared using both tertiary lalcohols. The molecular weight of the

polyether macroglycol ranged from 650 to 2000. Each series of samples

contained three levels of hard segment content chosen to maintain a

comparable hard segment fraction.

In this study the goal is to investigate the structure-property
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relationships in these novel segmented poIyurethane·ureas. For this

purpose, it is desirable to determine how the mechanical and thermal

properties are affected with hard segment content, crystallization and

Iengthiof either segment. The chemical composition is, thus, used to

control the size, shape and the degree of order in these segmented

copolymers. Finally, these PEUU's with symmetric and aromatic hard

segments are compared with conventional PTMO/MDI/BD polyurethane

and other po|yurethane—ureas reported in the literature.
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5.2 MATERIALS

The synthesis of these noval segmented polyurethane-ureas was

carried out by B. Lee from Prof. J. E. McGrath's group at VPI 8 SU.

A brief summary of the reaction procedures are outlined below.

5.2.7 Synthesis of Polyurethcme—ureos

Segmented Polyurethane-urea copolymers were synthesized by a two

·step condensation reaction involving the prepolymer and 4-4'

diaminodiphenyl methylene (DAM) as chain extender. The prepolymers

were prepared by reacting poly (tetramethylene oxide) glycol

[DuPont's Teraco|®] with excess 4-4' diisocyanatodiphenyl methylene

(MDI) or a 80/20 mixture of 2,4 and 2,6 toluene diisocyanate (TDI)

[Mobay Chemical C0.]. Macroglycol of molecular weights 650, 1000,

2000 were employed and were dehydrated at 60°C under vacuum for 48

hours prior to use.

Tertiary dicumyl [Goodyear] or cumyl [Aldrich] alcohols were used to

carry out the necessary conversion of excess MDI to DAM according to

the scheme in Figure 5.01. Thus, these tertiary alcohols are not

directly involved in the chain extension step. The amount of excess

MDI _and the water generated by tertiary alcohols determines the hard

segment content in [the polyurethane-urea samples. The composition of

the various copolymers synthesized is listed in Table V.lI.

To carry out the reaction, required amounts of PTMO and MDI were
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charged into a N2 filled resin kettle. The mixture was continuously

stirred at 110°C for 1 hour. Tertiary alcohol was then added to the

mixture of prepolymer and excess MDI. The reaction was now allowed

~ to continue for another 4 hours at 150°C under inert conditions. At

temperatures below 150°C no significant change in the solution

viscosity was observed, indicating that the chain extension step cannot

be carried out in these low temperatures. However, at 150°C an
F

immediate increase in the solution viscosity was observed. The

reaction scheme for these novel polyurethane·urea elastomers is given

in Figure 5.02. This scheme also contains the proposed dehydration

mechanism for cumyl and dicumyl alcohols. From this mechanism, it is

clear that as compared to DCA, twice the amount of CA is required to

obtain the same quantity of water. The resulting copolymer was

extracted with THF for 24 hours to remove low molecular weight

impurities, if any. The final product was dried in a vacuum oven for

36 hours at 70°C. A clear polymer solution resulted when this polymer

was dissolved in DMAC at 120°C indicating that that no poly(MDl—urea)

was formed during the synthesis.

5.2.2 Film Preparation

Films of the segmented PEUU copolymer were prepared by compression

molding the dry material at 200 to 240°C and 10,000 psi. The

temperature was slightly higher when the hard segment was increased.

The material was first heated in the press for two to three minutes

and the pressure was then raised slowly. The film was kept in the
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press for about 5 minutes prior to its removal. After removal from

the press, all samples were immediately quenched to room temperature

and placed under vacuum in a dessicator until further testing. No

degradation of the materials at these high temperatures was observed

as all the films were transparant or translucent (for materials based on

2000 MW PTMO and MDI) after removal. The polyurethane-urea

obtained with 2000 molecular weight PTMO, MDI and CA is referred to

as PTMO—2000-MDI-31-CA, where 3'l represents the weight percent of

the hard segment. A similar nomenclature is employed for all other

samples.
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5.3 RESULTS ANDDISCUSSION5.3.1

Spectroscopic Analysis

In order to characterize the segmented copolymers and confirm the

formation of urea Iinkages, the infrared spectra were obtained from

the polymer films cast on KBr disks. The FT—lR spectra for sample

PTMO-2000-MDI-31-DCA is shown in Figure 5.03. Incorporation of urea

Iinkages was confirmed by the presence of an absorption peak at 1640

cm " which is attributed to the hydrogen bonded urea carbonyl.

Corresponding to this wavenumber, no absorption peak was observed

for PTMO-2000—MDI—31—BD (ESTANE®) material where urea groups are

absent. The IR spectra obtained on polymerization condensate,

collected from the sides of the reaction kettle, is presented in Figure

5.04 and indicates the presence of an olefine absorption in the

spectra. The absorption peaks appearing at 1640 cm " and 850 cm "
correspond to C=C stretching and =CH2 wagging respectively. For

comparison purposes, the IR spectra for a methyl styrene and cumyl

alcohol have also been included. These absorption peaks in the
l

polymerization condensate signify that the dehydration mechanism for

tertiary alcohols, proposed in Figure 5.02, is correct. _

5.3.2 Mechanical Analysis

The engineering stress-strain curves for segmented MDI based

polyurethane-ureas are shown in Figure 5.05 through Figure 5.07. All

curves are shown up to the fracture stress of the sample. The
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Young's modulus, ultimate tensile 'strength, and ultimate elongation

were determined from these results and are listed in Table V.lI| for

each sample. lt is well accepted that the tensile behavior for a

thermoplastic elastomer generally depends upon the size, shape and

concentration of the hard segments; intermolecular bonding within the

hard domains; and the molecular weight of the soft segments“ ". The

tensile behavior of these segmented copolymers establishes the
l

expected correlation with these parameters.

In Figure 5.05, the stress-strain behavior for materials with different

soft segment molecular weights but the same hard segment content are

shown. The results indicate that the Young's modulus and the tensile

strength in these samples increase as the hard segment length is

increased. This can be explained on the basis of the increase in the

hard segment length neccesary to maintain the same hard segment

content with increasing molecular weight of the soft segments.

Increasing the block length not only increases the aspect ratio of the

dispersed hard domains but also leads to a higher degree of order in
.

the hard domain since this results in more urea linkages per hard

segment unit. Although the sample PTMO—650—MDl—31·DCA has a higher

density of the hard segment units, the pseudo multifunctional cross-
'

links formed by the hard domains are shorter and Iikely weaker. As a

consequence of these poorly defined hard domains, the sample

PTMO-650-MDl-31-DCA exhibits lower mechanical strength.

l The stress-strain behavior for polyurethane-urea elastomers based on
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2000 molecular weight PTMO is shown in Figure 5.06 as a function of

increasing hard segment content. lt is indicated that the mechanical

response of these materials is strongly affected when hard segment

content is raised from 23.3 96 to 41 % by weight. The observed

behavior can be explained on the basis of the introduction of a higher

volume fraction of hard segments as well as a higher degree of order

in the hard domains. The higher modulus and tensile strength with

increasing hard segment content in these samples is also consistent

with their greater urea content which results in more cohesive hard

domains.
P

The results in Figure 5.07 are presented to bring out the effect of

varying intermolecular binding forces; hard segment symmetry or

shape; and finally the use of dicumyl vs. cumyl tertiary alcohol. All
l

four samples indicated in this figure have 31 % hard segment by

weight. A comparison among these curves indicates that the lowest

ultimate tensile strength is displayed by sample PTMO—2000-MDI-31-BD

. (ESTANE®). This sample differs from the rest in the sense that it

does not contain any urea linkages. Clearly, the weaker interdomain

secondary binding forces (see Table l.l) result in less cohesive hard

domains and may limit the development of a three dimensional hydrogen

bonding network. Phase separation is, no doubt, also affected and a

possible larger interfacial region and/or higher segmental mixing

present in ESTANE could be responsible for higher initial tensile

modulus. The lack of symmetry in the ESTANE hard domains (MDI/BD

vs. MDI/DAM) may also influence the tensile behavior as the packing
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of the hard segments would not be efficient either.

When cumyl alcohol is used instead of dicumyl alcohol to carry out in

sltu chain extension by water, dissimilarity between the mechanical

behavior of the corresponding copolymers is observed. This disparity

presumably is a consequence of the differences in the chain extension

step caused by the nature of the two tertiary alcohols involved. Since

two water molecules are, in principle, generated by a single DCA

molecule, the amount of DCA added was half the amount in comparison

to CA. Therefore, it is reasonable to assume that the water would be

generated more homogenously in the reaction mixture with CA as

A compared to DCA. This difference may affect the distribution or hard

segment length and would be narrower in the copolymer where CA is

employed. lt is also possible that the two identical electron donating

groups, present in the para positions of DCA, may hinder the release

of the first water molecule. The second water molecule would, of

course, be produced instantaneously after the first is generated

because of the unstability caused by the resulting different groups in

the para position. This delay in the dehydration may also lower the

degree of chain extension if the dehydration of DCA is not complete

when the reaction is stopped. Further research is being carried out at

present to confirm or disperove this hypothesis. In either case, it

appears that the copolymer prepared with DCA apparently has less

order in the hard domains and possibly a larger interfacial region

between the two phases due to a larger distribution in the hard

segment length. The SAXS results (discussed later) have also
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indicated that at the same hard segment content, the thickness of the

interfacial zone is larger in the copolymers when DCA is used for the

chain extension step. The differences in the mechanical properties,

observed for the two alcohols, is therefore an indication of the

differences in the chain extension step caused by these two reactants.

When the degree of chain extension is small (23.3 % hard segment by

· weight), the difference between the tensile properties of the

segmented copolymer prepared by the two tertiary alcohols is also

small.

The difference in the TDI and MDI based polyurethane-ureas,

however, is observed because of two reasons. First, for constant hard

segment content by weight, TDI based copolymers have a higher

concentration of urea Iinkages since the molecular weight of one TDI

unit is less than that of a MDI unit. Hence a stronger mechanical

response is obtained owing to' a higher degree of cohesiveness. The

second reason is interrelated with the dissimilarities observed in the

orientation behavior of the soft segment chains upon deformation for

the two representative copolymers. As will be discussed shortly, it

was found by WAXS analysis that strain induced crystallization of the

PTMO chains occurs at lower elongations for TDI based system as

compared to samples with equal weight percent of MDI hard segments.
1

An earlier onset of the crystallization in TDI system is also likely to

increase the stress level observed in the sample. The reasons for this

observed difference in the crystallization behavior will be discussed in

more detail when the the dynamic mechanical and WAXS results are
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presented.

In an attempt to correlate the stress-strain results to the structural

changes occuring during deformation, the tensile data for these

materials was plotted in terms of the well known Mooney-Rivlin

equation" " :
l

= 2Cl+ 262/A

in which 2C] and 2C2 are constants assumed to be independent of
elongation. These constants can be determined by plotting the

equilibrium stress in the form indicated by the L.H.S. of the above

equation against 1/X. From this plot ZC1 and 2C2 can be estimated

from the intercept and slope respectively. The first constant ZC1 is

related to the degree of the crosslinking in the material and

corresponds to the limiting modulus at large deformations. The term

2C.|*2C2, on the other hand, represents the modulus at small

deformations. The constant 2C2 has also been shown to be related
to the Iooseness with which the junction points are embedded in the

matrix“. Before these results are discussed it must be realized,

however, that strictly speaking this treatment is not truely valid as

equilibrium data were not utilized. Despite this limitation, the results

for the pseudo Mooney-Rivlin analysis are presented below only in

light of some interesting correlations obtained by this approach.

_ Figure 5.08 shows the Mooney-Rivlin plots for samples with different

PTMO molecular weight but having the same hard segment content. V
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The stress values used in this plot are not the equilibrium values, but _

since the samples indicated here have the same hard segmeht content,

a qualitative comparison can still be made from the results. The plots

indicate that 202 (slope) is nearly constant while 201 (intercept)

depends on the composition and increases with the molecular weight of

the soft segment employed. The results suggest that the degree of

effective domain formation increases as the molecular weight of the

PTMO Is increased. Even though the sample PTMO—650—MDl—31-CA has

a higher number density of the hard segments, the results indicate a

Iesser degree of domain effectiveness due possibily to smaller and

weaker domains. This would suggest that at low PTMO molecular

weight, more soft segments are dissolved in the hard domains and vice

versa which not only interferes with the hard segment packing but the

degree of domain formation as well. Cooper et al.", in their study on
l

PTMO/TDI/ED based polyurethane-ureas, reached a similar conclusion

based on the absence of a hard domain melting endotherm and IR

frequency shift of the H—bonded urea carbonyl.

The Mooney·Rivlin plots for samples based on 2000 molecular weight

PTMO in Figure 5.09 illustrate the effect of increasing hard segment

content. These plots were prepared by initially stretching the sample

by 75 % and then obtaining the stress-strain curves starting from the

undeformed state. This step was neccessary to eliminate as much of

entanglement effects as possible and help break up any continuity of

the hard phase which might be present in the system. The elongation .

ratio used for the analysis were based on the original sample length.
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In this case, a nearly constant intercept suggests that the-

crosslinking density is not affected significantly for these samples with

well defined domains. However, 2C2 depends greatly on the hard

segment content and is largest for samples with higher hard segment

content. From the.tensile results in Figure 5.06 it was observed that

the initial modulus was highest for the sample with highest hard

segment content and was explained on the basis of higher filler

effects-. If ZC1 is constant for these samples, then 2C2 would have
to be larger for samples with higher hard segment volume fraction so

that the sum of the two constants is in agreement with the modulus

observed in the tensile experiments. A comparison of similar plots for

TDI and MDI based segmented copolymers indicates that the upturn in

the plots takes place at lower elongations for TDI system. This

suggested that the strain induced crystallization may be occuring at

lower elongations for TDI based materials, an observation also

confirmed by x-ray diffraction experiments.
1

The stress relaxation behavior for these polyurethane-urea copolymers

was also investigated to illustrate the variations in the morphological

texture with composition and deformation. At 100 % elongation, the

results in Figure 5.10 show that the percent drop in the initial stress

with time is highest for the sample with the highest hard segment_
content. ,As suggested by Trick"‘ and Bonart" this suggests that

upon deformation, the domain morphology in the high hard segment

content sample is disrupted or deformed relatively on a larger scale.

Higher disruptions in the domain morphology for higher hard segment
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content material are directly related to more connectivity present in

the system. On the other hand, at constant hard segment content,

the normalized results in Figure 5.11 demonstrate that disruption in

domain morphology is least in copolymers where the lowest molecular ·

weight PTMO is employed. For higher molecular weight PTMO, the

domains are necessarily much longer and therefore are likely to

experience more disruptions in the domain morphology.

The normalized stress relaxation behavior in Figure 5.12 contrasts the

morphological difference between various polyurethane-ureas and

polyurethanes. At 100 96 elongation the results imply that the

disruption or rearrangement of domains is more for TDI based

copolymers as compared to those based on MDI. This again is caused

by the differences in the crystallization behavior of the soft segments

upon deformation as well as the differences in the urea group

concentration for these materials.

All stress relaxation curves for segmented poIyurethane—ureas

' elastomers above, indicate that for these copolymers, the stress

rapidly decays to a near equilibrium value in less than 20 minutes.

This again confirms the fact that we are dealing with a pseudo

network system where the hard domains are held together by highly

cohesive urea linkages. For MDI/BD based ESTANE polyurethanes, the '

near equilibrium value is attained after a much longer time interval

owing perhaps to the weakly held hard domains and a higher degree of

segmental mixing in the system.
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~For an (AB)n type multiphase system, it has been established that

the tensile hysteresis behavior has a strong correlation with the

domain morphology and phase composition’
‘° 'S SS S" S'. The

presence of hard domains in the structure increases the energy or

heat dissipation (hysteresis) capability of the material. It has been

suggested that a high level of hysteresis at small strains can result

from plastic deformation of semicrystalline or glassy structure within

the material and/or the disruption of interconnected hard segment

domains.

ln Figure 5.13 and 5.14, the tensile hysteresis behavior is shown as a

function of elongation under the cyclic loading conditions as described

in Chapter 2. Figure 5.13 presents the results for samples with

constant PTMO molecular weight but increasing hard segment content.

On the other hand the hard segment content is the same for samples V
in Figure 5.14 and the dependence on the molecular weight of PTMO is

demonstrated. lt appears from the two figures that for the range of

hard segment content considered in this study, a combination of hard

domain connectivity and a higher degree of order in the hard domain

of these materials causes the plastic deformation to occur at lower

strains. As a result, tensile hysteresis (in the time scale used) is

greater for samples with higher hard segment, content and lower where

hard segments are not well defined e.g. PTMO-650-MDl·31—DCA. The

rubbery behavior with high recovery observed at low hard segment

content and low molecular weight PTMO based copolymers points to the
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existance of a morphology consisting of many isolated hard domains

dispersed in an amorphous soft segment matrix.

For TDI based polyurethane-urea, the high plastic deformation of hard

domains and strain induced crystallization of the soft segments are

perhaps responsible for higher hysteresis as compared to MDI based

copolymers (see Figure 5.15). The‘results also show a lower

hysteresis at high elongations for ESTANE materials suggesting a

Iesser degree of order or "connectivity" in the hard domains.

Tensile permanent set, like hysteresis, is an indirect means of

denoting that the polymer has undergone a morphological change. The

permanent set behavior that results from cyclic deformation of the

segmented polyurethane-urea copolymers is shown in Figure 5.16

through 5.18. For all samples, an increase of either the hard segment

content (at constant soft segment molecular weight) or the block

length (at constant hard segment) leads to higher permanent set.

These results are consistent with the hysteresis behavior discussed

earlier. At higher hard segment length or content, the material

posseses‘more hard segment continuity. Upon deformation the domains

are disrupted, causing a change in the network configuration. The

mechanism of deformation involves high energy losses due to hard

segment orientation and irreversible disruption of the molecular

structure under stress resulting in higher permanent set. Sample

PTMO-2000-MDI~41-CA shows lower permanent set in comparison to TDI

based polyurethane-urea and MDI/BD based polyurethane (see Figure
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5.18). The difference observed is believed primarily due to different

hard domain structures and urea contents with the former and higher

degree of order in hard segment domains with the latter.

5.3.3 Dynamic Mechanical Analysis

To investigate the compositional dependence of the local side motion as

well as cooperated segmental motion which may exist in these

segmented polyurethane-urea copolymers, dynamic mechanical spectra

were obtained for these materials. lt was also of interest to determine

the mechanical and thermal properties in light of the role played by

the variety of hydrogen bonding possibilities in these materials.

Figures 5.19 to 5.21 show the overall dynamic behavior in terms of

storage (E') and loss (E") modulus as a function of temperature. Peak

positions in the E" and tan 6 (dissipation factor curve not shown)

curves are summarized in Table V.lV.

The dynamic mechanical results in Figure 5.19 demonstrate the effect

of hard segment content for a fixed molecular weight of the polyether

soft segment. A rubbery plateau, from the E' curves, is observed to
.

be composition dependent and extends to V200°C for 23.3 % hard

segment content material and near 300°C for the sample with 41 % hard

segment' content. The plateau modulus also increases upon increasing
V

the hard segment content in the sample. An increase in the order of

hard domains or in hard segment content results in the formation of a

stiffer material which is reflected in the E' behavior. lnterestingly,

the plateau modulus in these polyurethane-ureas is nearly one order of
V
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magnitude higher than that reported for a MDI/ED based PEUU with a

similar hard segment content". The loss modulus curves appear to be

· complex as a number of damping peaks (or shoulders) are obserevd.

Various relaxation behaviors, responsible for the origin of these

peaks, are discussed in the following sections. .

The secondary loss peak near -120°C is designated as the X

relaxation. The value for this peak has been reported to lie between

-130 and —100°C at 110 Hz by several workers" "
‘°

" " ". This

peak has been ascribed to the motion of methylene sequences. The

magnitude and location of these K peaks are found to be nearly

independent of the hard segment content. The X relaxation

temperatures observed in these copolymers are in excellent agreement

with the reported value (-120°C) for polyolefin systems. This

indirectly suggests that the degree of phase separation achieved in

these copolymers may be very high. This is expected because of·the

highly polar nature of the aromatic urea linkages that form the hard

segments in these copolymers. A closer inspection of this relaxation -

peak in Figure 5.19 reveals that this peak may be composed of two

separate peaks. The detection of the low temperature peak is difficult

as it only appears as a shoulder to the high temperature X relaxation

peak. Kajiyama and MacKnight" have also observed two Z peaks at

—140°C (X1) and -120°C (X2) at 110 Hz and interpreted these to

arise from motion of the (CH2) sequences.

The primary relaxation observed near -55°C in the dynamic mechanical
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spectra at 110 Hz for these copolymers is designated as the aa

relaxation and has been assigned to the glass transition temperature of

the soft segments" "
‘°.

The Tg for the homopolymer of PTMO has

been reported to be at —65°C at 100 Hz"‘. Higher values are observed

here because in these segmented copolymers the molecular weight of

the PTMO is perhaps much lower than for its homopolymer. The

intensity and location of the Ga peak is strongly dependent on the

chemical composition in the sample. An increase in the hard segment

content at constant prepolymer molecular weight broadens the Ga

relaxation and decreases the intensity of the peak associated with it.

This is accompanied by a shift of the peak temperature of the da

loss peak to a higher temperature. lt appears that the da relaxation
’

process involves motion within the amorphous portion of the flexible

prepolymer chains. Thus it may be inferred that increasing the

aromatic urea content will tend to restrict the motion of the prepolymer

phase and thus shift the da transition to a higher temperature.

On the high temperature side_ of the Ga peak, a mechanical

dispersion is indicated as a shoulder near 0°C. This transition is

designated as ac and is related to the melting of crystallites for the

soft segments. The melting point of PTMO homopolymer has been

reported to lie near 35°C"‘. The lower Tm of the soft segment

observed here is believed to be due to the lower molecular·weight of

the PTMO segments in these copolymers or to the formation of small

and/or imperfect crystallites.
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The existance of 6 relaxations in dynamic mechanical behavior has been

observed for conventional MDI/BD based polyurethanes and shown to

be associated with the hard segments of the copolymer"
‘°.

The first

6 relaxation near 80°C was ascribed to the annealing effects‘ associated

with the poor ordering in the hard domains. The high temperature ö'

relaxation near 200°C in dynamic mechanical spectra has been

attributed to the melting of the hard segment crystallites". For these ·

polyurethane-ureas copolymers the 6 relaxation is barely visible in the

loss modulus curve shown in Figure 5.19. This indicates that any

further ordering of the hard segments does not take place in 2000

molecular weight PTMO based copolymers. This is not surprising as

the hard domains are more cohesive in these copolymers due to the

presence of urea Iinkages and large thermodynamic incompatibilities
n

between the two segment types. One other relaxation is observed over

200°C and is dependent on the hard segment content. These

relaxations are assumed to be associated with the melting of the hard

segment microcrystallites with urea Iinkages and this dispersion is

designated as ö'. An endotherm at these temperatures was also

observed by DSC. The melting point of the MDI/DAM hard segment

has been reported to be 370°C“. The same Tm value has also been

observed in this laboratory.

Figure 5.20 shows the dynamic mechanical behavior of segmented
l

polyurethane—ureas as a function of the molecular weight of the

_ prepolymer. The results indicate that the aa transition shifts to

lower temperatures as the molecular weight of the soft segments is
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increased. This shift can be explained on the basis of longer, more

ordered and well defined domain structure which results when the

molecular weight of the macroglycol is increased at constant hard

segment content. The intensity of the Ga peak is also composition

dependent and decreases with increasing segment molecular weight.

This occurs because of the onset of crystallinity in the soft segments

as the molecular weight of PTMO is increased. For 650 and 1000

molecular weight prepolymer, the ac relaxation was not observed.

This is consistent with other observations that the soft segment blocksU
crystallize only when their molecular weight is in excess of 1000‘°.

Although higher hard/soft mixing present in these systems may also

prevent the crystallization of the soft segments. The 6 and ö'

relaxation peaks are indicated for these materials by a slight deflection

in the dynamic mechanical spectra. The X relaxations appear to be

molecular weight dependent as they shift to low temperatures for high ~

MW prepolymer based materials of the same hard segment content.

This may indicate a higher degree of segmental mixing as the molecular

weight of the soft segment is Iowered for the same hard segment

content.
_

The length and extent of the rubbery plateau is also shown to depend

on the molecular weight of the macroglycol employed. The plateau

niodulus is higher for samples where 2000 molecular weight soft

segments are utilized as compared to samples where the soft segment

molecular weight is lower. This behavior is attributed to the existance .

of less well defined domain structure when low molecular weight
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macroglycols are used. For high prepolymer molecular weight based

copolymers, better phase separation is obtained and enhanced physical

cross-linking and/or filler effects dominate the properties. As a

- consequence, the effective degree of domain formation is improved in

the high segment molecular weight materials. Additionally, for samples

with the same hard segment content, the concentration of urea groups

is higher for samples with higher molecular weight prepolymer whose

hydrogen bonding network improves intradomain cohesion.

Finally, in Figure 5.2I, the dynamic mechanical spectra of various

poly·urethane—ureas are presented and compared with MDI/BD based

polyurethanes. The Ga transition for TDI based samples is observed

at lower temperatures than that indicated by the MDI based copolymer.

This would suggest a better phase separation in TDI based materials

over MDI based counterpart where there may be more hard segments

dissolved in the soft matrix. This could also explain why the strain

induced crystallization begins at lower elonagtions for TDI based

systems as compared to MDI based copolymers as indicated by the

Mooney—Rivlin plots and WAXS patterns. Interestingly, the ac

relaxation is not observed in the TDI based PEUUs. It appears that

the asymmetric nature of the TDI hard segments prevents the cold

crystallization of the soft segments to take place.
”

For a MDI based

system, where the hard segments are likely to be present somewhat in

the form of bundles, the crystallization of the soft segments may also

be facilitated due to microstructural nuc/eation effects as discussed

earlier in Chapter 3. The rubbery plateau for TDI based copolymers
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is higher than the MDI based materials and can be explained on the

basis of higher urea concentration present in the TDI based

polyurethane-ureas at a constant hard segment content.

For MDI/BD based polyurethanes, the magnitude of the plateau

modulus is lowest as expected due to the absence of highly cohesive

urea groups in the hard domains. The rubbery plateau also extends

only up to l20°C in these polyurethanes. The da transition is

observed at higher temperatures implying that the phase separation is

not as complete in these copolymers. The ac relaxation associated

with the crystallization of soft blocks is also not in evidence.

However, a sharp 6 relaxation is present near 90°C as observed by

other workers"
‘°

implying the existance of a poorly ordered hard

domain structure. From these results it is evident that more cohesive

hard segments in PEUU materials impart higher hard segment melting

points and thus higher short term thermal stability as compared to

polyether polyurethanes of similar hard segment content. lnterestingly,

the K peak is slightly more intense in polyurethanes possibly

suggesting that the (CH2) units in the hard segments are also

involved in this relaxation, although their contribution appears to be

small.

5.3.4 Thermomechanical and Thermogravimetric Analysis —

The thermomechanical (TMA) spectrum was obtained for these

poIyurethane—ureas to observe the transitions associated with the hard

and soft segments. Figure 5.22 compares the TMA measurements of
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three representative copolymers with different hard segment content.

·The primary transition near —50°C is ascribed to the soft segment

glass transition. The hard segment transition is indicated to be

composition dependent and varies from 240 to 300°C as the hard

segment content is increased from 23.3 to 41 % by weight. The nature

and extent of the rubbery plateau varies depending on the hard

segment content and is higher for segmented copolymers with higher

hard segment content. The TMA response is also affected when the

molecular weight of the soft segment is varied for constant hard

segment content (see Figure 5.23). In Figure 5.24, the TDI and MDI

based polyurethane-ureas are compared with conventional

polyurethanes. One significant feature observed in the ESTANE

materials is their relatively low softening temperature (120°C). In

contrast, the strength and service temperature have been dramatically

improved with the incorporation of aromatic urea groups in

polyurethane·ureas. ln general, the results obtained from TMA

penetration curves are in agreement with the dynamic mechanical

' behavior discussed earlier.
l

Thermogravimetric analysis on these materials given in Figure 5.25

provide strong evidence of the improved thermal stability due likely to '

the existance of a 3-dimensional urea hydrogen bonding network as

well as the complete aromatic nature of the hard segments. The TGA

behavior was observed to be nearly independent of the composition and

hence only one curve is indicated for MDI based copolymers. These

materials exhibit strong thermal stability up to 300°C but lose 50 % of
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their weight by about 400°C. The thermal stability of TDI based PEUU

and MDI/BD based urethane is inferior in comparison to the MDI based

materials. This indicates that the instability of the hard domain itself

is responsible for the premature degradation in these materials. For

TDI hard segments, the thermal stability may be lower perhaps

because of the presence of the electron donating CH3 group attached l
to its aromatic ring.

(

5.3.5 Thermal Analysis

As discussed in the preceeding section, a number of different

transitions were observed with dynamic mechanical measurements. In

order to verify these transitions or relaxations, differential scanning

calorimetry (DSC) thermograms were obtained for these poIyurethane—

urea copolymers. This study also allowed the determination of

composition dependence of various transitions associated with hard and

soft segments. Table V.V presents a summary of low temperature DSC

results for the segmented copolymers of this study. Data on various

thermaI·events occurring in the component prepolymers are also

indicated in these tables. The transitions observed by DSC are in

good agreement with the aa, ac, ö and ö' relaxations observed in
_ dynamic mechanical spectras. No signs of the X relaxation were

indicated by the DSC thermograms but a transition associated with the

melting of the crytallites was observed in the thermal scans. Annealing

studies were also carried out to investigate the morphological changes

in segmented elastomers inducedl by annealing and quenching as a
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function of both time and temperature.

For unannealed samples, the low temperature thermograms contain the

transitions associated with the soft segments and are presented in

Figures 5.26 to 5.28. The thermograms in Figure 5.26 show the low

temperature transitions indicated by various copolymers with different

prepolymer molecular weight but the same hard segment content. For

2000 molecular weight based PEUU, the soft segment glass transition

occurs at —75°C and is followed by an in situ crystallization exotherm

near -40°C and melting endotherm at about 10°C. Crystallization and

melting transitions were not observed for the lower soft segment

molecular weight based materials. This is consistent with the general

observations that soft segment crystallization is not observed if the

material has a soft segment molecular weight of less than or equal to
' 1000. However, at low hard segment content, it is possible that a

reduced filler effect exerted by the hard domains or less mixing of

hard segments in the soft matrix may allow crystallization to take place

. if the soft segments are crystallizable.

For polyurethane—urea samples with 650 or 1000 molecular weight

PTMO, the glass transition was observed at -38 and -48°C

respectively. These Tg's are substantially higher than the glass

transition reported in Table V.V for pure PTMO (-84 and -82

respectively). This indicates either a significant amount of hard and

soft segment mixing or an existance of very small hard domains in the

soft matrix of these materials, the extent of which is determined by
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the length of both segments. In addition, the anchoring of soft

segments at the phase boundaries of a domain structure would also

raise the Tg due to the restrictions imposed by the interface coupling.

The width of the glass transition zone is also longer for low segment

molecular weight based copolymer suggesting a higher degree of mixing

between the hard and soft segments. The partial mixed segment

morphology indicated for samples with 650 or 1000 molecular weight

PTMO can be described byitwo models"". The first would consider the

presence of polyether segments in the hard domains and/or hard

segments dispersed in the polyether matrix. The second model

acknowledges the existance of a broad interfacial region between the

relatively pure hard and soft segment domains. The DSC and SAXS l
analyses (discussed later) on these materials seem to suggest a model

which combines the basic aspects of both models. However, Cooper's"

IR results on polyurethane-ureas have indicated that urea carbonyls

are completely hydrogen bonded. Thus, it seems unlikely that

individual hard segments are dissolved in the soft segment matrix
‘

although small hard domains could well be dissolved.

All DSC thermograms on copolymers with 2000 molecular weight PTMO

(see Figure 5.27) indicate the presence of crystallization and melting

transitions, following the glass transition. The presence of a melting

endotherm is observed as expected by virtue of the greater molecular

weight of soft segments involved. The crystallization exotherm is

observed because of the nature of the soft segment itself. At room

temperature, these segments are just above their melting point so that
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cooling below room temperature is effectively a melt quench to an

amorphous glassy state below Tg. When reheated, the soft segments

crystallize above their glass transition temperature.

From Table V.V and Figure 5.27, it is noted that for constant soft

segment molecular weight, the Tg of the soft segment increases with

hard segment content. This may suggest that an increase in the
A

aromatic urea content tends to restrict the motion of the soft segments

thus shifting the Tg to higher temperatures. However, the presence of

larger interfacial region in the high hard segment content material

would also raise the Tg. The SAXS results (discussed later) on these

materials tends to favor the second suggested explanation.

Interestingly, the DSC results in Figure 5.27 also reveal that a lower

glass transition also promotes a lower crystallization temperature (Tc).

The melting endotherms in these copolymers is observed tonbe shifted

to lower temperatures as the hard segment content is decreased. This

implies that the amount of hard segments present in the soft segment

matrix increases as the hard segment content is decreased. As more

hard segments are present in the soft matrix, the melting point would

be depressed because of a dilution effect. On comparing the areas

under the crystallization and melting peaks, it is found that the
”

difference is largest for the sample with the highest hard segment

content. These results indicates that the soft segments in the sample

with highest hard segment content crystallize faster due perhaps to

less hard segment impurities present in the matrix. When significant
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amounts of hard segment impurities are present in the matrix, as may

be the case for samples with lower hard segment content, then they

could interfere with the crystallization of the soft segments. As a

result whenithe sample is quickly quenched in the DSC, only a small

amount of soft segment would crystallize. Therefore it is hypothesized

that the difference between the areas under the crystallization and

melting peaks may be correlated to the purity of the soft phase.

The Tg exhibited by the 2000 molecular weight PTMO based materials

is much lower (near —75°C) as compared to samples with lower soft

segment molecular weight. This indicates that the mixing of the two

- segments is minimal when higher molecular weight polyethers are

employed and that the Tg value can also be used as an indication of

the relative purity of the soft segment regions.

From Figure 5.26 and 5.27 it appears that the Tg for polyurethane-

urea depends on the type of tertiary alcohol used to promote the chain

extension step. When DCA is used, the Tg is higher as compared for

materials where CA was utilized as the water doner. These results are

consistent with the differences observed in the mechanical behavior. In

DCA based PEUU°s, a less well ordered domain structure is obtained

probably because of a larger hard segment length distribution as

discussed earlier. DSC curves in Figure 5.28 suggest that hard

segment/soft segment mixing is also affected by the hard segment type

and the affinity of one segment for the other. For MDI/BD based

polyurethanes, a relatively high value of Tg is indicated implying the
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existance of large scale mixing of hard and soft segments. This mixing ‘

in conventional MDI/BD based polyurethanes may also, be caused by

higher compatibility between the two segment types as compared to

MDI/DAM based PEUU's.

While the sample PTMO—2000-MDI-31-CA displays the existance of both

crystalline and melting transitions, no such activity is observed in

PTMO-2000-TDl—3l-CA. The Tg of the soft segments in TDI based

materials is lower than MDI based materials suggesting a better phase

separation. It appears that the asymmetric configurations of TDI units

cause the the formation of random hard segment structure which

inhibits, but not necessarily eliminates, the crystallization of soft

segments.

The high temperature DSC thermograms, indicating the transitions
U

associated with the hard segments are shown in Figure 5.29. The

plots indicate that the high temperature activity in these materials is

affected by the composition of the sample. For materials with an high

order in the hard segment_ domains, the endotherms ascribed to the

dirruption of poorly ordered structure are nearly absent. These

samples also show a melting peak near 220°C perhaps corresponding to

the melting of small and imperfect hard segment crystallites. Multiple

endotherms were observed for low PTMO molecular weight based

materials, MDI/BD based polyurethanes, and TDI based PEUU's.

lnterestingly, these materials also did not show any crystallization

activity associated with the hsoft segments. This would indicate that
l
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greater segmental mixing, large interfacial region or other factors

which result in less well ordered domain structures are responsible for

the existance of short and long range ordering endotherms and may

prevent soft segment crystallization.

To study the-effects of annealing temperatures on the endotherms

associated with the disruption of short and long range ordering in the

hard domains, various DSC scans were obtained for sample

PTMO·650—MDl·31—DCA and are presented in Figure 5.30. The first

scan shows a broad endotherm around 80°C which is followed by a

smaller endotherm near 140°C. The second scan, taken immediatly

afterwards, did not show the presence of the low temperature

endotherm while the high temperature endotherm was still observed.

After annealing the same sample in vacuum at 25°C for 5 hours, the

third scan shows that the low temperature endotherm begins to appear

again. Finally, this sample was annealed at 120°C for 5 hours and the

l fourth scan wa_s taken. In this thermogram, the low temperature

endotherm was observed to be shifted to a higher temperature (120°C)

while the high temperature endotherm is much sharper. These results

are in agreement with an already well established observation that

annealing and other thermal treatments at various temperatures can

alter the order in the hard segment domains in samples where well
‘

ordered morphology does not exist.

The DSC scans, indicated in Figure 5.31, were also obtained for two

polyurea systems which form the hard segments in the MDI based
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copolymers. These polyureas were obtained by reacting MDI with DAM

at low temperatures for 2 hours or MDI with CA at high temperatures

(l50°C) for I5 hours. For both materials a Tm is observed at about

370°C. The same melting temperature has also been reported for ·

MDI/DAM polyureas by Ishihara et al.“. A heat of fusion of IIO

cal/gm was determined for the MDI/DAM based polyureas assuming no

degradation of the sample. For MDI/CA based polyureas, a lower heat

of fusion is observed because a completly crystalline structure is not
I

obtained. This hypothesis is confirmed by the existance of glass and

crystallization transitions in the thermograms. Partially amorphous

polyureas are obtained because the material Iikely undergoes some

cross—linking via biuret ‘formation during synthesis at high

temperatures. A diffuse amorphous halo was also observed in the

powder diffraction patterns obtained for the MDI/CA polyurea. The

high Tm and AHm are, no doubt, responsible for the well defined

crystalline structure which is formed mainly through hydrogen bonding

and the van der WaaI's interaction of aromatic rings. The presence of
I

strong and high temperature melting hard domains in these

po|yurethane·ureas is also responsible for the their superior

mechanical properties and high temperature performance in comparison

to diol extended conventional polyurethanes.

5.3.6 Wide-angle X-ray Diffraction

The differences in the onset of strain induced crystallization behavior

of MDI and TDI based polyurethane-ureas copolymers was investigated
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_ with the aid of the wide-angle x-ray diffraction technique. Powder

diffraction patterns were obtained from the representative copolymers

at various elongations, some of which are shown in Figure 5.32. In

the undeformed state, both samples show an isotropic arrangement of

the amorphous segments and only a broad diffuse halo is observed.

At higher elongations the anisotropy in the sample is indicated by the

azmuthal dependence of the diffraction patterns. When strain induced

crystallization of the soft segments occurs, the reflections

corresponding to the oriented crystallites may be observed as spots in

the equatorial direction. For MDI based PEUU's these spots are

observed when the sample elongation is more than 300 %. The TDI

based system, however, develops these spots at only 110% elongation.

This indicates that for MDI based copolymers, the phenomenon of

strain induced crystallization takes place at a much higher elongation

than the TDI based materials. The reason for this unusual behavior

may Iierin the asymmetric configuration of of the TDI hard segments.
4

lt may appear that WAXD results are in direct conflict with the DSC
i

and dynamic mechanical results discussed earlier. Those results had

suggested that although the soft phase in TDI based copolymers was

more pure as compared to the MDI based materials, the random hard

segment structures developed by the asymmetric TDI units may have

been responsible for the absence of cold crytallization behavior. If

more hard segments impurities are present in the soft matrix for MDI

based materials, then on deformation the soft segment chains are likely

to experiance less orientation effects as compared to TDI based
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materials. Therefore MDI based PEUU's would show strain induced

crytallization at a much higher overall elongation in contrast to the

TDI based systems.

ln order to establish the hard segment crystal structure, the

diffraction patterns for the polyureas were obtained and analyzed.

These x·ray reflections are shown in‘ Figure 5.33. The hard segment

crystalline structure, obtained from the tertiary alcohol, indicates the

presence of amorphous regions as a diffuse halo is observed in the

diffraction pattern. This diffuse ring is not present in the diffraction

pattern for MDI/DAM hard segment crystalline structure. The first

polyurea had also indicated the presence of a glass transition by DSC

whereas this transition was not observed for the MDI/DAM based

polyureas. lt has been reported by Ishihara et al. that the wide-

angle diffraction patterns for the polyMDl hard segments with urea

groups contain two primary reflections, which are designated as M1

and
M2"‘

" ". The M2 reflection is caused by the [100] Iattice

plane and corresponds to the diffraction plane with a 0.422 nm Iattice

spacing. This Iattice spacing is associated with the plane of formation

of hydrogen bonding in the urea groups. The second reflection,

M1, is less intense than M2 and is caused by the [021] Iattice

plane. The reflections obtained in the diffraction pattern were

indexed with the Iattice planes of the reported monoclinic unit cell :

a=0.472 nm; b=0.11.33 nm; c=11.64; ö=116.5°". The indexing of

observed reflections from various Iattice planes is summarized in Table

V.VI. Schematic projections of this proposed MDI hard segment crystal
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structure is reproduced in Figure 5.34.

5.3.7 Small-angle X—r·ay Analysis

In order to more directly determine the differences in the structural

arrangement as a function of sample composition, the morphology in

these segmented polyurethane-urea copolymers was investigated via

small-angle x-ray scattering. To accomplish this, the interdomain

spacing, interfacial boundary thickness and extent of segmental mixing

were determined as a function of composition variables. The analysis

of small—ang|e x-ray scattering data is relatively staightforward and

detailed information on the determination of various morphological

parameters has been discussed elsewhere“—" as well as in Chapter 4.

The slit smeared x-ray data was obtained on a Kratky small angle

camera and subsequently corrected for parasitic and background

(thermal) scattering. The resulting x-ray scattering profiles for these

polyurethane—urea copolymers appear in Figure 5.35 and 5.36. All

curves show the presence of a shoulder or maxima followed by a

gradual falloff in the intensity. The location of the maxima (or
U

shoulder) depends on the composition and appears at higher angles

when either hard segment content (at constant soft segment molecular

weight) or soft segment length (at same hard segment content) are
i

reduced. Peaks are indicated in place of a shoulder when the hard

segment content for a high prepolymer molecular weight material is

increased. The breadth of the scattered intensity profile is also

larger for lower segment molecular weight materials suggesting a larger
n
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distribution of domain sizes and interdomain spacings. For

PTMO—2000-MD|—41-CA the scattering profile is rather sharp indicating

· a narrow distribution of interdomain spacings. The same trends are

seen in Figure 5.37 for the collimation corrected intensity profiles as

well. For sample PTMO-650-MDI-31-CA, the lack of a distinct phase

separated structure causes the scattered intensity to be lower and the

position of the shoulder is also not well defined. The mixing of the

two different segments apparently Ieads to the lowering of the mean

square electron density fluctuation in the system and the scattered

intensity is lower as a result of lower electron density contrast. This

causes a large statistical error to be present in the intensity profile

and presents problems during data analysis.

The interdomain spacing or d·spacings were determined from the

location of the peak in the collimation corrected intensity profiles using
l

Bragg's law and are listed in Table V.VIl. Values of the interdomain

spacing were also determined by a correlation function anal_ysis. The

one dimensional correlation functions are presented in Figure 5.38 for —

several of the PEUU copolymers. The values of the interdomain spacing

obtained by the two approaches are in close agreement with each

other. The results indicate that the interdomain spacing is affected by

changes in the composition as would be expected. For example, sample

PTMO-2000·MDl—23·CA displays a spacing of 11 nm while a value of

12.5 nm is observed for PTMO-2000-MDl—31—CA. At constant hard

segment content of 31 percent by weight, the interdomain spacing

increases from 9.2 to 12 nm as the molecular weight of the soft
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segment is increas·ed from 1000 to 2000 respectively. As theumolecular

weight of the soft segment is increased, the hard segment length also

increases at constant hard segment content and as a result, not only

the order in hard segment domains is increased, but the interdomain

spacing increases as well. The d—spacing increases as well when the

higher molecular weight polyethers are employed. These results along

with the morphological insight obtained from other techniques, indicate

that hard segment ordering is reflected in the values of the

interdomain spacing.
1 I

It has been suggested by Porod that for an ideal two phase system,

the desmeared scattered intensity at high angles varies with the A
reciprocal fourth power of the scattering vector. A reciprocal third

power dependence is observed when slit smeared data is used. This

implies that the product l.s" or l.s’ reaches a constant value at large

angles for collimation corrected and slit smeared scattered intensities

respectively. The variable s is called the scattering vector and is

related to the angle of observation of the scattered intensity from the

center of the beam. A negative slope in a plot of
l.s’

vs sz indicates

the existance of diffuse phase boundaries. The Porod plots for these

segmented PEUU copolymers are shown in Figure 5.39. All but one

sample indicated the presence of a diffuse two phase structure in the

materials. The TDI based copolymers, however, display a near zero

slope which is indicative of sharp phase boundaries. This observation

is consistent with the DSC results where the same copolymer showed

the lowest Tg for the soft segments. However, these results only
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indicate that the thickness of the interfacial zone present in the

material may be small and does not rule out the solubilization of one

component in other. An estimate of the thickness of the diffuse

interfacial boundaries, as indicated by the negative slopes, can be

determined by various graphical methods as described in Chapter 4.

A detailed investigation of the diffuse boundary thickness was carried

out using the slit smeared scattered intensities. The interfacial
l

thickness parameter, o, (as discussed in Chapter 4) was estimated by

several graphical procedures and the results are reported in Table

V.V|ll. The value of o is related to the interfacial boundary thickness

assuming a sigmoidal gradient of electron density across the interface.

The results for interfacial thickness parameters are comparable with

_ previously reported values of c for segmented polyether

po|yurethanes" ". lnterestingly, the diffuse boundary zone is found

to be larger for samples containing the higher hard segment content.

A comparison of the interfacial boundary thicknesses for copolymers

prepared with CA and DCA shows that more interfacial region is

present in copolymers prepared with the Iatter. This result is

consistent with the earlier rationalization and differences in thermal

and mechanical properties observed for the two copolymers. However,

at constant hard segment content, the interfacial thickness determined

for low molecular weight PTMO is smaller in comparison to materials
C

based on higher soft segment molecular weight. This result would

„ appear to be in direct conflict with most observations which indicate

' better phase separation for cases where longer segments are employed.
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First it must be clarified that a larger thickness of the interfacial

regions does not necessarily point to a poor phase separation or a

higher degree of segmental mixing in the material. The parameter

indicating the degree of phase separation is primarily dictated by the

relative Iengths of the hard and the soft segments. For example, a

sample A where the interfacial thickness is small, the fraction of the .

interfacial region could be large as compared to another sample B

which may have higher interfacial thichness but the fraction of the

interfacial region is small. The sample B, in such a case, would show

a better overall degree of phase separation as compared to sample A.

The reason for this unexpected observation may also lie in the _

molecular arrangement of the copolymer chains obtained with low

molecular weight prepolymer. Recall that the Mooney-Rivlin analysis for

these segmented copolymers had indicated that even at the same hard

segment content, the effective degree of domain formation in the

material decreases with PTMO molecular weight. lt was assumed to

indicate that some hard segments were solublized in the soft segment

matrix. It has been shown that the presence of this type of

intrasegmental mixing would cause a positive deviation in the Porod's

plot". If this is true then the obtained value of c is an artifact

representing the net result of two opposing phenomena. Based on

_ these arguments, it can also be explained why polyurethane elastomers

show lowerlinterfacial thickness by x-ray analysis as compared to

these PEUU elastomers, despite repeated observations by other

techniques that polyether polyurethanes are not as well phase
4
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separated in comparison. However, even if the observed interfacial

boundary thicknesses are correct, these values do not give any direct

indication of the degree of phase separation. A better indication of

the degree of phase separation is obtained by the determination of the

electron density variance.

Electron density variance was estimated from the scattering intensity

profiles corrected for background scattering as indicated elsewhere"
°’:.

These variance or mean square electron density fluctuations, E:,

can provide valuable insight into the state and degree of phase

separation as shown by Bonart"
"‘.

The ratio:‘

E2
on a semi—quantitative basis, reflects the overall degree of phase

separation. A value of unity obtained for the ratio indicates a

completely phase separated material while a lower value would indicate

an appreciable amount of segmental mixing. The term EC: is the

electron density variance for an ideal two phase system. This ideal

variance in electron density can be calculated from the knowledge of

the chemical composition and mass density of the component phase by

assuming complete phase separation with sharp p_hase boundaries. The

results of the electron density variance obtained for different

copolymers, is presented in Table V.lX. ln all cases, the E:' is

smaller than the ideal variance EC:. This indicates that some phase

mixing is present in all samples. The ratio of the two variance were
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also determined and reported in the last columns of Table V.lX. The

degree of phase separation, as indicated by this ratio, Is found to be

higher for copolymers with higher hard segment content. When

presented in this fashion, even the sample PTMO-1000-MDI-31-DCA

indicates a less phase separated structure in comparison to

PTMO—2000—MD|—3I—DCA. Polyether polyurethane based on MDI/BD

(ESTANE ®), which had indicated a smaller interfacial thickness,

shows a considerable amount of mixing between the two segment types.

Interestingly, the overall degree of phase separation obtained for TDI

based PEUU copolymer is slightly smaller in comparison to its MDI

based counterpart. This would suggest that the hard domains of the

TDI based materials are not relatively pure and some soft segments

may be trapped inside. The asymmetric configuration of the TDI hard

segment could easily accomplish this while still maintaining a sharp

Interface. large endotherm observed in DSC for TDI hard segments

also offers support to this rationalization. In general, a good

correlation can be found between the degree of phase separation as

determined by x-ray analysis and mechanical and thermal

characteristics observed earlier. However, the results for the overall

degree of phase separation are subject to some Iimitations as discussed

in Chapter 4 and thus should only be used for qualitative comparison

only. ‘

5.3.8 Proposed Model

On the basis of morphological Insight obtained from mechanical,
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thermal, dynamic mechanical and x—ray techniques, a morphological

· model is proposed to describe the molecular arrangement of segments

to form a two phase structure. The schematic representation of the

proposed model is depicted in Figure 5.40. Although each hard

segment will have a zig—zag conformation because MDI molecules are

bent, they are presented as being linear for simplicity. In many

respects this model has common features with the original model

proposed by Bonart for polyurethanes. However, this model

acknowledges the presence of a diffuse boundary at the interface and

shows that the overall degree of phase separation and interdomain ·

boundary thickness are complementary and not synonymous. Only

through the determination of both of these parameters, a better

picture of the molecular arrangement in segmented copolymers can be

obtained. The model indicates that the degree of phase separation is

primarily determined by the relative Iengths of the two segments.

Isolated hard segments or small hard domains are shown to be present

in the soft segment matrix and their concentration is likely to be

° higher in lower soft segment molecular weight materials (at constant
I

hard segment content) and in lower hard content materials (at constant

PTMO molecular weight). On a three dimensional level, it is indicated

that some soft segment chains may be trapped inside the hard domain.

The amount of hard domain dilution by soft segments would be, no

doubt, determined by the shape and nature of the hard segment itself

and is more likely to occur if the hard segment length is large. This

model can explain why the Tg of soft segments is higher in low
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prepolymer molecular weight samples even when the effective interfacial

boundary thickness, obtained from deviations from Porod's law, is

lower.
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5.4 CONCLUSIONS

lt was shown that it is possible to synthesize 'water extended'

polyurethane—ureas by utilizing the dehydration characteristics of

ß tertiary alcohols at a sufficiently high temperature in weak acidic

medium. Mechanical, thermal, dynamic mechanical and x-ray

experiments were carried out to characterize the morphology and

properties of polyether poIyurethane—urea copolymers of systematically

varying hard segment content, soft segment molecular weight, block

length and hard segment type. The results obtained for these

materials were compared with those from conventional polyurethanes to

investigate the effect of intermolecular hard bonding on molecular

arrangement.

The tensile behavior was observed to depend primarily on the degree

of order in the hard domains. It was shown that this order can be

improved by increasing either the hard segment content at constant

molecular weight of the soft segment or soft segment molecular weight

at the same hard segment content. Both approaches increase the

concentration of urea Iinkages in the material and hence the tensile

properties. In addition to the differences in the orientation behavior,

the TDI based materials were stronger·than those based on MDI

because of higher urea content at the same hard segment content.

This suggests that the cohesion in hard segment domains is improved

through the formation of 3-dimensional urea hydrogen bonding in the
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polyurethane-urea copolymers. The filler effects are enhanced as well

because of higher hard segment content. Pseudo Mooney—Rivlin

analysis indicated that at the same hard segment content, the effective

degree of domain formation _is reduced for lower molecular weight soft

segments. This is certainly caused by the smaller hard domains formed

in the material with low urea group concentration and lower effective

degree of domain formation caused by the solubilization of these small

hard domains in the soft matrix. At comparable hard segment content,

all materials indicated superior mechanical strength over polyether

polyurethanes chain extended with butanediol.

Stress relaxation, permanent set and hysteresis results on these

materials indicated that the hard domain connectivity influences the

plastic deformation to occur at lower deformations. Although some

contribution can also come as a result of a higher degree of order in

the hard domains. From these results, a transition of morphology

from interconnected hard domains to isolated hard domains in soft

segment matrix was observed as a result of decreasing hard segment

content.

From dynamic mechanical measurements on these copolymers, the extent

and nature of the rubbery plateau was shown to be composition

dependent. The results also indicated a higher degree of phase

separation in the samples when order in the hard segment domains was

increased by altering the composition. As many as five different types

of relaxation mechanisms were observed over a wide temperature
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range. The 6 relaxation associated with annealing effects was not

observed when the concentration of urea Iinkages was increased. TMA

and TGA results also supported the earlier conclusions drawn from the '

mechanical and dynamic mechanical studies. Introduction of polar urea

segments were shown to enhance the thermal stability of these

materials.

Good agreement with dynamic mechanical measurements was observed

for DSC results as well. The glass transition temperature was

determined to be lower when either the molecular weight of the soft

segment was increased or hard segment content was decreased. The

location of the soft segment Tg was shown to be correlated with the

crystallization and melting temperatures as well. DSC activity in the

sample also provided the correlation between the degree of phase

separation and higher mechanical strength. The short and long order

endotherms, associatedwith hard segments were also observed to be

pronounced for samples which did not show soft segment crystallinity

as a result of low molecular weight or higher segmental mixing.

Differences in strain induced crystalline behavior were observed for

MDI vs TDI based hard segments in the copolymers by wide angle x-

ray diffraction. The small-angle x-ray results provided valuable
° insight to the morphological architecture of the materials. Values of

interdomain spacing were shown to reflect the extent of hard segment

ordering in the sample. Except for the TDI based system, negative

deviations from Porod°s law were observed and the thickness of the



351

interfacial zone was estimated based on these deviations. Calculation of

the SAXS invariant was used to examine the overall degree of phase

separation in the sample and was found to be consistent with earlier

observations. Finally, from all this morphological information, a model

for the two phase microdomain structure was proposed for segmented

_~ copolymers .
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TABLE v.1

$0ME OF THE STUDTES 0M POLYURETHANES REPORTED IN THE LITERATURE

SYSTEM INVESTIGATORS

PTMO/MDI/BD G. wilkesl, Koutskyz, C1ough3, Cooper4’5

PTMA/M¤1/Bo 6. wilkes1’6’7, c. w11kes8, Koutskyz
PMTO/MDI/EDA,PDA,HH,DAM Bonart9’1o’11’12, xsn1Haral3·1‘·15, Present study
PTMO,PBA/TDI/BD Schneiderlö

PB/TDI/HD,HPA Lagasse17’18
PTMO/Piperazine/BD* Hawelllg, 6. Ni1kes20'21’22

PTMO,PCP/TODI/BD Lagasseu 4

PTMO/TDI/ED s¤¤g23·2°·25, Hilkeszö
PTMO/MDI/ED Cooper27

PCP/MDI/BD seefr1ed28·2°·3°·31
pro-Eo/Mur/B0 scnneideraz, Th0mas35
PO/MDI/EO _ Aggarwa134

PEA/HBI,MDI,TDI,NDI onderas
PEA/MDI/BD M111er3°, Bonart9'10°l1‘l2

PEA/MDI/BD,MOCA . N1erzwicki37

BBA/Mur/Bo Clougha, Cooper4‘38'39'40, M1T1er‘1
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TABLE V.VI

INDEXING OF REFLECTIONS OBSERVED IN WAXD

Ihkl] Spacing (nm)

[100] 0.428
[021] 0.469
[111] 0.330
[001] 1.170
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Figure 5.01: Conversion of MDI units into DAM by the action of water.
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Figure 5.04: lnfra-red spectra for a methyl styrene, cumyl alcohol and
the polymerization condensate.
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Figure 5.05: Stress-Strain curves for various samples indicating the
dependence on the soft segment molecular weight. (1)
PTMO-2000-MDI-31·DCA, (2) PTMO-1000-MDI·31-DCA,
and (3) PTMO-650—MDI—31-DCA.
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Figure 5.06: Stress—Strain curves showing the effect of hard segment
content on the tensile behavior. (1)
PTMO-2000—MDl-41-CA, (2) PTMO-2000-MDI-31-CA, and __ (3) PTMO-2000-MDI-23.3~CA.
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Figure 5.07: Stress-Strain behavior for various samples. (l)
PTMO-2000-TDI-31-CA, (2) PTMO-2000-MDI-31-CA, (3)
PTMO-2000-MDI·31—DCA, and (4) PTMO—2000-MDI—3l-BD.
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Figure 5.09: Mooney-Rivlin plots for (I) PTMO-2000-MDI—41-CA, (2)
PTMO-2000—MD|—3'|—CA, (3] PTMO-2000-MDI-23.3-CA and
(4) PTMO—2000—TDI—3I-CA.
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Figure 5.13: Percent hysteresis behavior at various elongations as a '

function of hard segment content. (1)
PTMO·2000-MDI-41-CA, (2) PTMO·2000-MDI—31-CA and
(3) PTMO-2000-MDI-23.3-CA.
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Figure 5.14: Percent hysteresis at various elongations for (1)
PTMO-2000-MDI-31-DCA, (2) PTMO-1000-MDI-31-DCA
and (3) PTMO-650-MDI-31-DCA.
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Figure 5.15: Percent hysteresis for various copolmers based on 2000
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segment content. (1) PTMO-2000-TDI-31-CA, (2)
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Figure 5.17: Percent '|nstantaneous' permanent set as a function of
soft segments molecular weight at constant hard segment
content. (1) PTMO-2000-MDI-31-DCA, (2)PTMO-1000-MDI-31-DCA and (3) PTMO-650-MDI-31-DCA.
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Figure 5.18: Percent 'Instantaneous' permanent set at various
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PTMO-2000-MDI-3]-CA and (3) PTMO·2000-TDI-3]-CA.



_ 386

"‘U•S
“’<

gc?
~•-caE

éS§·r·
82

"“ C.

fg

Lu -:8w
n

gg .‘2 vg

.

Z) ä—~•- _,:<;

2 é 2*9;
E Eäg

<>E ää
lßl" unc

··-OEgf
gähn.

.
‘ $§^

éä
S „s

P
.2,;‘ *-L g

·
(z'·“°/

9U 0),,3 'Q,3 907
—



387

U

gl S9‘?
E

3 ?~•- c>
8I

u

O
I?YAn

" 36 I-
u

" —•
U Q-

°

u
"

Q'
<

M u
W '“g

u
"M
E9 Ü L~ :: M V “‘<*

.
I1

Lu _ *" vz. cz
I:II

||

N U
I

n
Il

I"
°5 G G

"
·· ¤ EE § * 3

I

in
In'!

tn Lu tl)
O

71

u
¤‘

Q E

VI
W

ä

gl
nI

ä 2 4

H
IYZ',ga,

'U

$
— .

eg:

·!·
=

q
*3;

S

'
¤··•

9*

[rl!

7 { A

LL

ÄP.

8
'

6

013 9

Ol
( wg/GUÄÜ) na BI

·
Z



388
.

r,
1; "‘-2

N'* 0
Q,

Ä:
n GI

3

'rl
J!

FL
00 L,

3,
o?"

Ü

O
-_„ •

~·•- Q
1,

·· IT
1;

|'

I

nI'
QT O «¤ tgl

1
0 IO I 1

„
„ ' •-> G"I}0

In Q-

A

n

Il
Ä

••
1,

(_)1:

.<· E- ug
0 ll

UJ Tu sg I
0

P
„e F-V 0 g gg"" o *‘
-*= o E

1 ,„ an § 3 ; E
U .1,

Lu E gv) '
U

I

o
Q- Q ä

2i
'· °T‘ng gr,

I"
Q I O, ,.1%
E 8 E

Q Q ;* _Q·

Q $ ¤.

•'
, 9fe • _ „ 1

E2 ;
“‘

°'
O

—·
·„;

*9
_,

90
‘ I ‘

NJ,

0
F

· S
v' .

LL

°
°':=—

*21O!
uk 3 *8 3 90"|u I

l



'

389

$52
Q cuE
(B ~0) .6

O
SNE-

*°
.2¤>S

IO
geg;

.

I

:Q§
Q, N

O
>°‘

mo Läg

$3 g -
: Qj

LLJ N'¤x.aä bz «*=
Q: §=<u
Qu: u 9;

QS

!—o!*:é‘}‘
WUOO
E S

.:2 ¤·~s-säil
Ai
N
LO

'
0
L

Mom
ä

H.L3N3d

gg



390 _

2;<
cz U
E Q
N

•
(0*-Se-2‘ä„°‘°

O o.-E
O --*9
ro gk?

> OLo
LQE
$E·

oO
$22
>g**

8 ä °-‘“G U‘E^Ü
L Egüo*’¤> „-L
li! Ew .m
D

‘5"'<;

P ä„°¤
99: 8$'

F;] a WS
U _c¤

2 .-·•-•¤•
u.: cg O
r- _g„$2

QGJQ"

O Esgv
div ·¤--}—
rfkmä

66°€
m .
aa

"' L

' :s
2*u.

NO|J.VH.L3N3c|



2*0
~¤CN

N

E
1

M2$1-

LI

=·S
°c>

‘T‘

O¢·~

O

8
S)

SE

“°

2
2:;,*-

|-

0
O

.

<
¤- ¤¤ä

6;+,

.. E

.9,7,0

0

*—,.,„

¤-2

éf

N
°fID

O|'LVH_|_

0
L

1

O

2

Q

-9*

1

LL



’

.392

B

.C»-s#8B „«£
ll|<U2v.L
¤.,Lq>$26

O
°‘e8
V! C8 .36,8,

.
gcl
§‘T‘o

so
Q? $1-**-

cu 8'E £2~

·

ggü BSG
E E'?
E .2 9**
E :···2

8 Hg
N.€’¢~

62.**:::2
8

=>=•-
— I-'¤¤..

001

··

os
85

12161 11491:1M %
O

‘°

.2>
V LL



393

E
II
uJ‘ I
I-
OG .
Z
Li.!

O
<l

-lOO -50 ()
TEMPERATURE (°C)

Figure 5.26: DSC Thermograms for various samples with different

PTMO molecular weight (1) PTMO-650-MDI-3l—DCA, (2)
PTMO—1000-MDI-31-DCA and (3)
PTMO—2000-MDl—3l-DCA.
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Figure 5.27: DSC Thermograms for various samples with different hardsegment content. (1) PTMO-2000-MDI-41-CA, (2)
PTMO·2000-MD|—31—CA and (3) PTMO—2000—MD|-23.3-CA.
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Figure 5.28: Low Temperature DSC thermograms for (I) ESTANE and
(2) PTMO—2000-TDI-31-CA.
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Figure 5.31: High ‘
temperature DSC scans for variousPoly-(MDI-urea)s.
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Figure 5.38: One domensional Correlation function for (I)
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CHAPTER SIX

STRUCTURE-PROPERTY RELATIONSHIPS IN SEGMENTED
POLYSULFONE/POLYSILOXANE COPOLYMERS

6.1 INTRODUCTION

In recent years many attempts have been made to obtain information

regarding the microdomain morphology and potential superstructures of

block and segmented copolymers. The techniques used for this

purpose have included smal|—angIe x·ray scattering (SAXS)"", small-

angle neutron scattering (SANS)"-", small-angle light scattering

(SALS)’
‘ ‘°’ “,

wide-angle x-ray scattering
(WAXS)‘ ’ ’ ‘ ‘°

"
"-“

, nuclear magnetic resonance (NMR)“ ", infra-red

spectroscopy (IR 8 FTlR)’
"‘-",

optical microscopy‘
’ ‘ ’°,

differential scanning calorimetry (DSC)‘
’

"
“—" “-",

and

scanning and transmission electron microscopy‘
‘ ‘° ’° "‘

-"°. In

general, the morphological results obtained from one technique can

often_ be correlated with those obtained by another technique, unless

the sample preparation methods for the two techniques are vastly

different. This is especially true for the case of TEM and SANS.

Attempts have been made to correlate the morphological evidence from
l

these two techniques with the results obtained by SAXS analysis on

bulk samples"'°
"’.

In most cases, small descrepencies are found when

such comparisons are made. More often than not, these descrepencies

are a result of the different sample preparation techniques involved.

The technique of electron microscopy is very attractive since it

408
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provides a direct image for structural evidence. However, this

technique is not without its drawbacks. First, the particle size and

its distribution should be larger than a few angstroms in size.

Second, electron microscopy is limited to the study of thin films or

sections or replicas of free surfaces. lf the film thickness is much

larger than the dispersed domains, then an overlap of domain images «

results. Similar problems can arise if a sample with lamellar

morphology is not carefully prepared. Third, electron microscopy

requires sufficient contrast in the electron micrographs in order to

visualize the structures. Even for an ideal multiphase polymeric system

with sharp phase boundaries, the electron and mass density

differences are generally too low to be useful.

lf sufficient phase contrast in a two phase structure is not available,

then the only alternative is to carry out selective staining (fixation)

with heavy atoms such as osmium"‘ or ruthenium". After sufficient

contrast has been obtained, the material should be able to withstand

. high vacuium in the electron microscope and should not degrade rapidly

by the electron beam. In order to obtain a suitable thin polymeric

film, in all the references mentioned above the technique of solution
i.

casting was generally employed. The other method is to

ultramicrotome the as reacted samples under cryogenic conditions‘ '°°.

lt is conceivable that some of the above steps can lead to artifacts

unrelated to the true morphology. For example, the differences in the

_ rates of solvent removal encountered in solution casting of thin films

can be shown to have a marked effect on the morphological texture".
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Some success in morphological characterization has been obtained by

the use of defocus electron microscopy as proposed by Miles and

Petermann". More recently, Roche and Thomas'°' have reported that

unless focussing parameters are sufficiently defined, the electron beam

can be manipulated in the instrument giving ambiguous size

determinations. Their work has shown that the imaging of fine scale

polymer microstructure is greatly influenced by the microscope

transfer function. Even if the imaging system were perfect, it would

be difficult to determine the true structure from the recorded image

unless the domain size is of the order of the film thickness.

It is sometimes possible to utilize the diffraction contrast in a two
phase material rather than that of phase contrast. This can be done

. by utilizing the techniques of small angle x—ray scattering (SAXS) and

small angle neutron scattering (SANS). When this is done, the

evidence for the physical structure is no longer direct but is

indirectly obtained by mathematical manipulation of the data obtained in_

reciprocal space. Moreover, the results are accurate only within the

limits of the assumptions and approximations involved. In SANS,

although no sectioning or staining is involved, some addition of

perdeuterated material is sometimes required to increase the electron

density differences. The deuterated species may have a similar

chemical nature, but it has been reported that they can cause

perterbations in the system". The deuterated species sometimes have

the tendency to aggregate from the undeuterated polymer because of

the differences in crystallization and 0 temperatures. This, along with
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packing and other physical differences can cause significant

perturbations in the pristine structure. SAXS on the other hand,

does not require any modification to the bulk in order to enhance the

phase contrast. Since this technique can be carried out easily on the

pristine bulk material, it often offers itself as the best approach.

ln the present work, structure—property relationships in segmented

copolymers based on soft siloxane segments and hard polysulfone

segments have been investigated. Since the mechanical and thermal

properties of segmented materials are dictated by the morphological

texture present in the sample, it is desirable to characterize this
n

morphology and establish how it affects these properties. PoIysulfone—

polydimethyl siloxane block or segmented copolymers were chosen for

this investigation for several reasons. First is the relative ease of the

synthesis of the perfectly alternating block along with the fact that

well defined copolymers can be obtained. This is important because

studies of structure—property relationships require careful, controlled

and well defined synthetic techniques. The silyamine-hydroxyl

condensation route employed for the synthesis in this study leads to

the formation of perfectly alternating block copolymers. Furthermore,

each oligomer and hence each block can be characteriied independently

prior to copolymerizaion.
l

The segmental arrangement is perfectly alternating in these copolymers

since the hydroxyl terminated oligomer can react with the

silyamine terminated oligomers in the condensation reaction. The
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distribution of hard segments in these materials is, therefore, subject

only to the molecular weight distribution of the homopolysulfone

oligomers.

The other important reason for the selection of

polysulfone/polysiloxane (PSF/PSX) segmented copolymers in this study

· was because of the contrasting properties of the components involved :

a. A large difference in the glass transition temperature

(·123°C for PSX vs *l90°C for PSF)

b. A large difference in permeability to common gases

(PSX >>> PSF)

c. A large difference in the solubility parameter, 6

( GPSX = 7.3 cal/cc and GPSF = 10.3 cal/cc)
d. A large difference in the electron density, p

(pPSX=0.527 me-/cm’ and pPSF=0.648 me-/cm’)
U

A sufficient amount of electron and mass density difference already

present between the two components would also allow the SAXS and

TEM analysis to be carried out without any further modification. In

addition, the soft siloxane component is also very well known for its

high thermal and oxidative stability, UV resistance and high flexibility

of the backbone chain. Moreover, the PSX phase is potentially capable

of crystallization at low temperatures, provided that the molecular

weight is large enough, while PSF does not partake in crystallization

phenomena.
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Our goal in this investigation is to utilize the chemical composition as a

means to control or vary the desired molecular structure.

Specifically, the final properties of these materials would be dependent

on the composition as well as the length of the segments utilized. As

mentioned previously, these copolymers do not have any distribution of
l

hard segments aside from the inherent molecular weight distribution

obtained during the synthesis of PSF oligomers. Since there is

enough phase contrast existing in these segmented materials, visual

evidence of the microstructure can be obtained using transmission

electron microscopy (TEM) on the thin solution cast films. Using this

‘approach it may be possible to avoid the problems associated with

microtoming and staining with heavy atoms.

In this study, in addition to the TEM morphological investigations, the

method of small-angle x—ray analysis is also applied. An investigation

of many of the physical properties of similar copolymers has already

been extensively carried out by Robeson et al.‘° along with the

Maxwell and Kerker analyses to determine continuity (and

discontinuity) of phases. Mechanical and thermal characteristics of the

copolymers were also obtained for purposes of correlating the

morphological results obtained from SAXS and TEM with the observed

properties.
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6.2 MATERIALS
’ ‘

The synthesis of various oligomers and the resulting copolymers were

carried out by J. L. Hedricks and D. C. Webster from Prof. J. E.

McGrath's group at VPI 8 SU. A few details of their synthesis

procedures are provided in the following sections.

6.2.7 Synthesis of Bisphenol—A Polysulfone Oligomers

Functionally terminated oligomers of bispheno|—A polysulfone were

successfully synthesized by the N-methyI·2—pyrrolidone-potassium

carbonate _ route“. Bisphenol-A (Dow Chemical) and

4-4'-dichlorodiphenyl sulfone (Union Carbide) were coupled together in

a stochiometric imbalance as determined by the use of Carothers

equation to give the appropriate molecular weight and hydroxyl

termination .

6.2.2 Synthesis of Dimethylamino Terminated Polydimethylsiloxane

Oligomers ·

The dimethyIamino—terminated polydimethylsiloxane oligomers were

prepared by the anionic bulk equilibration of low molecular weight

oligomers with the cyclic tetramer, D-4 as discussed elsewheresz. The

precursor oligomer was obtained either from Union Carbide Corporation

. or Petrarch Chemical Company.

6.2.3 Synthesis of the Polysulfone/Po/ydimethylsi/oxcme Segmented ·

Copolymers
h

_
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The perfectly alternating po|ysu|fone—polydimethyI siloxane segmented

copolymers were synthesized in solution using Noshay's silylamine-

hydroxyl condensation reaction""". The reaction was conducted in a

one liter four necked round bottom flask fitted with a mechanical

stirrer, a Dean Stark trap, condenser, thermometer, inert gas inlet,

and an addition funnel. A typical reaction utilized to produce

polysulfolne-polydimethyl siloxane block copolymer employs 22.3 g of
1

4900 <Mn> hydroxyl-terminated polysulfone oligomers placed in the

flask with 500 ml of chlorobenzene. The temperature was raised until

the chlorobenzene began to reflux (132°C). Approximately 100 ml of

solvent was removed from the Dean-Stark trap to dehydrate the _

system. The 4400 dalton siloxane oligomer (20.0g) was placed in an

addition funnel, and half the oligomer was ·s|owly added to the solution

and allowed to react until the evolution of amine (as detected by pH

paper) had significantly decreased. At this point, the rest of the

siloxane oligomer was added slowly in increments. A noticeable

increase in the viscosity was observed as the stochiometric point was

approached. The reaction was allowed to continue at reflux

temperatures for another hour. It was then cooled and the product

was precipitated in a ten—foId excess of methanol/isopropanol mixture,

— and dried for 24 hours at 70°C in a vacuum oven.

The structure of these block copolymers is well defined because each

oligomer can only react with the other kind. Thus, the reaction

yields a perfectly alternating block copolymer of the [AB]n type.
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The end blocks are designed to be polysulfone (the hard segment) so

as to minimize the presence of hydrolytically unstable si|yl·amine end

groups. The reaction scheme is depicted in Figure 6.01. _

The reaction was carried out in refluxing chlorobenzene which

effectively removes the dimethylamine by-product as well as any water

. which could hydrolyze the silyamine oligomer. As a result of these
A

precautions, the reaction product was very clean in the absence of

possible by-products. The characteristics of segmented copolymers

synthesized are listed in Table VI.|.

The yields were all within ninety_ percent and all of the copolymers

formed clear solutions in chloroform. Analysis of the copolymers by

proton NMR indicated that there is a quantitative siloxane

incorporation. r

4
6.2.4 Analysis of Oligomers and Po/ymers

- .Titr•ation of Functional Oligomers · The number average molecular

weight ofthe oligomers was determined by the method based on the

titration of the reactive end groups. The titrations of functional

oligomers were carried out using a computer—interfaced Fisher

Scientific Titrimeter ll automatic titrator operating in the automatic .

endpoint seeking (AEP) mode. A standard calomel electrode was used

with a double junction reference. The electrodes were stored in a pH

4.0 buffer. The electrometer was calibrated according to the

manufacturer's instructions. A ten milliter burette was used for all
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titrations.

The hydroxyl-terminated polyarylether sulfone oligomers were titrated

with 0.2 N aqueous tetraethylammonium hydroxide in 20 ml of either

N,N-dimethylformamide (DMF) or N,N-dimethyltlacetamide (DMAC) as

reported earlier".

The dimethylamino terminated polydimethylsiloxane oligomers were

titrated with 0.1 N alcoholic HC1 in 100 ml of isopropanol.

lntrinsic Vlscosity Determinations - lntrinsic viscosities of the

polymers were determined using a Cannon—Ubbelhode dilution

viscometer. Four concentrations of the polymer solution in the

appropriate solvent were used for the measurements. All

determinations were made at 25°C.

6.2.5 Film preparation
V

The compression molded films for the PSF/PSX segmented copolymers

are difficult to obtain because the phases remain separated even in the

melt up to very high temperatures. This is a result of the large

solubility parameter difference between the two components. It has

been determined by Spurr‘° that for compression molded samples,

modulus decreases as the molding temperature is increased. This

behavior can surely be attributed to the increasing phase mixing

between the phases. But the onset of degradation at temperatures

over 300°C is indeed possible. The observations at this laboratory

appear to favour the latter rationalization. As a result the films for
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the copolymers in this study were obtained by a solution casting

method. The solvent used was 10 percent aqueous solution of

chloroform. Thin films were dried in vacuum at 80°C for 24 hours in

Teflon molds.

6.2.6 Transmission Electron Microscopy __

Transmission electron microscopy (TEM) was performed on thin cast

films of the siloxane containing block copolymers to directly observe

the nature of the microphase separation in these block copolymers.

Staining of either phase was unnecessary due to the great degree of

electron density difference between the polydimethylsiloxane and the

polysulfone. The films were made by casting a five percent chloroform

solution of the polymer on water and then transferring the film

directly to a 150 mesh copper grid. The bright field images or

micrographs were obtained using both a JEOL 100C TEM and a Phillips

EM—420 STEM, both operating at 80 keV. The Phillips instrument has

the resolution of 0.15 nm in the TEM mode. In order to obtain better

. contrast in _the bright field images, objective aperture of 50 um were

used for all images with magnification over 100,000. lt must be

realized, however, that the morphology observed in thin solution cast

films may well be different from the true bulk morphology which may

exist in thicker solution cast films. For thin films, the solution

evaporates within much shorter time periods and a result the large

scale phase separation during such film„casting may not reflect the

true bulk morphology.
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6.3 RESULTS AND DISCUSSION

6.3.7 Mechanical and Thermal Analysis

The results on the effect of different solvents utilized in solution

casting method are not presented in this work. However, the work of

Robeson et al. has clearly demonstrated that the mechanical response

is significantly affected by the choice of the solvent employed in the

solution casting process. When solvents, which are more compatible

with polysulfone, are used, then the resulting mechanical properties

were more characteristic- of polysulfone, Their results indicate that

the use of different solvents leads to different amount of phase

separation, in addition to altering the morphological texture in the

segmented copolymers. This conclusion was further verified by

determining the mechanical strength of films swollen in a solvent for

polysiloxane but a non-solvent for polysulfone. Depending upon the

amount of swelling, different mechanical strengths were obtained,

indicating again that, morphology can be affected by the choice of the

solvent. Similar conclusions about the effect of solvent on the
e

morphology have been observed by others as well on different block

copolymers 1 1 .

The engineering stress-strain curves for various copolymers prepared

from solution casting with chloroform are shown in Figure 6.02. All

the curves are shown up to the fracture strength of the sample. The

results obtained are quite similar to those reported by other workers _

on the same system"' as well as the polycarbonate-polysiloxane
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segmented copolymers". The initial modulus and other mechanical

characteristics are presented in Table V|.ll. As observed previously,

the mechanical behavior is dictated by the amount of polysiloxane

present in the copolymer. At high siloxane content (-70 weight

percent), elastomeric character is evident for the copolymer.

A comparison of the curves in Figure 6.02 show that by increasing the

polysiloxane segment length at constant PSF molecular weight, the

initial modulus and tensile strength are decreased. The ultimate

elongation increases slightly when the siloxane block length and

content are increased. On increasing the PSF segment length (and

content) for the same PSX length (curve 2 and 3) an exact opposite

trend is observed. Below 50 weight percent of polysiloxane content, a

yield point is observed between 5 to 10 % elongation which is indicative

of some continuity of the polysulfone phase. The yield strength and

the elongation at yield point can be correlated to the extent of

polysulfone continuity in the segmented copolymer. For example, Uthe

magnitude of the yield stress is higher and the yield point is observed

at lower elongations as the sulfone content (and hence its continuity in

the copolymer) is increased. The ultimate tensile strength over the

composition range increases from about 7 to 30 MPa as the PSF is

increased from 28 to 59 percent by weight:

The dynamic mechanical storage modulus and tan 5 obtained for these

systems are shown in Figure 6.03. As expected the results strongly

indicate a two phase nature for the materials undoubtedly arising due
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to the large solubility parameter difference of the two block

components. All samples show a transition near —115°C which

corresponds to the glass transition of the polydimethylsiloxane. The

position of the Tg for the PSX does not appear to be dependent on

the molecular weight of either component because the soft segments of

PSX are above their critical molecular weight. As mentioned in

Chapter 3, for PSX chains with molecular weight in excess of 2000,

the molecular weight dependence of siloxane Tg is not observed.

Samples PSF4900/PSX12800 and PSF9700/PSX12800 , which have a high
A

siloxane content, show the presence of a crystalline transition in

addition to the glass transition. This siloxane crystallinity is not 4

evident at low siloxane content compositions or, in copolymers where
A

the length of the siloxane segments is small. The lower molecular

weight of the siloxane chains as well as the restrictions imposed on the

chains by the interfacial coupling are believed to be responsible for

this lack of crytallization of the PSX. For siloxane based segmented

copolymers studied in Chapter 3, the soft segment crystallization was

observed only when their molecular weight was in excess of 5000. The

tan 6 peak corresponding to the Tg of the siloxane is also found to be

suppressed as expected when, the crystalline transition is present for

that phase. ln such cases, the intensity of the peak would correspond

to the amount of amorphous siloxane chains present in the system.

The dynamic mechanical results also indicate that the storage modulus

in the rubbery plateau is dependent on the polysulfone content

incorporated in the copolymer. The rubbery plateau is the highest for
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the copolymer in which the amount of the homopolysulfone was greatest

and can be correlated either to the extent of continuity in the

polysulfone phase or to the mechanical strength of the sample. As

evident from Figures 6.03, no transition for PSF is observed near

—100°C. It has been determined by others‘° that this transition is

highly molecular weight dependent and is not observed if the molecular l
weight of the PSF is lowered.

For sample PSF4900/PSX12800 the drop in the storage modulus is very

sharp after the melting transition for the siloxane. This suggests that

for this copolymer the PSF is the dispersed phase and only serves to

provide physical junction points for the pseudo network structure.
n

In

the other copolymers, the composition is such that additional continuity
l

in the polysulfone phase is present. As a consequence, the storage

modulus does not fall off as rapidly.

Interestingly, the glass transition associated with the hard phase is

found to be dependent on the composition of the copolymer. This

transition is found to increase with the polysulfone block length in the

copolymer. For materials with high PSF content, not only is the height

of the tan 6 peak higher, but the peak is located at a higher

temperature. The transition for the hard segments lies in the range

of 140 to 155°C, depending on the molecular weight of the blocks.

Robeson et al." demonstrated in their work that for copolymers with

- about 50 wt % polysulfone, the Tg for the hard phase was dependent

on the molecular weight. From their result it is apparent that an
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uppermost Tg of 190°C was approached only when the polysulfone

molecular was in excess of 12,000. [lndeed a copolymer based on

17,000 molecular weight of PSF and 4400 molecular weight of PSX

indicated a well defined glass transition at 189°C. This sample was,

however, not available for investigation until this thesis was

completed.] The results from their study and this work imply that

there is either a large degree of mixing or interfacial region is present

between the two segments in these materials. This extent of this

‘mixing or interfacial region is a function of the respective chain

Iengths of the precursory materials incorporated in the copolymer. As

a result, the transitions corresponding to the hard phase are found to

be composition dependent.

The thermal response of these materials from the second DSC scan

shows a behavior similar to that observed in the dynamic mechanical

experiments. The low temperature glass transition associated with the

siloxane chains is observed near -123°C. A crystallization and melting

transition was also indicated near —100°C and -60°C respectively. A

thermal scan for sample PSF9700/PSX6700 is presented in Figure 6.04.

As expected, the glass transition is observed along with the

crystallization and melting behavior for the siloxane component at low

temperatures. The results for the various transitions observed from

the DSC scans of these copolymers are reported in Table VI.lI|.

Comparing the results with those from dynamic mechanical experiments,

it is evident that the transition temperatures are shifted somewhat on

the temperature scale because of frequency dependence. However, the
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same general conclusions regarding morphological character can be

reached by both analyses.

· As observed previously, the glass transition temperatures for

polysiloxane are found to be independent of the composition or the

molecular weight of the siloxane chains employed. The crystallization

and melting phenomenon, when observed, is nearly independent of the

composition. On the other hand, the glass transition temperature for

the polysulfone interestingly shows a strong dependence on

composition. The most outstanding feature in the thermal scans is the

breadth of the transition observed as is indicated in Figure 6.05. The

breadth of the glass transition for PSF is observed to span nearly

60°C. The Tg's indicated in Table VI.lV correspond to the midpoint of

the transition. This broad glass transition for polysulfone is again

suggestive of a large scale mixing or interfacial region between the

hard and soft segments.

These results are somewhat surprising in light of the high solubility

parameter difference existing between the two segments. One

explanation for this unexpected behavior can be the method used for

film preparation. Recall that the films of the copolymers were

prepared by solution casting technique. One other explanation for this

behavior could be the large distribution of hard segment lengths which

may be present in the system. ln order to understand this

distribution of the two components in the copolymer, the morphological

arrangement has to determined along with the nature and extent of
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phase mixing. This can be achieved with the aid of smal|—angIe x-ray

scattering. The SAXS results are presented next along with the

pertinent theoretical background.

6.3.2 SAXS Analysis

As described previously, small angle x-ray scattering can be employed

as a very valuable tool for the characterization of two phase

microstructures in segmented thermoplastic elastomeric materials. By

utilizing this technique, the analysis can provide measurements on the

interdomain spacing, interfacial boundary thickness and the degree of

microphase separation. The determination of these morphological

parameters by SAXS is relatively straightforward and more detailed

information is available elsewhere"-"
”’°

as well as in Chapter 4.

6.3.2(a) lnterdomain spacing

a. The simplest approximation to determine the interdomain spacing is by

the~ application of Bragg's Law. As the angular position of the

maximum in the scattering profile is directly related to the interdomain

spacing, d, Bragg's Law for first order diffraction can be written as :

S = 2sin6 = Ä
X d

where 0 is the Bragg's angle, X is the wavelength and s is the
A

magnitude of reciprocal lattice vector.

The slit smeared x-ray scattering profiles for these polysulfone-
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polysiloxane segmented copolymers, obtained on a Kratky camera, are

presented in Figure 6.06. All the curves are characterized by the

presence of a maximum followed by a sharp decrease in the scattered

intensity. The position of the maxima in the intensity profile is

dependent on the composition of the copolymer in terms of the

molecular weight of the soft and hard segments employed.
i

The same trend isobserved for the collimation corrected intensity

profiles. In Figure 6.07, the desmeared data is presented for the

segmented copolymers under investigation. This step is necessary

because the determination of interdomain spacing through the

application of Bragg's Law requires the use of collimation corrected

intensities. A comparison of smeared and desmeared intensity profiles

reveal that the collimation correction procedure moves the position of

the maxima to the higher scattering vector as is the usual case.

Through the use of the corrected intensity profiles and Bragg°s Law,

the interdomain spacing, d, was determined for the segmented

copolymers. The Bragg or the.interdomain spacing calculated ranges

from 18.5 nm for copolymer PSF4900/PSX4400 to nearly 35.0 nm for the

copolymer PSF9700/PSX12800.

The interdomain spacing were also be calculated through the
U

determination of correlation functions. As mentioned in Chapter 4, the

correlation function X(r) contains all the information about the particle

shape and their spatial distribution that can obtained from the

scattering profile. This function can also be viewed as the probablity
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function for a rod of length r which has both ·its ends in the phase°of

the same electron density. Therefore, a maxima in the correlation

function corresponds to the maximum probability and hence the F

periodicity or correlation distance in the local density fluctuations.

This correlation distance (the first maxima in X(r)) can be viewed as

the interdomain spacing.

The correlation functions for sample PSF9700/PSX6700 are presented in

Figure 6.08. The 3—dimensional correlation functions for these

copolymers show only a weak maxima. The one dimensional correlation

l function, on the other hand, shows a series of well defined maxima

which damp off gradually with increasing distance. The results on the

interdomain spacing determined from the 1 and 3-dimensional

correlation functions along with those obtained from Bragg's Law are

listed in Table Vl.V. The 'd' spacing obtained through the various

methods although not the same, clearly appear to be following a similar

pattern. Nevertheless, for all cases, the position of the first maxima

in the 1-dimensional correlation function gives a value which is close
l

to but lower than the value obtained from Bragg's Law, as expected.

The results obtained here can be explained with the aid of Figure

4.02, which represents the one dimensional schematic of a two phase
l

morphology. lt is obvious from the schematic that the interdomain

spacing from the 1-D correlation function would be dependent on the

conformations of the hard and soft segments. lf for a constant hard

block length, the molecular weight of the soft segments is reduced,
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then the corresponding value of the interdomain spacing would also be

lowered. For sample PSF4900/PSX4400 the interdomain spacing of 16.5

nm is observed. This distance increases to 22.0 nm when the molecular

weight of the PSX alone is increased in sample PSF4900/PSX12800. If

the length of the hard segments is increased, keeping the molecular

weight of the soft siloxane the same, a comparison of samples

_ PSF4900/PSX12800 and PSF9700/PSX12800 shows a further increase to

31.0 nm. If the square root of the mean square end·to—end distance

for the siloxane chains is subtracted from the interdomain spacings (as ~

done in Chapter 3), then a size estimate of the polysulfone phase can

be obtained. ln sample PSF4900/PSX4400 and PSF4900/PSX12800 a value

of about 12.5 nm is obtained. This value increases to 25.0 nm in

samples PSF9700/PSX12800 and PSF9700/PSX6700. These results

indicate that the size of the PSF phase is doubled as its molecular

weight is. increased by 100 percent. This suggests that PSF segments

are very rigid and act somewhat like rods or sticks in the system. lf

it is so, and if there is a large distribution of PSF segment lengths,

then it may be possible for these materials to have large interfacial

boun.dary thicknesses. The calculation of interfacial thickness

parameter, c, based on the derivation observed from the ideal Porod's

behavior is discussed next.

' 6 .3.2(b) Porod's Behavior and Diffuse Phase Boundary Structure

For an ideal case of two phase system with sharp phase boundaries,

the scattering at high angles can be described by Porod's Law 2
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lim I. (s) =IimI(s) =5pSw ideal Sw p S4

where KP is the Porod constant and is related to the specific surface

of the dispersed particles. ln other words, a plot of l(s)*s" vs sz

(also referred to as a Porod Plot) would have a zero slope at high

angles. The factors causing deviation from Porod's behavior, generally

fall into two categories. Those, whichzgive rise to a positive slope (or

positive deviations) in the Porod's plot at high angles include thermal

density fluctuations, onset of wide-angle scattering and isolated mixing

of one segment in another. The negative deviations from Porod's

behavior occur when diffuse phase boundaries are present.

In order to account for those factors which cause these deviations,

Ruland modified Porod's Law to obtain :

I0bS(S) = Ip(S)·H2(S) + Ié(s)
”

The additional term IB is the result of contribution to intensity due

to local thermal fluctuations in the system. Various methods have been

proposed to calculate IB and were discussed in detail in Chapter 4.

ln summary, these methods require the curve fitting at high angles

where the term Hz(s) goes to zero. The term) Hz(s) is the Fourier

transform of a function which accounts
(for

the deviations from sharp

phase boundaries in an ideal system. Therefore this function depends

upon the form of the electron density profile across the interface. Of

course, there is no way of determining what this profile looks like.
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But by assuming, say, a sigmoidal gradient, we can make at least a

qualitative comparison of the interfacial thickness in two phase

materials. The two most commonly assumed profiles for electron density

across the interface along with the smoothing functions are given in

Figure 4.11. For a sigmoidal gradient, the smoothing function is

Gaussian in nature where its standard deviation o provides a measure

or index of the interfacial thickness.

For the slit smeared scattering profiles, eqn. (3) is not valid. the

corresponding equation is given as :

lim [l’0bS(s)] = exp(p2s2)·l’p(S)·F(¤,S) + l'B(S) ·

where, p, the standard deviation for the Gaussian weighing function

goes to zero in the limiting case of infinite slits. The factor F is the

analog of H'(s) for the slit smeared data. lt should also be mentioned

here again that, as indicated in Chapter 4, the smeared intensity,

according to Porod's- law, does not diminish as the fourth power but

rather as the third power of the scattering vector s. The background

intensity, IB for the smeared profile is calculated in a similar

fashion to the pinhole intensity profiles and have been discussed in

detail by Koberstein“
‘°’.

The function F is dependent on the form of the electron density

profile existing across the interface boundary. In general, the

intensity expressions do not permit a direct estimation of o by

analytical methods. However, by making approximations for the
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function F, the corrected scattering profile can be reduced to such a

form that graphical determination of 0 is possible. Some forms of F are

_ listed in Table lV.ll and lV.V| along with details on the graphical

procedures required to calculate 0. Koberstein et al.""‘°’ have

recently reported on the validity of these approximations and have also

proposed a self consistency test.

The Porod behavior on these PSF/PSX segmented copolymers is given

in Figure 6.09. All plots show the negative deviations from Porod's

Law, implying the presence of interfacial boundary in all samples. The

thickness of the interfacial boundary has been calculated by several

different techniques assuming a sigmoidal electron density profile. The

sigmoidal gradient assumption has considerable justification based on

He|fand's theoretical prediction".

The diffuse boundary thickness parameter, 0, is estimated by utilizing °

the graphical methods due to Ruland, Bonart and Koberstein. The

results obtained for sigmoidal· boundary thickness parameter are

presented in Table Vl.Vl. For all samples the diffuse boundary width

obtained by Bonart's method is the largest followed by Koberstein,

Exponential and, finally Ruland's method which gave the smallest value

of 0. These differences result due to the range of validity involved _

for each method being different. In order to ensure that the range of

's' utilized in the determination of slope etc. is correct, the self-

consistency test was carried out and the results are presented in

Figure 6.10. This plot has been used by Koberstein et al" in order to
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determine the range of validity of different forms of F listed in Table

IV.Vl. The ratio omeasi/otrue was determined and plotted against
a dimensionless quantity as. However, otme ls not known in most
cases. A close look at the plot reveals that Koberstein's empirical

method is closest to otrué. Therefore, in Figure 6.10, the value of c
obtained by Koberstein's method was used instead. The resulting

”

ratlos were then calculated and recorded on the plot. lt is found that

these ratlos are close to the predicted behavior, indicating that the

choice of region selected for the determination of slope in the

corresponding plots was correct. The value of a obtained for these

copolymers indicates that the interfacial thickness present in these ·
i

systems is larger than what has been obtained for segmented

polyurethanes by others and is closer to those obtained for block

cooolymersz "
°’.

6 .3.2(c) Degree of Phase Separation

The extent of phase separation in a system can be determined through

the calculation of the mean square density fluctuation or variance. For

an ideal case where there is a complete phase separation and a diffuse

boundary is not present, the electron density variance is given by :

‘ 1

where ¢i is the volume fraction and pi is the electron density for

the ith
phase. The calculation of p can be carried out for each

A

phase by knowing the chemical composition and the mass density for
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that phase. However, for real systems, the electron density variance

is lower owing to the presence of diffuse phase boundaries and mixing

between phases. The electron density profile given in Figure 6.'lla

corresponds to one such real system when the thermal density

fluctuations within the phases, diffuse phase boundaries and the mass

density differences due to the domains are considered. If the thermal

density fluctuations are removed as described earlier, the electron

density profile that results can be approximated by Figure 6.1lb. This

variance calculated for a real system holds the information on the

· degree of phase separation for that material.
l

The experimental determination of electron density variance can be

carried out by using the relations already developed. From the profile

which has been corrected for the thermal density fluctuations, the

electron density variance , Ea', is determined by

°° 2iz-
= S dsAp I

Kl,
lcorr

0

where K is a constant which includes the Thompson scattering factor

for an electron. ·

· A comparison of ET and EPC ca_n provide some information

regarding the degree of phase separation. The ratio

0 < &„’=/K;=c < 1

provides one of the measure of the degree of overall phase separation.

If the phases are completely separated, then the ratio assumes a value
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of unity. The value of this ratio decreases if any phase mixing exists

in the system.

The experimental electron density variance was calculated from the

scattering profile presented in Figs 6.06 8 6.07. The theoretical

electron density variance were determined from the knowledge of the

chemical composition and mass density for the phases involved. The

results are presented in Table Vl.V|l and demonstrate that the
h

experimental variance is much smaller than the theoretical variance for

all the copolymers. This suggests that a significant amount of

segmental mixing surprisingly occurs in these copolymers. However,

these values should be treated with caution because of the possible

errors which are inherent in their determination (see Chapter 4). The

ratio of experimental and theoretical variances is also much less than

unity. The ratio is smallest for PSF4900/PSX4400 , which indicates the

most mixing of the segments. The sample PSF4900/PSXl2800 on the

other hand has the largest ratio which is indicative of the least amount
l

of segmental mixing. The results also show that by increasing the

molecular weight of the soft segment the degree of phase separation

can be improved. However, these conclusions should be viewed

cautiously since the amount of interfacial region per unit volume is

also reduced as the molecular weight of one component is increased. .

At this juncture let us summarize the morphological information

obtained thus far. The thermal and dynamic mechanical studies support

the X—ray findings that there is a large scale mixing of the hard/soft
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segments present in these segmented copolymers. This mixing could be

present either within each domains or at the interfacial region

separating the two phases. The SAXS results appear to favor the

latter rationalization. These results are a bit surprising in light of the

large solubility parameter difference which exists between the two

segment type. Even in the melt, these PSF/PSX segmented copolymers

maintain their two phase structure. However, it is possible that a

large interfacial regions could exist in these materials if the

distribution of the hard segment Iengths is large. The polydispersity

of the PSF oligomers, by GPC, was found to be 2.2. This was

expected because for a step growth polymerization, the polydispersity

generally lie around 2.0. Assuming a polydispersity of 2.0, the_

breadth of the molecular weight distribution can be estimated from the

relation .
1<1> <1>n

The value of standard deviation, determined from the expressionA
above, was found to be 'I. This implies that for 5000 <Mn> PSF

oligomer, 95 % of the hard segments have their molecular weight
1

between 0 and 10,000; and 99.9 % have their molecular weight between

0 and 20,000 ! This suggests that there is indeed a large distribution

of hard segment Iengths present in ·these materials. Since the PSF

domain size calculations had indicated that these hard segments chains

are quite rigid, it is therefore possible to picture these materials with

large interfacial region. Although, they could still maintain a two

phase structure in the melt, owing to the large solubility parameter
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difference between the two segments involved.

The high phase contrast present between the hard and soft phase also

provided direct evidence of the two phase morphology in these

materials by TEM. Since the sample films were prepared by solution

casting techniques, a comparison between the interdomain spacing

obtained from SAXS and TEM micrographs could also be made. Figure

6.12 contains the TEM micrographs for these copolymers and clearly

provides direct visual evidence for the two phase microstructure. A

comparison of sample composition and corresponding micrographs

indicate that lighter region in the micrographs corresponds to the soft

siloxane phase whereas the darker region represents the hard

polysulfone phase. The images show that all samples are hetrogeneous

below the micron level. ln general, the hard segment (PSF) regions

are featureless and are not spherulitic in nature. For

PSF4900/PSX4400, Figure 6.12a shows that continuity is present for

both phases. When the molecular weight of the soft siloxane segments

' is increased in sample PSF4900/PSX12800 , the interdomain spacing

increases and the soft phase becomes the continuous phase (see Figure

6.12b). In Figure 6.12c for PSF9700/PSX12800 , it is found that the

interdomain spacing increases even further and some continuity is

present for both phases. By making several measurements of the

distance between the domains on an enlarged positive, an average

interdomain spacing was calculated directly from the micrographs. The

results are given in Table Vl.VlII and show excellent agreement with

results obtained from SAX analysis.
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. 6.4 CONCLUS/ONS·
l

Segmented copolymers of polysulfone and polydimethylsiloxane,

synthesized by solution polymelrization, show good thermoplastic

behavior. By varying the length of the segments for each phase and

their relative content, it is possible to obtain a wide range of thermal

and mechanical properties. The results on the mechanical response

are also influenced according to which phase is predominantly

continuous. It was found that mechanical properties like initial modulus

and ultimate tensile strength decrease when the molecular weight of

the PSX oligomer is increased as would be expected.

The results from dynamic mechanical analysis confirm the two phase

nature of these copolymers. The thermomechanical spectrum showed

that the nature and the extent of the rubbery plateau was affected by

the choice of the segment lengths and the composition ratio.

The presence of two phase microstructure was also confirmed by small
l

angle x-ray analysis. The interdomain spacing obtained by various
U

techniques followed the expected trend. In addition to interdomain

spacing, the interfacial boundary thickness parameter and the degree

of phase separation were also found to be composition dependent. This

is not unexpected since for a given system, the degree of phase

separation and morphological arrangement would directly influence the

diffuse boundary thickness. Finally, the results on interdomain

spacing obtained from electron micrographs showed an excellent

agreemen.t with the value obtained from other analyses.
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TABLE V|.I

Composition of Various PSF/PSX Copolymers Synthesized

MW
S 25° C ,,ample PSF/PSX

[n]-VHF wt 6 PSX

I 4900/4400 0.60 47
II 4900/12800 0.60 72_ III 9700/12800 1.27 57
IV 9700/6700 0.78 41
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TABLE Vl.II

Mechanical Properties of PSF/PSX copolymers

MW Ten. St. % Elon. Modulus Yield
Sample PSF/PSX ' (MPa) (MPa) Point

I 4900/4400 20. 89 200 35.30 YES
l I 4900/12800 6. 61 260 0.19 NO
III 9700/12800 14.27 180 17.40 NO
IV 9700/6700 29 . 45 200 90. 60 YES
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TABLE V|.V

Interdomain Spacing in nm

SAMPLE Bragg s Law 1D 3D

4900/4400 18.0 17.0 25.0
4900/12800 23.5 21.0 27.5 _

. 9700/12800 34.8 31.0 40.0
9700/6700 26.5 24.0 31 .0
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TABLE VI.VI

Determination of ¤(in nm) by various approximations

SAMPLE Ruland Koberstien Bonart Exponential

4900/4400 0. 70 1 .26 1 .36 0.97
4900/12800 0.47 0.80 0.87 0.63
9700/12800 0.60 1.05 1.17 0.83
9700/6700 0.67 1 .20 1 .31 0.90
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TABLE VI.V|lI

Comparison Between Interdomain Spacing from SAX and TEM

Sample ID Spacing (TEM) ID Spacing (SAXS)

· PSF4900/PSX4400 16.0 ¢ 2.0
h

18.0
PSF4900/PSX12800 24.0 *= 2.0 21.0
PSF9700/PSX12800 36.0 t 2.0 31.0
PSF9700/PSX6700 20.0 t 2.0 24.0
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Figure 6.01: Reaction showing the *synthesis of PSF/PSX segmented
i

copolymers.
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Figure 6.02: Stress-Strain curves for (1) PSF9700/PSX6700, (2)
PSF4900/PSX4400, (3) PSF9700/PSX12800 and (4)
PSF4900/PSX12800.
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Figure 6.06: Smeared small-angle x-ray scattered intensity profiles for
(1) PSF4900/PSX4400, (2) PSF4900/PSX12800, (3)
PSX9700/PSX12800 and (4) PSF9700/PSX6700.
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Figure 6.07: Desmeared small-angle x—ray scattered intensity profiles
for (1) PSF4900/PSX4400, (2) PSF4900/PSX12800, (3)
PSX9700/PSX12800 and (4) PSF9700/PSX6700.
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Figure 6.09: Porod's law behavior for the smeared x-ray intensities
indicating the presence of diffuse interfacial region.(1) PSF4900/PSX4400, (2) PSF4900/PSX12800, (3)
PSX9700/PSX12800 and (4) PSF9700/PSX6700. _
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Figure 6.lO: The consistency check used to test the validity of the
I

'
choice of region selected for interfacial thickness
determination. (Q) PS F4900/PSX4400, (I)
PSF4900/PSXl2800, (O) PSF9700/PSX'|2800 and (A)
PS F9700/ PSXSYOO.
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Figure 6.ll: Schematic for the electron density profiles in (a) realsystem and (b) same after thermal density fluctuationsare removed.





RECOMMENDATIONS
l

On the basis of the conclusions derived from the above studies of

various segmented copolymers, the following recommendations are made

regarding any future continuation of this work:

1. It was shown that the MDI hard segments can crystallize when

annealed at high temperatures (>245°C). lt is recommended that the

effects of such a treatment on the overall mechanical, dynamic

mechanical and thermal behavior of the segmented copolymer be

explored along with the interfacial boundary thickness measurements

before and after the annealing experiment.

2. In light of the conclusions obtained on the effect of various

linkages on the permanent set and hysteresis behavior, it is proposed

that these properties be investigated at different time intervals and

elongations to further understand the effect of hard domain°

' cohesiveness on such properties for a segmented system.

3. In order to explain the role played by the n—propyl units attached

to the end of PSX oligomer, it is recommended to use solid state 13C
I

NMR to decide if these units be considered a part of the hard or the

soft phase. From this experiment a comparison can be made regarding

the onset of motion in C units of propyl and MDI components.

4. lt is recommended that the interfacial thickness analysis be carried

465



466 _.

out on the MDI based siloxane-urea copolymers in which the oligomers

are terminated with n-pentyl units. This should help in understanding
l

the conformation of these units in the bulk materials.

5. More work has to carried out to determine if the dehydration

mechanism for the cumyl alcohol differs from that of the dicumyl

alcohol and why a higher distribution of the hard segment lengths is

observed with DCA.
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