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ABSTRACT

A SPECTROSCOPIC ANALYSIS OF PHASE SEPARATION AND
DEFORMATION BEHAVIOR OF MODEL POLYURETHANES

SEPTEMBER 198 9

HAN SUP LEE, B.S., SEOUL NATIONAL UNIVERSITY

M.S., NORTH CAROLINA STATE UNIVERSTY

Ph.D., UNIVERSITY OF MASSACHUSETTS

Directed by: Professor Shaw Ling Hsu

Model polyurethanes having monodisperse hard and soft

segments have been characterized for phase separation,

miscibility and molecular orientation behavior.

Phase separation kinetics has been observed to be

strongly dependent upon temperature. The phase separation

rate at temperatures between the soft segment Tg and the hard

domain dissociation temperature exhibits a functional

dependence that is quite similar to the well known "bell

shaped" function pertaining to crystal growth theory. The

extended soft segment conformation in the phase separated

state appears to be an additional effect contributing to the

slow high temperature phase separation rate.

Domain miscibility is shown to be significantly affected

by the chemical nature of the hard and soft segments.

Increased hard segment length not only increases the domain



dissociation temperature but also strongly hinders the domain

mixing behavior even above the melting temperature. The

polybutadiene based polyurethane , which does not have strong

secondary interaction, i.e. hydrogen bonding, is shown to

exist as a phase separated structure even well above the

melting transition.

The miscibility behavior of the two polyurethanes having

hard segments of different segmental length has been

investigated with both infrared and thermal methods. The

limited solubility of one of the hard segments in the other

hard domain has been clearly observed in samples with various

blend compositions. The melting temperature of domains

containing mainly long hard segments is depressed by the

small amount of the short hard segments dissolved. The

melting temperature depression relationship obtained from

Scott's equation describing the thermodynamic mixing behavior

of two polymers has been utilized for the quantitative

analysis. The transition temperature of the short hard

segment domain is shown to be insensitive to the blend

composition. It appears to indicate that the incorporation

of the long hard segments in the domain of the short hard

segments significantly increases the free energy of mixing.

Segmental orientation and domain deformation behavior

has been studied at different temperatures. Even though the

stress and orientation relaxation is observed to be extremely

fast initially, qualitative correlation between two

parameters has been observed. By applying the elastic



network theory to the heterogeneous phase system, it is found

that the hard domain of polyurethane may not be approximated

as rigid junction points as in cross-linked elastomers.

viii



TABLE OF CONTENTS

Page

ACKNOWLEDGEMENT ^

ABSTRACT

LIST OF TABLES ^-

LIST OF FIGURES

Chapter

I . INTRODUCTION
]_

Overview of Dissertation 1
Polyurethane As a Thermoplastic Elastomer ... 3

Chemistry and Morphology of Polyurethanes . 4
Infrared Characterization of the

Hydrogen Bond 7

Phase Separation Kinetics 10
Segmental Orientation Studies by Infrared

Dichroism 12
References 14

II. SPECTROSCOPIC ANALYSIS OF PHASE SEPARATION
BEHAVIOR 16

Introduction 16
Experimental 20
Results and Discussion 26

Spectroscopic Features Sensitive to
Structural Changes 26

Spectral Observations 33
Discussion 45

Conclusion 48
References 50

III. PHASE SEPARATION KINETICS OF MODEL POLYURETHANES. . 52

Introduction 52

Theory of Phase Separation Kinetics 55

Nucleation and Growth 56
Spinodal Decomposition 5 9

Experimental 60

Infrared Spectroscopic Studies 61

Thermal Analysis 66

Results and Discussion 67

Spectroscopic Study of Phase
Separation Kinetics 67

ix



Phase Separation Mechanism 91
Thermal Analysis of Phase

Separation Kinetics lOO
Conclusion • •

.

References • •

-

IV. A SPECTROSCOPIC STUDY ON THE DOMAIN MISCIBILITY
OF THE VARIOUS POLYURETHANES II5

Introduction 215
Experimental '

'

^-^-j

Results and Discussion '

] II9
Conclusion -^3^
References 3^39

V. MISCIBILITY BEHAVIOR OF MODEL POLYURETHANES
INCORPORATING DIFFERENT LENGTH OF HARD SEGMENTS . . 141

Introduction 14]_
Experimental ]_45
Results and Discussion 148

SAXS Studies
\ . . . . 148

Infrared Spectroscopic Studies 158
Differential Scanning Calorimetric Studies. 167

Conclusion 185
References 190

VI, INVESTIGATION OF THE MOLECULAR ORIENTATION
BY THE METHOD OF INFRARED DICHROISM 192

Introduction 192
Overview of the Orientation Theory 194

Orientation Function Measurements by
Infrared Dichroism 194

Deformation Theory of Elastic Network , . . 197
Experimental 201
Results and Discussion 206

Orientation Behavior of Each Segment .... 206
Domain Change during Deformation 217
Orientation and Stress Relaxation 228
Theoretical Dichroism for Morphology

Characterization 240
Conclusion 249
References 252

VII, RECOMMENDATIONS FOR FUTURE WORKS 255

Phase Separation of Polyurethanes 255
Compatibility of the Hard Segments 257
Molecular Orientation Behavior 258

X



LIST OF TABLES

Page

2.1 Elemental Analysis Results 23

5.1 Interdomain Spacings 3^57

5.2 Assignments for the Bands Shown in Figure 5.3. . . 159

5.3 Weight Fraction of Soft Segment and Hard
(B2 and B4) Segments 170

5.4 Parameter Values Used for Equation 5.12 183

xi



LIST OF FIGURES

1.1 Four vibrational modes mostly affected by the
hydrogen bond; -A-H and B- correspond to proton
donor and acceptor, respectively 9

2.1 Schematic representations of polyurethane
structures at various temperatures; (a) ambient
temperature phase separated morphology; (b) most
disassociated structures at high temperature;
(c) dispersed phase "trapped" at extremely low
temperature

]_9

2.2 Schematic drawings of the model polyurethanes
(n=2,4 corresponds to B2 and 84 polyurethanes
respectively) ; (a) polymer; (b) hard-segment;
(c) soft segment 22

2.3 The variable temperature cell used for infrared
experiments 25

2 . 4 Temperature cycles during experiment 27

2.5 Infrared spectra obtained for the B2 polyurethanes;
2cm"l resolution; 200 scans; ambient temperature . . 28

2.6 Infrared spectra obtained for the B2 polyurethane;
2cm~l resolution; 200 scans; -40^0 29

2.7 Variation of the N-H stretching region during
temperature cycle shown in Figure 2.4 36

2 . 8 Variation of the C=0 stretching vibration during
temperature cycle shown in Figure 2.4 41

3 . 1 Temperature dependence of the crystal
growth rate 58

3 . 2 Schematic drawing for the isothermal temperature
set-up using both hot and cold nitrogen gas .... 62

3.3 Temperature variations during (a) high
temperature phase separation experiments
(FTIR and DSC) (b) low temperature phase
separation experiments (FTIR) 64

* •

Xll



3.4 Changes observed as a function of low temperature
isothermal phase separation time for the C=0
stretching region of B2 polyurethane ; Spectrum
obtained at t=0 has low absorbance at IVOOcm"! and
high absorbance at 1730cm-l 70

3.5 Changes observed as a function of high temperature
(650C) isothermal phase separation time for the C=0
stretching region of B2 polyurethane; Spectrum
obtained at t=0 has low absorbance at ITOOcm"! and
high absorbance at 1730cm~l 74

3.6 The total integrated intensity of the C=0
stretching bands around the 1700cm~l region as a
function of time during isothermal phase separation
at IQOC (top) and 20OC (bottom) 76

3.7 Decrease of the 1730cm-l (increase of 1700cm-l)

component as a function of time; (jXt) denotes
the fractional degree of phase separation and is

I(t)- 1(0)
calculated as

^^^^ _ ^^^^
where 1(0), I(t), I (00)

being intensity of 1730cm~l component at phase
separation time zero (just after quenching), t,
infinity (extrapolated), respectively 79

3.8 Changes observed in the N-H stretching region of
B2 polyurethanes as a function of isothermal phase
separation time at low and high temperature;
Spectrum obtained at t=0 has the lowest absorbance at
3330cm-l 82

3.9 Changes of the integrated N-H stretching band
during isothermal phase separation at 25°C; The
intensity change of the free C==0 peak is included
for comparison 87

3.10 Phase separation rate of B2 polyurethane as a
function of temperature; ti/2 is the time for
50% phase separation 89

3.11 Concentration modulation at time t due to the Pxn

component during spinodal decomposition 92

3.12 Integrated hard segment depletion (log Q) vs time t

during spinodal decomposition 95

Xlll



3.13 Avrami plot of the intensity observed for the
decrease of the 1735cm-l component as a function
of time and temperature. The lines drawn are
fitted to the data shown. . . 99

3.14 Schematic drawing of the growing hard segment
domain associated with a nucleation and growth
mechanism 101

3.15 DSC traces for two (B2 and B4) polyurethanes
during isothermal (55^0 phase separation; t=0
corresponds to time just after quenching to phase
separation temperature; Transient state after
quenching is observed for both samples 103

3.16 DSC traces for B2 polyurethanes during isothermal
phase separation at different temperatures 107

3.17 Fractional phase separation, <\>{t), as a function
of isothermal (70^0 phase separation time; (jXt)

I(t)- 1(0)
is obtained as ————— where I(t) is the

l(^oo) - 1(0)

absorbance of 1730 cm"^ component for the FTIR
data and exothermic energy evolved up to time t
for the DSC data 109

4.1 Schematic drawings of the hard and soft segments
of the butadiene based polyurethanes 118

4.2 N-H stretching regions of four different samples
at high and quenched states; (a) B2 (b) B4
quenched from ISS^C (c) B4 quenched from 210^0
(d) Polybutadiene and TDI based polyurethane;
Dotted spectra are obtained at room temperature
and used as reference 122

4.3 C=0 stretching regions of Figure 4.2; Dotted
spectra are obtained at room temperature and
used as reference 127

4 . 4 N-H stretching regions during phase separation
as a increasing function of temperature from a

quenched state; Samples are same as Figure 4.2;
Dotted spectra are obtained at room temperature
and used as reference 130

4 . 5 N-H stretching frequency change during phase
separation from the quenched state; Linear data
points are obtained by slowly cooling the sample
from the room temperature 133

xiv



5.1 Schematic drawing of the B2 and B4 polyurethanes
• denoting the hard segment length difference .... 146

5.2 Small angle x-ray scattering profiles for
B2, B4, and 50/50 blend sample 149

5.3 Small angle x-ray scattering profiles corrected
for lamellar geometry 150

5.4 Infrared spectra of the polyurethanes obtained
with 2cm"l resolution, 200 scans, at room
temperature 152

5.5 Infrared spectra between 1850 and 1400cm~l at
temperatures shown in the spectra 161

5.6 Absorbance ratio of the two C=0 stretching peaks,
i.e. A(1702cm-l) /A(1730cm-l) , of three samples
as a function of temperature; Blend compositions
are indicated in the figure; The top two samples
are shifted vertically for clarity; The ratio values
at ambient temperatures before shifting were
approximately 1.55 for all three samples 165

5.7 N-H stretching regions of the 50/50 (B2/B4) blend
sample as a function of temperature 166

5.8 Intensity changes of two spectral regions of 99/1
(B2/B4 ) sample as a function of temperature
(a) 1702cm"^ peak height (b) integrated area of
N-H stretching peak 169

5.9 DSC thermograms of the samples with various blend
compositions; Samples were annealed at (a) 60^C and
850C 173

5.10 Composition and transition temperatures diagram;
Annealing temperatures are indicated with the
legends; T(B2) and T(B4) in the legend indicate
the transition temperatures of the corresponding
domains 177

5.11 Melting temperature depression of the samples
annealed at 60*^C; Experimental data points are
with the lower abscissa (blend composition) and
the calculated lines are with the upper

abscissa ("true" (()i)
182

XV



5.12 Schematic drawing of the internal phase structure
- of the B2/B4 blend; Two types of hard domains
containing the different hard segments are shown;
"A" denotes the short hard segments dissolved in
the hard domains of the long hard segments 187

6.1 Schematic representation of relationship between
transition moment (M) and chain axis of perfectly
ordered sample ]^9g

6.2 Schematic representation of relationship between
transition moment (M) , chain axis and stretching
direction ^^gg

6.3 Survey spectra of B4 polyurethanes with two
polarizations at 300% strain; Spectra without
strain are shown in dotted line; Thickness change
due to stretching has been corrected; Stretching
direction is vertical and polarizations of each
peak are shown in the figure 204

6.4 Carbonyl stretching region at different strain;
Relative orientations of the polarizer to the
stretching direction are indicated in the figure. . 209

6.5 Orientation function of two carbonyl peaks plotted
as a function of full cycle of strain 211

6.6 Orientation function of integrated C-H stretching
region plotted as a function of strain 214

6.7 Orientation function of carbonyl peaks at three
different temperatures plotted as a function of
strain; (a) free peak (b) hydrogen bonded peak. . . 216

6 . 8 Carbonyl stretching region at different strain;
Relative orientations of polarization directions
to stretching direction are shown in the figure . . 219

6.9 Intensity ratio of bonded to free C=0 peak^
(h) / {t) , plotted as a function of strain;

One sample has been annealed at 150*^C for a day . . 221

6.10 Schematic representation of two possible modes of
hydrogen bonding; (a) between hard segments
(b) between hard and soft segment 224

xvi



6.11 Expanded scale spectra of N-H stretching region
at 300% strain; Relative polarization directions
to stretching direction are indicated on the
spectra; Spectrum without strain is in dotted
line; Intensity change due to strain
has been corrected 226

6.12 Band width of N-H stretching peak plotted as a
function of strain 227

6.13 Intensity ratio of bonded to free C=0 peak,
AT(b)/AT(f), at three different temperatures
plotted as a function of full cycle of strains-
Squares obtained during increasing strain and
crosses obtained during decreasing strain 230

6.14 Stress relaxation of the B4 polyurethane;
Sample has been step strained for 100% 233

6.15 Carbonyl stretching region before and after
relaxation; Solid and dotted spectra are obtained
with perpendicular and parallel polarization
respectively 235

6.16 Orientation function relaxation of two carbonyl
peaks plotted as a function of relaxation time at
(a) 250c and (b) O^C 238

6.17 Survey spectrum of polybutadiene based
polyurethane 241

6.18 Dichroic ratio of two peaks plotted as a
function of strain; Vinyl-1, 2 and trans-1, 4 are

at 910cm"^ and 965cm~l respectively 242

6.19 Ratio of Equation 6.14 plotted as a function
of strain 244

6.20 Orientation function of two peaks plotted as a

function of strain 24 6

6.21 Dichroic ratio for vinyl-1,2 peak as a function
estimated soft segment strain; Three lines
obtained with Equation 6.12 are included;
Numbers on each line are N values of
Equation 6.12 248

xvii



CHAPTER I

INTRODUCTION

Overview of D i .-^ sertat i on

Polyurethanes have extremely complicated phase separated

structures. The formation of such structure and the

resultant properties depend on numerous factors such as

nature of hard and soft segments, molecular weight and its

distribution, synthetic methods, amount of each component,

and morphology of the material. In order to clarify how each

parameter affects the properties of polyurethanes, it is

important to study well defined samples to eliminate some of

the physical and chemical factors which may prevent a direct

correlation of structural aspects to mechanical properties.

The polydispersity effect on the material properties is very

difficult to define. However, this problem is minimized by

using model polyurethane samples carefully synthesized with .

monodisperse hard and soft segments in order to achieve well

defined micro and macrostructures . With well defined samples

used in most of the chapters of this work, it is expected

that the role of each of the parameters on properties can be

better assessed.

This dissertation is presented in seven chapters. After

the general introduction in Chapter I, the second chapter

concentrates on the spectroscopic characterization of the

1



phase separation behavior. The characteristic phase

structure at various environments are studied through their

effects on the infrared spectra.

In Chapter III, phase separation kinetics is described.

Even though scattering methods are extensively used in many

phase separation kinetic studies, the applicability of

infrared spectroscopy to analyze the phase separation
'

kinetics of the polyurethanes has been demonstrated. The

spectroscopic method gives the information at the segmental

level during the phase separation process which is not

readily available with the scattering methods. A separate,

independent analysis of the phase separation kinetics is

carried out with the thermal method. Since the free energy

of the phase separated structure is different from that of

the phase mixed state, the isothermal phase separation is

accompanied with the heat flow that can be detected by the

thermal method. The data obtained by two methods have been

compared

.

In Chapter IV, the domain miscibility of the three

different polyurethanes is studied. The mixing of the hard

segment and soft segment at the elevated temperatures is

found to be very dependent on the nature and specificity of

the interaction between hard and soft segment. The

dependence of the interurethane interaction on the hard

segment length is also investigated. The miscibility of the

hard segments with same chemical structure and with different

segmental length is studied by the infrared spectroscopy and



thermal method in Chapter V. since the commercial

polyurethanes contain hard segments with broad segmental

length distribution, the results in this chapter will be

useful to understand the miscibility behavior between the

hard segments with different length.

The segmental orientation studies are presented in

Chapter VI. The orientation of the hard and soft segment

during uniaxial deformation is determined by the infrared

dichroism. From the relaxation experiment, the close

correlation between stress and orientation relaxation is

demonstrated. The effect of the temperature on the different

domains is also investigated. By approximating the soft

chains which are interconnected to each other through the

hard domain as a crosslinked elastic network, the

experimental dichroic data are evaluated with the theoretical

prediction. The results are utilized for the evaluation of

the domain morphology. The final chapter proposes work for

future studies

.

Polyurethane As a Thermoplastic Elastomer

Polyurethanes are segmented copolymers which consist of

hard and soft segment units. Due to incompatibility between

the two types of structural units^ it is generally agreed

that the polymers formed undergo microphase separation

resulting in hard segment-rich hard domains, soft segment-

rich soft matrix, and interphase between them . Since the
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glass transition temperatures (Tg) of soft segments and hard

segments are well below and higher than the usual service

temperature, i.e. ambient temperature, respectively,

polyurethanes are thermoplastic elastomers with wide range of

mechanical properties depending on the ratio of the two

structural components

,

Before the polyurethanes were introduced, elastomers

were made exclusively from rubber. Since the fluid state

(melt or solution) is required for shaping polymers into

objects, conventional rubbers which require crosslinking

(vulcanization) to obtain acceptable properties present a

number of processing difficulties. The hard domain of the

polyurethane has been speculated as a junction point of the

cross-linked rubber which prevents permanent deformation.

Since polyurethanes are non-crosslinked, linear polymers

which can be easily processed at high temperature, the

desired structure can be obtained by cooling the high

temperature shape to low temperature.

c»

Chemistry and Morphology of Polyurethanes

Polyurethanes are segmented block copolymers with blocks

of different character defined as "soft" and "hard" segments.

Several different diisocyanates such as methylene bis (p-

phenyl isocyanate) (MDI),^'^ 2,4-, and 2,6-toluene

diisocyanate (TDI)-^'^ are preferred as hard segments. A wide

variety of prepolymers have been studied as soft segments.

Some of the widely used prepolymers are polyesters.
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polytetramethylene oxide (PTMO) , and polypropylene oxide

(PPO) .5,6 Diamine or dihydroxyl short chain hydrocarbons also

have to be used as a chain extender. 7, 8 changing the

stoichiometric ratio of the chain extender to the prepolymer,

the average hard segment length can be controlled which in

turn affects the physical properties of the polyurethane

.

The phase separated structure of polyurethanes are due

to incompatibility between the two components. It has been

shown that there is a large difference in the solubility

parameter between the two components. ^ Even though

polyurethanes are known to be heterophase, the degree of

phase separation is dependent on the various factors such as

chemical structure of soft and hard segment, stoichiometric

ratio, 10 molecular weights and molecular weight distribution

of each component . ^^"13

The properties of polyurethanes are dependent not only

on the chemical nature of the component but also on the

synthetic procedures . If all three components are allowed

to react at the same time, it is called a "one step" process.

During a "two step" process, the prepolymer is end-capped

with diisocyanates and a chain extender is added to connect

the end-capped prepolymer. It has been found that the

properties of the resultant polymer is significantly

dependent upon the synthetic methods. When the all

hydrocarbon soft segment (polybutadiene, for example) are

used, the polymerization is usually carried out in solution

to ensure the homogeneous mixing of the reactants .
•'5'
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Since the urethane formation reaction does not produce

any by-product to remove, polymerization can be carried out

during the structure forming process similar to reaction

injection molding (RIM). 17, 18 During RIM processing, all

three components are injected into the mold and reacted at

appropriate temperatures. This process can reduce production

costs significantly.

The existence of a heterogeneous phase morphology in

polyurethanes has been suggested based on the data from

viscoelastic measurements . 19 For homogeneous polymer

mixtures, the absolute value of the plateau modulus of the

modulus-temperature plot does not change with temperature

even through the glass transition temperature changes

significantly by varying the amount of each component. For

the polyurethanes initially investigated, the plateau modulus

value was observed to change by varying the content of each

component ,

The individual domain structure is quite dependent on

the specific polyurethane system. For polyurethanes having .

high hard segment content, the regular packing of the hard

segment has been observed and characterized by wide angle x-

ray scattering (WAXS) extensively . ^0, 21 rpj^^ structure of the

hard segment inside the hard domain has been shown to be

mainly trans in conformation especially when stretched or

annealed . 23 The spherulitic superstructure of hard segment

has also been determined with TEM and light microscopy . 24, 25

If 2,4 TDI is used, the hard domain does not show any



crystallinity due to the lack of symmetry in the molecule.

Soft domains can also have a variety of morphologies

depending on the nature of the molecules and molecular

weight. Semicrystalline structure can be obtained by

deforming the high molecular weight soft segment. 26

Infrarf^d Charrint erizat i nn of th^ Hydma^^^n RnnH

Even though the formation of strong hydrogen bonds

between hard segments is not a necessary condition for phase

separated morphologies, 27 j^ard domains are generally

believed to be stabilized by the hydrogen bonding. When

polyesters or polyethers are used as soft segments, hydrogen

bonding between hard segment and soft segment is also

possible ,28,29

A hydrogen bond is formed between a functional group

A-H, the proton donor, and an atom or group of atoms B,

proton acceptor, in the same molecule or a different

molecule. In most cases, the proton is donated by a

carboxyl, hydroxyl, amine or amide group. The usual electron

contributing parts of the molecule are the oxygen in

carbonyl, ether, hydroxyl groups and the nitrogen in amines. ^0

In the case of polyurethanes , urethane functional groups have

both proton donor (N-H group) and acceptor (carbonyl)

.

Polyether and polyester soft segments can also be a proton

acceptor

.

Infrared spectroscopy has been extensively used to

investigate the hydrogen bonding characteristics because many
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vibrational modes are significantly perturbed by the

formation of the hydrogen bond. The vibrational modes which

are mostly affected by the hydrogen bond are shown in Figure

1.1.30 In case of A-H stretching mode (Figure 1.1a), the

frequency shift due to the hydrogen bonding is linearly

related to the hydrogen bonding distance. The strength of

the hydrogen bond can be, therefore, easily inferred from the

frequency shift of the N-H stretching infrared band.

The N-H stretching band was shown to be shifted by ca.

100 - lOOOcm"! depending on the proton acceptor group of the

polyurethane
.

The N-H stretching peak is appreciably broad

due to the distribution of the hydrogen bond distance over

all molecules. Since the intensity of N-H stretching band is

also strongly dependent on the frequency shift, the overall

absorbance can be a function of the extent of hydrogen

bonding . 31

For polyurethanes, the effect of hydrogen bonding on the

infrared spectrum can be characterized from a few different

bands. In addition to the N-H stretching and N-H bending

modes (Figure 1.1a and b) , the C=0 stretching region has been

extensively studied .
32, 33 ^he carbonyl stretching region

gives important information about the hydrogen bonding. Even

though the frequency shift due to hydrogen bonding is not as

large as that of the N-H stretching component, the small

effect of hydrogen bonding on the overall absorbance makes

quantitative analysis possible. 34
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(a) A—H B

(b) A—H B
J

(c) A— H B

(d) A— H

B

FIGURE 1.1 Four vibrational modes mostly affecred by the
hydrogen bond; -A-H and B- correspond to proton
donor and acceptor, respectively

.
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The frequency of the N-H bending component is shifted to

higher wavenumber upon hydrogen bonding in contrast with the

two previous stretching components, which show a shift to

lower frequency. The effect of hydrogen bonding on the

spectrum can also be found on a few different spectral

regions, but the analysis is not straightforward due to the

coupling of the hydrogen bonded functional group with the

backbone vibrations.

Phase Separati on Ki net -ire;

The heterogeneous phase separated structure of the

polyurethane is not obtained instantaneously after the

chemical reaction between the two segments. The reaction

product approaches the equilibrium structure at a rate which

depend on the phase separation kinetics. Since the

mechanical properties are determined largely by the phase

separated structure, the phase separation kinetics has to be

understood to monitor the time variation of the material's

properties .

Even though the phase separation kinetics of the

polymeric blends has been investigated extensively, the

experimental studies to characterize the microphase

separation kinetics of the segmented polyurethanes are scarce

and the theoretical development is far from complete. Phase

separation kinetics has been traditionally investigated with

scattering methods, of the appropriate wavelength of

electromagnetic radiation, to probe the domain size. In the
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case of segmented polyurethanes, the microphase separation

kinetics has not been widely investigated because the average

domain size is in the range of a hundred Angstroms which is

not easily accessible by the traditional source of the

electromagnetic radiation.

The phase separation kinetics of the polyurethanes has

generally been studied indirectly. Since the glass

transition temperature (Tg) of the soft matrix is dependent

on the amount of the hard segment dissolved in it, the

relative purity of the soft matrix can be assessed by

measuring the Tg as a function of phase separation . 35 The

mechanical properties can also be related to the degree of

phase separation. The modulus of the material is found to

change with the degree of phase separation . 36 Therefore, the

observation of changes in the mechanical properties as a

function of time gives information which can be related to

the degree of phase separation. Most of the kinetic methods

used have determined the properties of the sample of which

the phase separation process has been frozen. The direct

investigation of the phase separation kinetics can only be

achieved when the experimental observation is made on the

samples undergoing phase separation during measurement. The

major focus of the kinetic study of this work will be on the

direct application of Fourier transform infrared spectroscopy

to the phase separation kinetic study. The differential

scanning calorimetric method can also be used to follow the

phase separation kinetics by monitoring the heat flow.
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m
ggqi-qQntal Orientation Studio, by Tnfr;.r-^H Dirhrni.

Infrared spectroscopy is a very useful technique to

study the orientational behavior of the complicated

polyurethane structure. The orientational response of the

each segment of the chain can be investigated independently,

in general, from the same set of experiments. When

polyurethanes are strained macroscopically, the individual

segment orients and deforms in a manner which is

characteristic to the morphological state of the material.

In order to understand the internal structure and also the

relationship between structure and properties, the

deformation behavior of the separate components must be

characterized

.

The deformation behavior of the soft segment has been

found to be very different from that of the hard segment.

Since the glass transition temperature of the soft matrix is

well below ambient temperature, the soft segment shows fairly

good elastic properties. It recovers to the initial state

upon the removal of the applied stress, whereas the hard

domain was found to undergo plastic deformation especially at

high strain. 37 Therefore, the hard domain shows residual

orientation when subjected to stresses higher than a certain

critical stress level at which point plastic deformation of

the hard domain starts to occur.

The initial strain is mostly developed on the soft

segment due to its relatively low modulus. The stress is
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then subsequently transferred to the hard segment at both

ends of the soft segment while the soft segment relaxes. The

strain transfer from the soft segment to the hard segment

will be studied by the stress relaxation experiment in

Chapter 6. The deformation behavior of the flexible soft

chain, i.e. butadiene based polyurethane, will also be

investigated by applying a theoretical prediction of the

infrared dichroism to the experimental values.
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CHAPTER II

ECTROSCOPIC ANALYSIS OF PHASE SEPARATION BEHAVIOR

Introduction

It is generally accepted that the strength and high

elasticity of polyurethanes are due to the hard domains

stabilized by the hydrogen bonding between hard segments.!

The perfection and degree of phase separation have been found

to be important to the properties of polymers and are

dependent on molar composition, synthesis procedure and

thermal history. 2, 3 Hydrogen bonding may form between the N-H

and C=0 groups in the hard domain. If a polyether is part of

the polymer, then hydrogen bonding between the N-H group of

the hard segment dispersed in the soft matrix and the C-O-C

group of the soft segment has also been suggested .

"^-"^

Hydrogen bonding properties of urethane functional groups,

therefore, have been extensively investigated, because of its

importance. Spectroscopic techniques, mainly infrared, have

complemented other characterization techniques to better

understand the phase-separated structures of polyurethanes.

Even though a considerable amount of information has been

obtained, a direct interpretation of the spectroscopic data

is difficult. Recently, these difficulties have been

presented in literature . ^'^^

16



It is well known that polyurethane structures and

properties change as a function of temperature and these

changes have been followed by thermal analysis , 12-14

spectroscopy, 8, 9, 14-16 dynamic mechanical analysis, 1^ 18, 19 wide

angle x-ray dif fraction20, 21 ^nd small angle x-ray

scattering. 22 Several processes have been suggested to occur

concurrently as a function of temperature. These structural

changes are: (1) weakening and disassociat ion of hydrogen

bonding; (2) disordering of hard segment domains; (3) hard-

soft segment mixing; and (4) thermal degradation, mainly

occurring in urethane linkages. 23 Vibrational spectroscopy,

specifically, the infrared technique, has demonstrated its

particular usefulness in characterizing the hydrogen bonding

characteristics in each domain. Some of the localized

vibrations such as the N-H stretching vibration or the C=0

stretching vibration are strongly perturbed by the formation

of hydrogen bonds. Both the frequency shifts and intensity

changes are characteristic of the specificity or magnitude of

the hydrogen bonds formed. The intensity of each type of

hydrogen bonded vibration, if properly assigned, can

potentially yield the degree of phase separation in the

polyurethanes being studied.

In this chapter, a direct correlation between changing

hydrogen bonding characteristics in soft and hard domains and

macroscopic phase transformation as a function of temperature

will be presented. Schematic representations of phase

separated morphology at three different temperatures are



given in Figure 2.1. Characteristic hydrogen bonded species

are also included in each diagram. By increasing the

temperature above the "melting" transition of the hard

domain, a homogeneous structure (b) is obtained which is

accompanied by the disassociation of most of the hard

segment-hard segment hydrogen bonding. if it is rapidly

cooled (quenched)
, the high temperature structure is "frozen"

resulting in a significant number of interactions between the

hard and soft segments as shown in Figure 2.1c. Quenching to

a lower temperature is then a good way to retain the degree

of phase mixing at the elevated temperature. If the quenched

temperature is much lower than the glass transition

temperature (Tg) of the soft segment, the slow rate of

segmental separation at the low temperature (depending on the

segmental diffusion rate at the temperature) will prevent

reformation of hard segment-hard segment hydrogen bonding.

This low temperature structure undergoes phase separation to

become an ambient temperature structure when the temperature

is raised. In this way, direct correlation between

microscopic evidence for hydrogen bonding characteristics and

macroscopic phase transformation in soft and hard domains can

be obtained. The definition of a homogeneous phase at a high

temperature is difficult to establish. The samples to be

studied are quenched from a temperature 20°C above the first

order transition temperature reported for the sample. ^4 The

quenched samples studied are optically clear. The
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experimental results and the interpretation of phase

separation in model polyurethane are reported here.

Experimenta

1

The polyurethane samples used in this study have been

described previously . 24 The distribution of the hard segment

(methylene bis (phenyl isocyanate) (MDI) and butanediol (BD)

)

length is strictly monodisperse . The soft segment used is

poly (propylene oxide) (PPO) (VORANOL™^ molecular weight

2000) . The preparation of the prepolymer and the

monodisperse hard segments have also been described

elsewhere. 24 m earlier studies, the polyurethane samples

containing 3 or 5 MDI units (therefore 2 and 4 butanediol

groups, respectively) have been designated as B2 or B4

polyurethanes and their chemical structures are shown

schematically in Figure 2.2. The elemental analysis results

for carbon, hydrogen, and nitrogen contents of the B2 and B4

materials are shown in Table 2.1. The close agreement

between experimental and calculated values seems to support

the well defined chemical structure of two materials. The

results of the blend sample is also included for Chapter V.

The glass transition temperature for the soft segment is

approximately -40°C. For the phase mixed system, the glass

temperature depends on the degree of phase mixing and can be

as high as 0°C. It is difficult to establish the glass

transition temperature for the hard segment because of the
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small magnitude of heat capacity change. This value is in

the range of lOOoc.

This spectroscopic experiment was carried out on an IBM

model 98 Fourier transform vacuum spectrometer. It was found

that for this set of experiments involving a large

temperature range, it was much easier to build a separate,

purge box in the sampling area to accommodate a specially

designed infrared cell. The entire optical table is

maintained under vacuum except for the sampling area. In

this section, atmospheric absorptions were removed by dry

nitrogen boiled off from liquid nitrogen. Since the major

emphasis is to capture the temperature induced structural

changes, a considerable effort was expended to design a

sample cell with good temperature control which can be used

over a large temperature range. This cell is shown

schematically in Figure 2.3. With this cell, when connected

to a proportional controller, a sample temperature from

-lOQoc to 200OC can be comfortably reached. The temperature

accuracy is within one degree of the set point.

For the quenching experiment, liquid nitrogen is blown

directly from an opening on top of the cell, as well as, onto

the sample held between two AgCl windows (Figure 2.3). The

temperature of the sample is always measured with a copper-

constantan thermocouple held between the windows in the

infrared beam path. It took less than 20 seconds to cool the

sample from 185°C to -70°C. The low temperature was

maintained by blowing boiled off nitrogen gas from a separate
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FIGURE 2.3 The variable temperature cell used for infrared
experiments
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liquid nitrogen reservoir. No water condensation was

observed at anytime during the experiment. The background
spectra at each temperature was recorded and stored for later
use. It was difficult to obtain a flat baseline at

temperatures below -450c. Since there was little or no

change for the infrared spectra of polyurethanes below -450C,

this data was not used in our analysis. At each measurement

temperature, the sample was equilibrated for 10 minutes

before the spectra were obtained. The temperature cycle as a

function of time is shown schematically in Figure 2.4. The

infrared spectra obtained for the B2 model polyurethane at

two temperatures are shown in Figures 2.5 and 2.6. The

changes in the N-H stretching and C=0 stretching vibrations

as a function of temperature in the 3300 and ITOOcm"! regions

are shown in Figures 2.7 and 2.8 respectively.

Results and Discussion

Spectroscopic Features Sensitive to Structural Changes

Infrared spectra of polyurethanes exhibit bands which

are characteristic of localized chain conformation or

packing. Most of the attention has been given to the

characterization of the band intensity and shape of the

localized vibrations associated with specific functional

groups, i.e. N-H ,
-0- or C=0, which participate in specific

hydrogen-bonding in and/or between the various domains. Most

studies recognize this two phase system, i.e. hard domains
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dispersed in soft segment matrix, which is too simplistic a

picture. A morphological model incorporating highly ordered

lamellar structure, amorphous regions (e.g. interphase), and

regions of soft phase with a few hard segments dispersed

within it should be considered . 22, 25 ^^^^ established

that the position and intensity of these vibrations are

extremely sensitive to the strength and specificity of the

hydrogen bonds formed. 26 The phase separation in

polyurethanes can be characterized by measuring the intensity

and position of the hydrogen-bonded N-H stretching

vibration. 8, 9, 14-16, 24 ^here is significant N-H ••• 0=C

hydrogen bonding, since both units are associated with the

hard segments, it has usually been interpreted that extensive

phase separation has occurred. It has also been suggested

that N-H groups can form strong hydrogen bonds with the

oxygen of the ether groups associated with the soft segments

when available . ^-7 The observation of these hydrogen bonds

suggests the existence of a dispersed phase consisting of

hard segments mixed with soft segments. The converse of this

statement, i.e. the existence of a dispersed phase does not

necessarily mean there are well defined N-H ••• -0- hydrogen

bonds. A significant number of studies have attempted to

quantitatively assess the amount of hydrogen-bonded versus

free species. Undoubtedly some of the difficulties in the

interpretation of spectroscopic data are complicated by the

two types of hydrogen bonds available and other second order

spectroscopic effects involving the N-H stretching
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fundamental and combinations of lower frequency Amide

vibrations ,10/11

The frequency shifts associated with both N-H and C=0

vibrations when hydrogen bonds are formed can be understood

intuitively. For the N-H stretching vibration, the formation

of the hydrogen bonds alters the electronic distribution

associated with the N-H bond. 27 the C=0 stretching

vibration, there is the added contribution of transition

dipole-dipole coupling. 28 Generally speaking, the N-H groups

free from hydrogen-bonding have a stretching vibration at

3450cm-l. In contrast, the groups involved in hydrogen

bonding have much lower frequencies, ranging from 3300 to as

low as 3200cm-l. The exact position depends very much on the

strength of the hydrogen bond formed. 29 This bond strength

strongly depends on the local geometry, 30 such as the

linearity of the bonds involved and the distance between the

groups. The general approach is to treat the spectroscopic

data as having two components, one free and one hydrogen-

bonded, even though the frequency maxima for the hydrogen

bonded component varies significantly as a function of

composition or thermal history.

2

Amide I vibration is usually referred to as a relatively

localized normal vibration with the largest potential energy

contribution from the C=0 stretching internal coordinate.

Similarly, since the C=0 stretching vibration is sensitive to

the specificity and magnitude of hydrogen bonding, it is

plausible that the Amide I vibration actually consists of



several components associated with C=0 groups in various

environments. The Amide I as a function of temperature

obtained for our samples is shown in Figure 2.8. Similar to

the N-H stretching region, two clearly discernable components

can also be found. The 1732cm-l component is assignable to

the carbonyls free of hydrogen bonding, and the lower

frequency component, at approximately 1703cm-i, is associated

with hydrogen bonded carbonyls. The increase or decrease of

the two components .as a function of temperature reflects the

changing hydrogen bonding properties in these phase separated

polyurethanes. However, a number of studies have also found

a third component .8' 31 interpretation of this additional

feature can be found elsewhere.

One must accept that the hydrogen bonds formed are not

uniform and a distribution must exist. The exact form of

this distribution is dependent on various parameters such as

chemical composition, sample preparation or temperature.

Quantitative analysis of the amount of each is complicated by

the fact that the absorptivity coefficient of the hydrogen

bonded component is dependent on the strength of the hydrogen

bonds formed. 5' 29 However, the dipole moment change or band

intensity need not be associated with the inductive effect,

but rather dominated by the changing resonance structure.

Although the difference in the absorptivity coefficient for

the Amide I band has not been observed to be significant , 27

the same cannot be said for the N-H stretching vibration.

The ratio of the absorptivity coefficient, R, is described as



R = —
N-H

(2 . 1)

where e denotes the absorptivity coefficient, and b and f

refer to the bonded and free components, respectively. The

relative intensities of these two components can and have

been used to determine the degree of phase separation in

polyurethanes. However, recent studies have demonstrated

that this simplistic analysis can be misleading . 8.

9

Spectral Ohsprv^t- -; nn ^

The room temperature spectra in the 3300 and ITOOcm"!

regions of a B2 polymer are as expected. In each region

dominant peaks are characteristic of hydrogen bonded

components. The N-H groups free of hydrogen bonds cannot be

seen easily. when the temperature is allowed to rise in

stage 1 as shown in Figure 2.4, the hydrogen bonded component

diminishes in intensity and shifts upward. This frequency

shift reflects a change in hydrogen bond strength but does

not imply that the hydrogen bonds have disassociated as

Skrovanek et al . correctly pointed out .
^ At melting, the

hydrogen bonded component diminished considerably in

intensity as compared to the room temperature spectrum. In

the carbonyl region the 1735cm-l component is the dominant

one. Because of the significant difference in the absorption

coefficient, the N-H stretching at 3450cm-l did not change as

dramatically as the 3330cm~l hydrogen bonded component.



Except for relatively minor band intensity and frequency
changes, the infrared spectrum obtained by cooling the

polyurethane sample directly from room temperature to low

temperatures is quite similar to the spectrum obtained at

room temperature. What is most interesting are the spectra

obtained for the quenched B2 polyurethane. For simplicity,

the N-H and C=0 stretching regions will be described

separately. For the quenched sample measured at low

temperatures, in the N-H stretching region, the dominant peak

is at 3295cm-l with very weak shoulders at 3330cm-l and

3260cm-l. The N-H stretching vibration free from hydrogen

bonding seems to be totally absent. When we slowly raised

the temperature of the sample from -40oc to SQOC, the 3330cm-l

component changed continuously and gradually became dominant.

When the sample was heated beyond 10°C in stage 4, this

region changed as described in stage 1. The shifting of the

N-H band for the quenched sample cannot be attributed to the

different temperature dependence between N-H • • • 0=C and N-H

••• -0- hydrogen bonding because the changing characteristics

of the quenched sample are irreversible.

As can be seen in Figure 2.8, the carbonyl stretching

region obtained for the quenched sample is totally

unexpected. The dominant peak at the low temperature is the

1730cm-l, representing free C=0 stretching with the weaker

component being the ITOScm"! one. The relative intensity of

the two components of this quenched sample again change

significantly between -45°C to 50^0 . The temperature induced
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changes in stage 4 are similar to what is observed in stage 1

for the N-H stretching vibration as well. As stated

previously, the existence of a homogeneous phase is difficult

to establish. The fact that the 1705cm-l component is much

weaker than the 1730cm-l band also suggests that most C=0's

are not bonded to N-H groups as expected for a dispersed

phase

.

Discuss ion

One of the most critical assignments in our analysis is

the 3295cm-l band. Our data suggests this component is to be

associated with N-H bonded to the ether oxygen. The

structure of the quenched sample reflects the phase mixed

behavior of the melt and is preserved in the "frozen" state

at -70OC, well below the glass transition temperature of the

soft segments. We feel this "frozen" state is a well

dispersed phase containing few isolated N-H groups. All the

N-H groups participate in hydrogen-bonding either with the

C=0 or the -O- groups. This interpretation can be supported

from basic concepts associated with the thermodynamics of

these polyurethanes

.

Previous studies have suggested that the glass

transition temperatures of the soft and hard segments are

approximately -40°C and llOOQ respectively. In this

experiment, the melt has been quenched with sufficient speed

to trap the morphology of the melt state preventing phase

separation to take place. There are approximately 34 ether
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units per soft segment and 6 carbonyl units per hard segment.
From stoichiometry, it is highly likely for ether oxygens to
be around the N-H groups. The conformation around the soft

segments allows a great deal of chain flexibility making it

sterically favorable to form hydrogen bonding as well. The

change in the rotational energy barrier is in the

neighborhood of 1 Kcal/mole32 and the gain for each hydrogen

bond formed is approximately 5-10 Kcal/mole.29 Thus, the

disappearance of the free N-H band and the strong 3295cm-l in

the "frozen" sample can be explained. There are other

explanations for the observed components in the 3200cm-i

region. The possibility that additional components arise

from the Fermi resonance interaction between the N-H

stretching fundamental and the combination of low frequency

Amide vibrations does exist and some well defined vibrations

have been observed in polypeptides .
10' n However, these weak

Fermi resonance components should not alter our

interpretation. Christenson and his coworkers have argued

for the assignment of an N-H ••• -0- band below the 3350cm-l

component and concluded the 32 60cm-l component is the

appropriate one. 24 Their arguments based on steric

considerations and model compound studies for the existence

of such a component are rather persuasive. However, based on

results in this chapter, the component at 3295cm"l is more

likely the correct assignment and the one at 3260cm"l may be

assignable to the second order effects associated with Fermi

resonance interactions . 11 This assignment is consistent
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with earlier analysis. 4 When the temperature is increased
above -40OC, the soft segments gain sufficient mobility

excluding hard segments for separation to occur disrupting

the N-H •• -0- hydrogen bonds. This process dominates in

stage 3 in the schematic diagram shown in Figure 2.4.

The spectroscopic changes observed for the carbonyl

stretching vibration are consistent with this interpretation.

Initially as can be seen in Figure 2.8, the 1735cm-l dominates

in the quenched state, although the presence of the 1705cm-l

band can definitely be observed. There is an insufficient

number of N-H groups for most of the C=0 groups to be bonded

to. When the temperature is raised, phase separation occurs

and the hydrogen bonds between hard segments begin to form

with other N-H groups. Finally beyond 70oc, these hydrogen

bonds weaken but do not necessarily break, until the entire

sample melts at 110^0. Therefore, transformation of N-H •••

-0- bonds in the phase mixed state into N-H ••• 0=C bonds in

the phase separated state is clearly supported by the

spectroscopic changes observed in both the N-H or C=0

stretching regions. It is to be noted that as the

temperature increased, a clear indication of transformation

of the phase-mixed state into the phase-separated state was

observed

.

In this analysis, one of the critical premises is that

at temperature higher than hard domain dissociation

temperature, phase mixing and/or incomplete domain structure

of polyurethanes exists. This has been suggested by a number
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of investigators. The DTA or DSC endotherm near BOoc has

initially been interpreted to be the disassociat ion of hard

segment-soft segment hydrogen bonds. 33 That transition has

since been reinterpreted to be morphological in origin. 14

Wilkes noticed that the Tg of soft segments quenched to 20oc

from a high temperature increased significantly . 34 Sung and

her coworkers also measured the Tg of the soft segment as a

function of the urethane hard segment concentration . 17 They

found Tg values for the amorphous 2,4-TDI and polyester soft

segment polyurethanes to be higher than expected. 17 in both

cases, the increase in Tg values were explained as a result

of increased hard segments dissolved in the soft segment

matrix and result in hydrogen bonding of hard and soft

segments, i.e., N-H ••• 0=C when polyesters were used as soft

segments .

Conclusion

Infrared spectroscopy has been widely used to study the

micro-structure of polyurethanes. The changing distribution

of hydrogen bonding properties in each domain can be assessed

by this technique. In spite of its inherent selectivity for

studying each functional group separately, there are some

vague assumptions in the application of the spectroscopic

data to better understand structural changes such as phase

mixing or phase separation upon thermal treatment. This has



been mainly due to the lack of direct spectroscopic evidence,

which is unique to each macroscopic phase structure.

In this study, new spectroscopic evidence identifying

hard segment-hard segment hydrogen bonding (N-H ••• o=C) in

hard domains and hard segment-soft segment hydrogen bonding

(N-H ••• -0-) in phase-mixed states have been presented.

These direct spectroscopic features have been sought but not

found previously. if properly assigned, most of the

spectroscopic data can then be correlated to the macroscopic

structural transformation, mainly the degree of phase mixing

or the separation kinetics. In this study, the qualitative

structural pictures shown in Figure 2.1 are proven by the

experimental evidence obtained.

It is now feasible to follow the phase-separation

kinetics at the segmental level. The more detailed

experimental work about the phase separation kinetics will be

shown in the next chapter. If the thermodynamic arguments

about equilibrium temperatures of hydrogen bonding between

hard and soft segments given, are not grossly erroneous, then

the results in this chapter suggest a new way of studying

hydrogen bonding thermodynamics, i.e. establishing the

equilibrium state at elevated temperatures followed by

detailed characterization of the low temperature structures.
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CHAPTER III

PHASE SEPARATION KINETICS
OF MODEL POLYURETHANES

Int rnrinr-1- i nn

Segmented polyurethanes exist mainly as phase separated

systems, because of their incompatible structural components.

The degree of phase separation as reflected in the size and

perfection of the domains is the most important criterion for

the determination of overall sample mechanical properties . 1-3

Although phase separation kinetics of polymer mixtures have

been active areas of study, 4-6 investigations have been

carried out to characterize the phase separation kinetics of

polyurethane block copolymers . 2. 7, 8 only is the

characterization of the phase separated structure present in

segmented polyurethanes important from a practical

standpoint, but also the mechanism associated with the phase

separation is extremely interesting from a fundamental

viewpoint as well. The connectivity between the components,

the effects of chain stiffness, and the polydispersity of the

hard or soft segments are all important parameters and need

to be examined in greater detail in order to understand m.ore

fully the phase separation mechanism.

A few techniques have been applied to study the various

aspects of phase separation kinetic behavior of

52
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polyurethanes. For example, scattering technique,

particularly small angle x-ray,
_ can give the average size of

the hard domains evolving from a homogeneous single phase.

2

By monitoring mechanical properties as a function of phase

separation time, the phase separation kinetics can also be

inferred.
9 It should be noted, however, that the direct

relationship between the macroscopic mechanical properties

and the degree of phase separation is generally hard to

establish

.

In the previous chapter, vibrational spectroscopy has

been used as the principal technique to characterize the

different hydrogen bonds formed and to infer phase separated

structures in polyurethanes. Hydrogen bonding may form

between the N-H and C=0 groups of the hard segments. If a

polyether is part of the polymer, then hydrogen bonding

between the N-H group of the hard segment dispersed in the

soft matrix and the C-O-C group of the soft segment is also

possible. 11 Some of the localized vibrations such as the

N-H stretching vibration or C=0 stretching vibration are

strongly perturbed by the formation of hydrogen bonds . 12 Both

the frequency shifts and intensity changes are

characteristics of the specificity or magnitude of the

hydrogen bonds formed. The intensity of each type of

hydrogen bonded vibration, if properly assigned, can

potentially yield the degree of phase separation in the

polyurethanes being studied, as reported in earlier

studies . I3r 14
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Thermal analysis, mainly DSC, with some degree of

success, has been applied to characterize phase separation

kinetics in polyurethanes or blends. 7, 15 since the glass

transition temperature of the soft segments is affected by

the presence of the hard segment in the soft domain, the

purity of the soft domain, or the degree of phase separation,

can be assessed by measuring the AT, defined as the

temperature difference between Tg of the soft segment in the

polyurethanes and Tg of the neat soft segment. More

quantitative results were obtained by measuring the heat

capacity change (ACp) of the soft segment at the glass

transition temperature .

8 The ratio of the ACp of the

polyurethane copolymer to the ACp of the pure soft segments

was correlated to the degree of phase separation. Therefore,

the phase separation kinetics were studied by following the

changes in this ratio as a function of time.

In this chapter, phase separation kinetics of model

segmented polyurethanes have been studied by the Fourier

transform infrared technique in conjunction with thermal

analysis. Even though the infrared technique provides

information regarding the microscopic environment around each

segment (functional group) it is necessary to have

macroscopic information to assess the overall structural

changes such as the kinetics of the domain formation. Since

the thermal method, which measures the heat flow during phase

separation without affecting the kinetics, can be used to

follow the phase separation process directly, such a study
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has been carried out and the results will be correlated with
the spectroscopic analysis.

The success in utilizing vibrational spectroscopy for

the study of phase separation depends on the existence of

bands sensitive to mixed and phase separated states,

respectively. In a previous chapter, spectroscopic features,

which are characteristic of urethane linkages dispersed in

the soft segments as compared to interurethane hydrogen

bonding confined to hard segment domains, have been observed

and independent assignments have been made. With a specially

designed sample cell, it was possible to trap a phase mixed

structure at a temperature 60Oc below the glass transition

temperature of the soft segments. When this quenched sample

was brought up to a higher temperature, the increase of one

spectroscopic component and the corresponding decrease of the

other, provided a direct measurement of phase separation

kinetics

.

Theory of Pha.se Separation Kinetir.q

Even though phase separation kinetics of polyurethanes

have been studied by several workers, the complete phase

diagram of the segmented block copolymer has not been

obtained. Furthermore, it is not clear whether or not the

conventional phase diagram can be applied to the phase

behavior of the segmented polyurethane copolymers . Since the

phase separation mechanism of the polyurethane is not known.
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two possible mechanisms (nucleation and growth and spinodal
decomposition mechanisms) have to be applied to determine the
type of the phase separation mechanism.

Nucleation anrj Grnwf^

According to the crystallization theory, the crystal

growth rate, G, for a phase transformation in a condensed

phase is given by

G = Gq exp exp
\ kl J (3.1)

where A<\>^ is the free energy required to build a nucleus of

critical size, Af^ is the free energy barrier opposing

transport of material across the interface and Gq is

temperature independent coef ficient

.

At a small degree of supercooling, the nucleation rate

will increase very rapidly with decreasing temperature of

crystallization. The transport term has an appreciable

effect only at low temperatures where the local viscosity is

shown to be inversely proportional to the temperature. Since

the macroscopical viscosity and temperature have the

relationship in Equation 3.2,

r\ = A exp —
^Ut^ (3,2)

where A is a constant and E is the activation energy, the

transport term has a negative exponential relationship .
i'^



57

By applying the WLF expression to the transport term and
the Classical nucleation theory to the second exponential
term in Equation 3.1, the crystal growth is represented as

^ = ^oexp(^^) exp (-^)

where A is the activation energy associated with segmental

motions. To a temperature below the glass transition

temperature, AT = (t^-T) the undercooling and B a constant

defined as 4boaae/AHf in the case corresponding to a two

dimensional crystal growth. 16 a and Qe refer, respectively,

to the lateral and fold surface free energies of the polymer

crystal and AHf molar enthalpy of fusion. The qualitative

functional dependence is calculated with Tg of O^C and T^ of

970c and its functional shape is shown in Figure 3.1. The

maximum rate can be observed between the two extreme

temperatures, i.e. Tg and T^.

Overall crystallization kinetics have traditionally been

treated in terms of the Avrami relationship . 18, 19 ^he degree

of phase transformation, X, is expressed as

X = 1 - exp(-Zt'^) (3.4)

where Z is a rate constant related to the nucleation and

growth rate. Equation 3.4 can be plotted by using standard

conventions

.

ln[-ln(l-X)] = InZ + n Int (3.5)
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FIGURE 3.1 Temperature dependence of the crystal growth
rate .
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From the slope and intercept of the plot, ln[-ln(l-X)] vs In

t, the crystal morphology and the crystal growth rate

constant can be calculated.

Spinodal nernnpp o.s -j t i

The mathematical theory of spinodal decomposition

consists of nothing more than deriving and solving a general

diffusion equation. Diffusional flux, J, of two species is

related to chemical potential difference -
|Ib) as in

- J = M V(iIa - Hb) (3.6)

where M is diffusion mobility. Chemical potential difference

(P-A - ^b) is

^^A-^iB=g^-2KV^c,
^ (3.7)

where the first term is the free energy change due to

concentration and the second term is due to the concentration

gradient within the range of interaction of an atom and ca is

the concentration of the component A. The gradient energy

coefficient, K, is the product of the interaction energy and

square of the interaction distance. By substituting Equation

3.7 into Equation 3.6, it becomes

-J = M

—

- Vc - 2MKV c

(3.8)

From Fick's first law, taking divergence of Equation 3.8, the

spinodal decomposition equation is obtained. 20

5c 5^f 2 r74= M V c — 2MKV c + nonlinear terms
5t 5c^ (3.9)
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Equation 3.9 has a simple sine wave solution
. c-co = exp[R(p)] cos((3 • r)

(3 . 10)
where the amplification factor R(P) is given as

R(P) = -Mp 2 — + 2Kp'
JV5c

(3.11)

Equation 3.10 indicates that the scattering intensity of a

certain wave vector p changes exponentially. From the

R(p)/p2 vs p2 plot (refer to Equation 3.11), the diffusion

coefficient D
r 5'f^
D = M

V 5c';
can be obtained from the intercept

A negative value of the diffusion constant is often used as

definite evidence of the spinodal decomposition mechanism. 20

Besides the definite scattering experimental data,

characteristic morphological features are frequently used as

an indication of the spinodal decomposition mechanism. Those

important features are as follows ;5

1. precipitated phases are interconnected with each other

2. the spacing observed in the scattering pattern is almost

uniform

3
.

the phase domain grows at the later stage of phase

separation

.

Experimental

The model polyurethanes containing monodisperse hard and

soft segments used in the previous chapter have been
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characterized extensively. The sample used in this chapter

contains three MDI units and two butanediol (B2) per hard

segment. The chemical structure of the polymer is shown in

Figure 2.2.

Infrared Soect ro<:^ coni c .qfndjo..

One of the key points in this experiment is the ability

to obtain a sampling temperature accurately and over a large

range. A variable temperature cell used in this experiment

was shown in Figure 2.3. The experimental set-up with both

cold and hot nitrogen gas are shown in Figure 3.2. The cold

N2 gas was obtained by boiling the liquid nitrogen. The flow

rate of the gas was controlled by the transformer connected

to the heater and the flow meter as shown in the Figure 3.2.

For the hot gas, the nitrogen gas was passed through the

heating chamber that contains the heating wire inside. The

final gas temperature can be controlled by changing the ratio

of the flow rate of the hot to cold nitrogen gas.

The temperature profiles as a function of time used in

this experiment are shown in Figure 3.3. For high

temperature phase separation experiments (Figure 3.3a), a

rapid lowering of the sample temperature after initial

heating can be accomplished by blowing cold N2 gas directly

onto AgCl windows. When the isothermal phase-separation

temperature was reached, a combination of cold and hot

nitrogen gas was used to stabilize the sample temperature.

For the quenching step during the low temperature phase
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FIGURE 3.2 Schematic drawing for the isothermal temperature
set-up using both hot and cold nitrogen gas.



FIGURE 3.3 Temperature variations during (a) high
temperature phase separation experiments (FTIR
and DSC) (b) low temperature phase separation
experiments (FTIR)
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separation experiment (Figure 3.3b), the liquid nitrogen is
sprayed onto the windows directly while the heating cell
block is cooled with the liquid nitrogen at the same time.
Extremely fast quenching can be accomplished with this setup.
During the quenching step shown schematically in Figure 3.3b,
samples can be cooled from 130 to -SQoc in less than 30

seconds. The sample temperature was measured directly with a

copper-constantan thermocouple held between the two windows.

Films suitable for spectroscopic studies were obtained by

casting 2%(w/v) solution in THF directly on the AgCl salt

plate. It was slowly dried for 24 hours in the atmosphere

until most of the solvent evaporated, then vacuum dried at

VO^C for a few days.

All the infrared spectra were obtained with an IBM model

98 vacuum Fourier transform infrared spectrometer. Spectral

resolution is maintained at 2cm-l. in two experiments, at 45

and 55°C, when high time resolution was required to follow

the high rate of phase separation, we reduced the spectral

resolution to 4cm-l. Although there are multiple bands of

interest in the carbonyl stretching region, we have not

carried out band deconvolution because of uncertain band

width, differences in the inherent extinction coefficients

and the number of components present. 21 Since the peak

position of the carbonyl band at approximately 1730cm"l shows

little shift during isothermal phase separation, it is

assumed that band height measurements can be used to

represent the changing band intensity as a function of time
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without significant error. when more reliable band
assignments become available, deconvolution procedures can be
applied. infrared spectrum of the B2 model polyurethane at
ambient temperature is shown in Figure 2.5.

Thermal Anaiy^j^

Since it was difficult to change the temperature quickly
without significant overshooting, only high temperature phase

separation kinetic studies were reliably carried out with

DSC. The same samples as used in infrared measurements were

studied. A Perkin-Elmer DSC-7 calorimeter controlled by a

Perkin-Elmer 7500 computer was used with the indium standard.

Phase-mixing was initially obtained by heating the sample to

~1300C, which is above the hard-domain dissociation

temperature (T^)
.

Since the phase separation rate above

lOQOC was very slow, the temperature was lowered from 130^0

to lOQOc slowly and equilibrated for 10 minutes, before being

quenched to the isothermal phase separation temperature.

This was done to minimize the transient state during the

temperature change. After lowering to the isothermal phase

separation temperature, heat flow was monitored isothermally

as a function of time.
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Resu1l-.q and ni sci].s.<^i nn

The utility of using a spectroscopic technique to

measure phase separation kinetics depends very much on the
ability to identify bands which are characteristic of the

homogeneous state versus the phase separated state. It is

generally accepted that the N-H stretching vibration in the

3300cm-l region is the one most sensitive to the hydrogen

bonding distribution in polyurethanes . 22, 23 However, in most

observations, the usually complex broad features of this band

cannot be easily analyzed.

The stable hard segments rich domains in polyurethanes

are characterized by interurethane C=0 ••• H-N hydrogen bonds.

The typical infrared spectrum obtained for our samples in the

carbonyl stretching region shows two distinct peaks. The

peak at 1730cm-l is assigned to the free carbonyl peak and

the clearly distinguishable one at 1700cm-l is assigned to

carbonyl groups hydrogen bonded to N-H group. The generally

higher absorbance observed for the ITOOcm"! peak relative to

the 1730cm~l component is characteristic of a typical phase

separated structure of polyurethanes.

If the model B2 polyurethane is heated above the hard

domain dissociation temperature (~100°C),24 relative

intensity of the two carbonyl peaks changes significantly as

the heterogeneous structure transforms to a homogeneous one.
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Since most of the hard segments in the homogeneous state are

surrounded by the soft segments, the carbonyl groups are free

of hydrogen bonding as characterized by the high absorbance

of the 1730cm-l peak. As demonstrated in the previous

chapter, this phase mixed state can be preserved at extremely

low temperatures by rapidly quenching the sample to below the

glass transition temperature of the soft segment s . 13, 14

Isothermal phase separation kinetics can then be studied

by raising the sample temperature quickly to the phase

separation temperature and measure the changes in the

infrared spectrum as a function of time. When a homogeneous

structure phase separates, the carbonyl group is transformed

from a free state to a state hydrogen bonded to a N-H group.

Changes in the carbonyl region during isothermal phase

separation is shown in Figures 3.4a and b as a function of

time. The time equals zero spectrum is first spectrum

collected after the quenching. Since the 1730cm"l peak is

assigned to be the free carbonyl peak, the high absorbance

value of that component indicates a high degree of phase

mixing at time zero. As isothermal phase separation

proceeds, the 1700cm~l component, assigned to carbonyl groups

hydrogen bonded to N-H, increases, while the 1730cm~l

component decreases in intensity. Our data clearly indicate

that the phase separation process involves a gradual

migration of the hard segments dissolved in the soft matrix

into the hard domain.
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For high temperature phase separation kinetics, the
temperature of the melt was quickly cooled down to the phase
separation temperature. After the temperature was stabilized
by the cold and hot gases, the spectra were collected with
time. The time for the temperature jump was approximately
seconds. The C=0 stretching spectra obtained during phase
separation at 650c are shown in Figure 3.5. General features'

shown in Figure 3 . 5 are very similar to those shown in Figure

3.4.

Previous studies have shown that frequency and intensity

differences at different temperatures for both the hydrogen

bonded and free C=0 vibrations can be significant and

difficult to define. 25, 26 Measuring the relative intensity of

the two components at a constant temperature removes this

difficulty. The overall integral intensity of the two

components is independent of the phase separation time at a

given temperature, as shown in Figure 3.6. The

interconversion between the two principal components is

considerable. Since its inherent extinction coefficient

remains relatively constant, the C=0 stretching vibration is

a suitable band for estimating the amount of hydrogen bonding

present at a given time and for following the phase

separation kinetics. It should be emphasized that our

measurements are taken at a constant temperature, thus

eliminating many of the temperature induced spectroscopic

effects. The changes we observe, therefore, are strictly

related to the structural change during phase separation.
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in our analysis, the peak intensity of the 1730cm-l
component is used to obtain a fractional degree of phase
separation as shown in Figure 3.7. Typically, after a short
Slow initiation period, phase separation increases rapidly
above an approximately 70% degree of phase separation and
then decreases before reaching the maximum degree of phase
separation asymptotically. The data plotted in Figure 3.7

reseml^le a crystallization isotherm, even though they deviate
Slightly from the usual sigmoidal shape for data obtained at

later stages of phase separation.' it is also apparent that

fractional phase separation is very sensitive to the

temperature

.

In theory, the N-H stretching vibration should also

yield complementary structural information to the C=0

stretching vibration. N-H groups can form hydrogen bonding

with the C=0 group of the hard segments as well as the ether

group of the soft segment .
10, ll This vibration, however, is

complicated not only by the two types of hydrogen bonding

observed, but also other second-order spectroscopic effects

involving the N-H stretching fundamental and combinations of

lower frequency amide vibrations . 27 changes in the N-H

stretching regions during two different isothermal phase

separation processes are shown in Figures 3.8a and b. Even

though spectral complications do not allow a simple

quantitative analysis, changes occurring during isothermal

phase separation, as shown in Figure 3.8, can be understood

qualitatively because the temperature effect is removed.
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Generally speaking, the frequency of N-H groups free
from hydrogen bonding is at 3450cm-l. The extremely weak
3450cm-l peak in Figure 3.8 indicates that most of the N-H
groups are hydrogen bonded either with the hard segment or

the soft segment. The peaks at 3330 and 3295cm-l have been

assigned to N-H groups hydrogen bonded to C=0 groups and the

ether oxygens, respect ively . 13 The number of

N-H- • -C-O-C (ether) hydrogen bonds should diminish, with a

corresponding increase in the number of N-H- • -0=0 bonds

during isothermal phase separation. it is, therefore,

expected that the 3330cm-l component is to increase and the

3295cm-l component to decrease in intensity as a function of

time. In most cases these two components are difficult to

separate cleanly. The decrease of the 3295cm-l component is

only seen as a decreasing shoulder due to the broad nature of

the peak (refer to time zero spectrum of Figure 3.8). The

increase of the 3330cm-l peak, however, is quite obvious. As

phase separation proceeds, it grows from a weak shoulder into

the dominant peak clearly indicating the formation of

hydrogen bonds between the hard segments, i.e. hydrogen

bonding between the N-H and C=0 groups.

In the case of the polyether based polyurethanes, the

carbonyl stretching region gives information purely

pertaining to the hard segments. When a polyester compound

is used as a soft segment in the polyurethanes, it becomes

difficult to use the carbonyl stretching peak to assess the

fractional degree of phase separation or phase separation



85

kinetics. Figure 3.9 shows that the total absorbance of the
N-H stretching peak can be used to characterize the kinetics.
The degree of phase separation data obtained from the C=0
peak is also included to demonstrate the good correlation
between two different spectral regions.

The phase separation rate can be obtained generally from
the time required to achieve 50% phase separation, ti/2. The

rates for each temperature can be obtained from the data

presented in Figure 3.7 and are summarized in Figure 3.10.

The temperature range selected for the rate measurement was

from ooc to lOOOc. The selection of the this range was

determined by the glass transition temperature of the soft

segments and the dissociation temperature of the hard domain.

The phase separation rate data of the segmented polyurethane

over this temperature range have not been previously

reported. The plotted data shown in Figure 3.10 resembles

the temperature dependence of the crystallization rate as

shown in Figure 3.1.

There is a close analogy between the formation of the

hard domain from the "homogeneous" mixed phase during phase

separation and the formation of a crystalline phase from the

homogeneous melt during crystallization. Therefore, Figure

3.10 can be understood qualitatively in terms of Equation 3.3

which explains the slow rates at low and high temperatures

and relatively faster rates at intermediate temperatures.

It should be noted that the fully phase separated B2

polyurethane does not show any birefringence through a cross
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polarising optical ™icro.=ope. Furthermore, wiCe angle x-ray
diffraction patterns of B2 model polyurethanes also do not
Show any crystalline peak, even when the sample is well
annealed above the glass transition temperature of the soft
segment. 24 Therefore, the spectral changes with time in
Figures 3^and 3 . 8 are due to the phase separation process
not to crystallization.

The slowing of the phase separation rate at high

temperatures then needs to be ^explained further. One

possibility is the faot that hard segment movements may meet
resistance from the contractile force of the soft segments.
The stress, a, for network chains as a function of strain,

a, for uniaxial stretching at constant volume, can be

expressed as Equation 3.12.

a = kT (Nc/V) (a2 - i/a)
(3_^2)

The contractile force at the constant extension ratio is

proportional to the temperature
.
^Since the flexible soft

segment is shown to exist in an extended state for the phase

separated structure, 28-30 the force against phase separation

at a high temperature is expected to be higher, thus slowing

phase separation. The slow phase separation rate on the high

temperature side of the curve in Figure 3.10 is, therefore,

thought to be affected by the loss of conformational entropy

of the soft segment when phase separated.



91

Phase ^er^ar^tir^ n Merh^n^oyyi

There are no established mechanisms which can be used to
explain the phase separation of copolymers. One of the
possibilities is the concept of spinodal decomposition which
occurs in the case of the thermodynamically unstable polymer
blends .20,31,32

If the non-linear terms in Equation 3 . 9 are neglected,
the linear combination of Equation 3.10 can also be the
solution of Equation 3.9.

^-^o = X A(P)exp{R(p)t}cos(p • r)
all 3

(3.13)
A ((3) is the amplitude of each component. When R(P) is

negative, the composition modulation function of that
frequency will decrease exponentially. For positive R(|3),

the modulation function will increase rapidly and eventually
the component with maximum R((3) will dominate the spinodal

decomposition. Equation 3.13 can be, therefore, approximated

as in

C-C, = A(pJexp{R(pJt}cos(p r)
(3.14)

where subscript m stands for the wavenumber for maximum

amplification factor.

One dimensional spatial concentration variation of the

hard segment at two different times during spinodal

decomposition is shown schematically in Figure 3.11. At time

zero, the concentration is uniform because of the homogeneous
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structure of the phase mixed state. As phase separation
proceeds, the sinusoidal concentration modulation is

developed according to Equation 3.14. The concentration

fluctuation at time t is also included in Figure 3.11.

The total reduction, Q, of the hard segments in the soft
matrix, which is shown as the shaded area in Figure 3.11 can
be obtained as^

Q =

;7c t3

2 p.

Cjdx
-l3

exp{3R(pJt}

(3.15)

so that

In Q = 3 In
Hm

+ 3R(pJt

(3 . 16)

According to Equation 3.16, InQ has a linear relationship

with the time t. It is well known that the wavenumber for

maximum concentration modulation, p^, does not change during

the early stage of the spinodal decomposit ion . 20 Since R(pj^)

is a function of pn^ and the diffusion coefficient D, which is

independent of the concentration and thus time as shown in •

Equation 3.11, the plot of InQ vs t should give a straight

line with slope 3R(Pm).

In Figure 3.12, logQ is plotted against the phase

separation time. It is obvious that the data does not

support the spinodal decomposition mechanism over any

significant range of time. More extensive experimental data

are, of course, to be examined to draw the exact conclusion

about the spinodal phase separation mechanism. The validity
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of the series of approximations used to derive the Equation
3.16 should also be examined further.

The phase separation kinetics of the segmented

polyurethanes have not been thoroughly studied by the more

conventional techniques. it is mainly due to the small

domain size. For example, since the wavelength of the

visible light is too long compared to the hard domain size,

light scattering shows no appreciable hallow pattern

indicating phase separation. Also, observation through the

cross-polar optical microscope does not reveal any anisotropy

over the entire field of view. Since the infrared method is

extremely sensitive to the local environment, it is not

surprising to detect the phase separation behavior only

through the time variation of the infrared bands.

As an alternative, we can model this phase separation

process as one of nucleation and growth. However, the

meaning of nucleus may not correspond to the crystallites in

the usual sense. There is virtually no information regarding

the crystalline structure of B2 polyurethanes. In this case,

the nucleus may simply be aggregates of hard segments in the

homogeneous molten phase. With Equation 3.4, the decrease of

the hard segments dispersed in the soft domains can be

expressed as

"JJ"
= 1 ~ ^ ( 1 - exp (-zt") )

° (3.17)



where and M, are the hard segment concentrations in the
soft domains at time t and t=0, respectively, and X is the

equilibrium weight fraction of the hard segment in the hard
segment domains. Since the spectroscopic intensity

measurements are associated with the volume fraction,

Equation 3.18 is more appropriate for analyzing the data

t "oo I(t) - I (OO)
„

- M

- ^
I(o) - I(oo) = (-^f-)

(3.18)

where I(t), 1(0) and I(oo) are the intensities associated with

the free carbonyl component at time t, at t=0, and after

equilibrium has been achieved. In Figure 3.13, the Equation

3.18 is plotted using standard conventions as shown in

Equation 3.5.

From Figure 3.13 it is clear that the phase separation

mechanism is changing as a function of time. The lines in

Figure 3.13 have been obtained by a linear regression fit to

the data. It is possible to interpret the "dimensionality"

of the growth process as 2 in the early stage. In the

infrared spectrum obtained for the quenched sample the

1705cm"l band can be observed next to the 1735cm~l band. The

1705cm"l band appears to be due to the hydrogen bonding

between the hard segments in the residual nuclei or

aggregates even in the molten state. Because of hydrogen

bonding, there is strong anisotropic inreraction between the

hard segments. Therefore, the coefficient n=2 can be

explained by heterogeneous nucleation and two dimensional
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100

growth in a cylindrical fashion as shown schematically in
Figure 3.14. The hard segment domains are in the order of
several hundred angstroms, fairly small in comparison to the
overall sample thickness. Therefore, the "Avrami"

coefficient is not strongly affected by the experimental
geometry associated with the infrared technique. Even for
these well-defined model polyurethanes

, there may still be a

very small amount of unreached model hard segments. The

unreached hard segments are not expected to affect the

overall phase separation behavior.

The changing time dependence of phase separation is

extremely interesting. The overall volume fraction of the

hard segments in the polyurethane is approximately 30%. When

phase separation starts to occur, the regions around the

nuclei become depleted in the hard segment content, which

makes it difficult for additional hard segments to reach the

surface of the nuclei. On this basis, the change in

dimensionality from 2 to 0 . 6 can be assigned to a diffusion

dominated mechanism operative at the later stages of phase

separation

.

Therm<a1 Analysis of Pha.gp .<^ epa r?^ t i nn Kinel-ipc,

DSC traces during isothermal phase separation for two

different samples are shown in Figure 3.15. A clear

endothermic peak during the heating process was observed for

the B2 model polyurethane. The presence of an exothermic

peak during the isothermal phase separation of the B2 sample
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demonstrates that heat flow during isothermal phase
separation can be detected with the DSC technique. The B4
model polyurethane is partially crystalline and undergoes a

transition from a heterogeneous to a homogeneous phase around
170°C.24 Since both samples were heated only to ISQOc, the
exothermic peak was not observed for the B4 sample.

Accordingly, the difference in DSC traces between B2 and B4

is purely due to the phase separation process of the B2

sample (refer to Figure 3.15). The dissociation energy of

the hydrogen bond is known to be in the range of 5-8

kcal/mol.33 Since the C=0- • -H-N hydrogen bonds are formed

during isothermal phase separation, it is not surprising that

the exothermic peak has been detected. As suggested in the

previous chapter, the interurethane hydrogen bonds are

replacing some of the N-H 0- hydrogen bonds. 13, 14

Therefore, the disruption of the latter must be considered as

well. The frequency of the N-H----0- band seems to suggest

that this hydrogen bond is in fact stronger than C=0---H-N at

room temperature or below. it has also been noted that the
'

hydrogen bonding between the hard segment and the soft

segment becomes less stable at the high temperatures used

during DSC experiment s .
13 it can be observed by comparing the

two sets of spectra in Figures 3.8a and b. For the spectra

obtained at the higher temperature, i.e. 65°C, the

contribution of the 3295cm-i peak is appreciably decreased as

evident from the low shoulder. This indicates that the

hydrogen bonding between C=0 and -0- becomes unstable at this
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temperature. Since the C^O-.-H-N bond is formed at the
expense of the less stable N-H-..-0- (ether) bond during
phase separation at a high temperature, an exothermic peak,
not an endothermic, is then expected. The free energy

difference before and after phase separation and non-bonded

interactions due to other secondary forces are also believed
to contribute to the overall heat flow during isothermal

phase separation even though they are not considered to be

major factors.

Exothermic peaks during isothermal phase separation for

the B2 polyurethane at several different temperatures are

shown in Figure 3.16. Spectroscopic data shown in Figure

3.10, indicate that the phase separation rate is at a maximum

around 55^0 and then decreases as temperature increases. The

DSC data in Figure 3.16 shows the same trend. The exothermic

peak becomes wider and shallower as the temperature increases

from SS^C to 80^0, indicating that the phase separation rate

progressively becomes slower as the temperature increases

above 55°C.

Fractional degrees of phase separation obtained at 10°C

with two different techniques, i.e, infrared and DSC, are

shown in Figure 3.17. Even though the infrared and DSC

technique measure very different structural features. Figure

3.17 indicates that there is a strong correlation between

segmental interaction, mainly hydrogen bonding, and

macroscopic thermal characteristics. Since the infrared

technique detects the formation of hydrogen bonding between
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the hard segments and the DSC technique measures the energy
generated by the formation of hydrogen bonding, it is not

unexpected to have consistent results between the two

techniques

.

Cond n.'^i on

The phase separation kinetic data shown in Figure 3.10

is one of the first complete sets of experimental work for

the segmented polyurethanes
. Furthermore, the infrared phase

separation kinetic data are supported with DSC data. Even

though the wide angle x-ray scattering (WAXS) pattern shows

no crystallinity in the B2 polyurethane, the exothermic peak

observed during isothermal phase separation indicates that

the formation of new segmental interactions, mainly hydrogen

bonding, can be detected. Care must be exercised in carrying

out the phase separation kinetic experiment since the

exothermic peak is very small. In the case of the phase

separation without formation of strong secondary bonds, the

signal is expected to be even smaller. This makes the

thermal analysis for direct observation of the phase

separation process extremely difficult.

From the N-H stretching regions (Figure 3.8), it was

clearly demonstrated that the interaction between hard

segment and soft segment is gradually replaced by the

interaction between hard segments during phase separation.

It indicates a strong correlation between the macroscopic
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phase transformation and the microscopic, molecular

interaction in the case of polyurethanes

.

The phase separation mechanism has also been

discussed. 29 Our spectroscopic data do not seem to satisfy

the linearized Cahn-Hilliard spinodal decomposition equation

(Equation 3.9). It is well known that a spontaneous phase

separation may not be possible, even for the unstable region

in the temperature-composition phase diagram, if high

interfacial energy is required. 34 In the case of segmented

polyurethanes, high coherent interfacial energy is required

due to the connectivity of the chains which run through the

multiple soft and hard domains. The lack of a spinodal

mechanism over a wide range of temperature in this case,

therefore, may be due to the high interfacial energy. To

reach a concrete conclusion, we need additional experimental

data as well as theoretical development which shows the

effect of high interfacial energy on the spinodal

decomposition mechanism for segmented block copolymers.

The phase separation kinetic data have been analyzed in

terms of the nucleation and growth mechanism. The overall

data appear to show good linear relationship as predicted by

the conventional Avrami type equation. The model for the

domain morphology has been suggested as a growing two

dimensional lamellar.

The nucleation and growth mechanism was found to change

during the phase separation. The separation rate is

significantly retarded at the later stage (second half) of



the phase separation. The diffusion controlled mechanism
believed to become the dominant factor in controlling the

phase separation rate at the later stage resulting in the

significant reduction of the phase separation rate.
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CHAPTER IV

A SPECTROSCOPIC STUDY ON THE DOMAIN MISCIBILITYOF THE VARIOUS POLYURETHANES

.ase

Intrndnr^ -i nr^

There has been aN extensive study on the ph

separation of multicomponent polymer systems including any
combination of homopolymers , 1-3 random or alternating block
copolymers4-6 and even segmented block copolymers . ^-10 Since
phase diagrams of some of the systems are well characterized,

structure of individual phase after phase separation is well

documented. In a homopolymer blend, information such as the

composition of each phase and amount of each component can be

calculated from the phase diagram. n For the copolymers, mai.

emphasis has been the characterization of the domain

structure and the phase diagram is often constructed to show

the domain structure as a function of temperature and

composition. 12, 13 ^ach phase is usually assumed to be almost

pure because of the highly incompatible components.

Furthermore, the high interfacial energy and significant

difference in solubility parameter yields a high positive

interaction parameter between the components of the copolymer

making incomplete phase separation extremely difficult to

achieve

.
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In the case of polyurethanes , which contain various

chemical species for hard segments as well as soft segments,

the degree of interaction between components can be varied

over a broad spectrum range. The interaction between hard

segments and soft segments for polyether based polyurethane

is, for example, expected to be fairly different from that

for butadiene based polyurethanes . Therefore, not only the

structure of each phase but also the degree of phase mixing

have to be characterized in the case of the polyurethane

system having a strong interaction between the two

components .

Infrared spectroscopy is a extremely useful technique to

characterize the functional group of each component. The

information obtained is related only to the local environment

of the segments. By observing the spectroscopic change of

each phase or each segment as a function of structural

transformation, information of each phase can be obtained.

It is generally accepted that the heterogeneous domain

structure of polyurethanes is stabilized by the formation of-

hydrogen bonding between hard segments. If polyethers or

polyesters is used as soft segments, hydrogen bonding between

hard and soft segments is also possible .
^"^^ Since the

relative amount of hydrogen bonding between hard segments to

that between hard and soft segments is directly related to

the degree of phase separation, information regarding the

degree of phase separation can be obtained from the infrared

spectrum

.
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m this Chapter, unique spectroscopic observations.
Which can be used to assess the phase homogeneity at

different temperatures, are presented and the results are
discussed for three different polyurethane samples.

There has been extensive characterization for the

samples used here. 16-18 b2 (B4) polyurethane contains three
(five) MDI (methylene bis (phenyl isocyanate) and two (four)

butanediol (BDO) units per each hard segment. As a soft

segment, polypropylene oxide is used. The chemical structure
of the B2 and B4 polyurethanes are shown in Figure 2.2.

For the hard segment of the butadiene based

polyurethane, TDI (toluene diisocyanate)
, (which is a mixture

of the 2,4 and 2,6 isomers having a 80:20 mole ratio) was

used with butanediol chain extender. The polymerization was

done in solution to ensure the homogeneous mixing of the

components. The mole ratio of TDI: BDO: polybutadiene is

^- polybutadiene prepolymer has a molecular

weight of 2200 and a polydispersity of 1.2. The

polybutadiene has about 65% 1,2 vinyl and 35% 1,4 addition

configuration. The chemical structure of the butadiene based

polyurethane is shown in Figure 4.1. Detailed synthetic

procedure can be found elsewhere.

The polymers were dissolved in THF solvent (2% w/v)

before they were cast onto AgCl windows. The cast film was
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dried at the atmospheric condition for several hours followed
by vacuum drying for several days at room temperature. All
the infrared spectra were obtained with IBM model 98 vacuum
infrared spectrometer. A special cell is designed for

heating and quenching the sample inside the spectrometer.

Temperature control cell diagram and the temperature history

for heating and quenching are shown in Figures 2.3 and 2.4,

respectively

.

Results and ni'^ cussinn

The free energy change, AGg, upon phase separation of

segmented polyurethanes can be expressed as

AGs = AHg - TASg (4_1^

where AHg and ASg are ethalic and entroic contribution

associated with the phase separation, respectively. Phase

separated structure of polyurethanes are mainly due to the

incompatibility between the two components, i.e. hard and

soft segments .20,21 Furthermore, the heterogeneous structure

of polyurethanes is stabilized by favorable interactions such

as hydrogen bonding between hard segments. At room

temperature, the enthalpic contribution of the hard segment

interaction to the free energy is enough to compensate for

the entropic loss resulting from the phase separation. Since

the entropic contribution to the free energy increases with

temperature, the heterogeneous structure becomes

thermodynamically unstable at high temperatures.
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It has been found that the radius of gyration scales
with the molecular weight by 2/3 power in the case of
polystyrene and polyisoprene diblock copolymer. 22 it
indicates that the chain in dibloc. copolymer has a somewhat
extended conformation. m the case of soft segment of which
two hard segments at both ends are incorporated in the rigid
hard domain, the conformation of the soft chains is more
extended than the diblock copolymer. 23 This extended

conformation of the soft segment will exert increased
entropic retractice force on the hard segments, especially at
the elevated temperature. The phase mixing of polyurethane
at the increased temperature is, therefore, facilitated by
that entropic driving force.

The two types of polyurethanes being used in this study
have a distinctively different chemical structure. in the

instance of the butadiene based polyurethane, there is no

strong interaction between hard and soft segments. However,

for the polypropylene oxide based B2 and B4 polymers, the

hydrogen bonding between hard segment and soft segment is

possible through the ether functional group of the soft

segment and N-H of the urethane functional group. Therefore,

the phase mixing behavior of the polypropylene oxide based

polyurethane at elevated temperatures is expected to be very

different from that of the polybutadiene based polyurethanes.

In Figure 4.2, the N-H stretching regions of the

infrared spectrum of four different samples are shown. The

dotted spectra are obtained at room temperature and are used
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as the reference spectrum. The temperature is initially

increased above the hard domain dissociation temperature to

break most of the hydrogen bonding between hard segments.

The high temperature spectrum is also shown. The sample is

then rapidly quenched below the glass transition temperature

of the soft segment to preserve the high temperature

structure. The low temperature spectra are also displayed in

the figures.

The changes observed in the N-H stretching region at

elevated temperatures are very similar for all samples and

discussions regarding the first sample (B2 polyurethane ) can

be found in Chapter II. Upon heating, the peak around

3330cm-l, which is assigned to be the N-H group hydrogen

bonded to the carbonyl group, loses most of its intensity

while the peak at 3450cm-l which is due to the free N-H group

increases in intensity. The intensity change is adequately

explained by the breaking or weakening of hydrogen bond at

elevated temperatures. The unbalance of the intensity

redistribution is also easily understood by the significantly

different extinction coefficient between the two groups,

i.e., free and hydrogen bonded N-H groups. 24, 25 -j-he

extinction coefficient of the hydrogen bonded N-H group is

extremely sensitive not only to the distance between the

hydrogen donor and acceptor but also to the geometry of the

hydrogen bond. ^6, 27

The spectra obtained by quenching the high temperature

structure show characteristic features of each sample.
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First, the N-H region of the B2 sample at low temperature
(refer to Figure 4.2a) shows high absorbance at 3295cm-l;

which is due to the N-H group hydrogen bonded to the ether
oxygen of the soft segments. 17 The complete disappearance,

upon quenching, of free N-H component at 3450cm-l, which is

due to the formation of the hydrogen bonding between N-H

group in the soft matrix and the ether group of the soft

segments, strongly supports the phase mixed state at high

temperature. A more careful discussion about the B2 sample

can be found in Chapter II,

The low temperature behavior of the butadiene based

polyurethane (Figure 4. 2d) is totally different from that of

the polyether based polyurethanes . Upon quenching, the

spectrum returns back to the room temperature spectrum

indicating that butadiene based polyurethane has the similar

phase status at high temperature as at room temperature. In

other words, the polybutadiene based polyurethane seems to

exist as a phase separated state even above the hard domain

dissociation temperature. More supporting evidence will be
'

shown later in the carbonyl stretching region. Even though

the spectrum of this sample at -80^0 is slightly distorted by

ice condensation, it is essentially the same as the spectrum

at 0°C in Figure 4. 2d. The zero degree spectrum is,

therefore, believed to be characteristic of the very low

temperature spectrum.

The N-H regions of the B4 samples quenched from two

different temperatures are shown in Figures 4.2b and 4.2c.
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The contribution of the 3295cm-l peak at the low temperature
seems to be higher for the sample quenched from the higher
temperature, i.e. 210oc. That is indicative of a more phase
mixed state at an even higher temperature. Since the melting
transition of the B4 sample is known to be 175oc,l6 ^he

results indicate that this polyurethane does not exist as a

grossly phase mixed state even above the melting transition.

The degree of phase mixing, however, seems to increase as the

temperature increases well above the melting transition

temperature

.

The carbonyl stretching region in Figure 4.3 strongly

supports the results obtained from the N-H stretching region.

Upon quenching the B2 sample (Figure 4.3a), the peak at

1730cm-i' which is assigned to carbonyl group free of hydrogen

bonding, remains as a dominant peak. Since the peak

intensity at 1730cm-l is directly related to the amount of the

carbonyl group in the soft matrix, this again indicates a

highly phase mixed state at a high temperature.

The carbonyl spectrum of the polybutadiene based

polyurethane at low temperature (Figure 4.3d) is completely

opposite to the B2 sample. The dominant peak upon quenching

is observed at 1700cm~l which is assigned to carbonyl group

hydrogen bonded to the N-H group. The close similarity

between the room temperature spectrum and quenched spectrum

once again indicates the phase separated state of this sample

above the first order transition temperature.
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The carbonyl regions of the B4 samples are shown in
Figures 4.3b and 4,3c. The relative intensity of the free
carbonyl peak to the hydrogen bonded peak is larger for the
B4 sample quenched from the higher temperature. This again
confirms the increased phase mixed state at the higher
temperature ,210°C)

, even though both temperatures are above
the melting transition.

in Figures 4.2 and 4.3, the degree of phase mixing

decreases from a to d. Above the first order transition

temperature, the B2 sample shows a highly phase mixed state

whereas polybutadiene based polyurethane exists as a phase

separated state. The B4 samples show intermediate properties

depending on the highest temperature to which they have been

subjected during the heating process.

By increasing the temperature of the samples which are

quenched from a high temperature, it is shown in Figure 4.4

that the phase separation process is taking place. The N-H

stretching regions are shown in Figure 4.4, where phase

separation is taking place as an increasing function of

temperature. It was demonstrated in Chapter II that a

N-H- • -ether component is transformed into a N-H---0=C

component during phase separation. The N-H- • -ether component

at 3295cm"l is decreasing while the N-H---0=C component at

3330cm"l is increasing during phase separation for the B2 &

B4 samples. Such phenomenon is most obvious for the B2

sample (Figure 4.4a) because it has the most complete phase

mixing in a quenched state. B4 polymers (Figures 4.4b and
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4.4c) show a similar tendency even though their magnitude is

smaller than B2 polymer. The decrease of the 3295cm-l

component for the B4 sample is only observed as a decreasing

shoulder at that frequency. For the polybutadiene based

sample, the N-H spectrum shows little change during that

heating cycle up to ambient temperature.

In Figures 4.5a,b,c, the frequency change of the N-H

stretching band during phase separation of the quenched

sample is shown with the reference state of which frequency

is obtained by slowly cooling without phase mixing. Since

the increased phase mixing for polyether based polyurethanes

gives a high absorbance at 3295cm-l, it tends to decrease the

maximum frequency of the N-H stretching peak. The deviation

from the linear line in Figure 4.5, therefore, should be

related to the degree of phase mixing.

For the B2 sample in Figure 4.5a, the quenched sample

shows a highly phase mixed state at — 40°C. The phase

separation takes place as the temperature increases up to

50°C where almost complete phase separation is obtained.

Figure 4.5a also shows that the B2 sample starts to phase-mix

at around 95°C at which time the frequency tends to deviate

from the linear line. This result is again consistent with

the thermal analysis data which shows the hard domain

dissociation temperature at 98°C.^^

For the B4 material quenched from two different

temperatures, the different degree of phase mixing is quite

obvious from Figure 4.5b. The B4 polymer quenched from 185°C
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Shows negligible amounts of frequency shift, whereas, the
same sample quenched from 210Oc shows an appreciable degree
Of a phase mixed state. it is to be noted that the initial
heating cycle does not show any deviation from the linear
relationship even though the temperature is above the melting
temperature around 170oc. This is due to the unstable
hydrogen bonding at that temperature. Since the polyether
chain is extremely flexible due to the low rotational energy
barrier, the hydrogen bonding between N-H groups and the

flexible polyether chain becomes unstable at that high

temperature. The frequency shift is, therefore, not observed
at a high temperature (above 1700C) even though the degree of

phase mixing is increased.

For butadiene based polyurethane (Figure 4.5c), all data

stays on the same linear line regardless of whether it is

quenched or slowly cooled. Results in Figure 4.5 are

consistent with the explanation given previously about the

degree of phase mixing at a high temperature.

Cond u.s 1 on

In the case of the butadiene based polyurethane, no

significant interactions between hard and soft segments are

expected. Since the solubility parameter difference between

hard segment (TDI and BD) and soft segment (butadiene) has

been reported to be appreciable, 28 the existence of the phase
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separated state even above the do.ain dissociation
temperature is not unexpected.

Butadiene based polyurethanes have been carefully
Characterized by several invest igators . 29-31 According to the
DSC results, the glass transition temperature of the soft
segment is only 8 degrees above the glass transition

temperature of the homopolymer, indicating a completely phase
separated state at room temperature . 29 The small difference
can be explained by the hindered chain mobility due to

copolymerization, not by the small amount of hard segments
dissolved in the soft matrix. m some cases, the observation
of two glass transitions corresponding to each phase is also
a convincing evidence that a heterogeneous structure of the

polybutadiene based polyurethanes exist. The results

obtained support the phase separated structure not only at

the room temperature observed previously, but also above the

hard domain dissociation temperature.

The results for the B4 material indicate how sensitive

the phase separation can be depending on the hard segment

length. By nearly doubling the hard segment length from the

B2 to B4 sample, the polyurethanes strongly resist to phase

mixing even above the melting transition.

This study also shows the relationship between the phase

separation and the interaction among the hard segments as

well as among the hard and soft segments. Increasing cross

interaction (interaction between hard segments and soft

segments) by either decreasing hard segment length or using a



Polyether soft segment as in t.e B2 sa.ple, the phase .ixing
can be accomplished at a iower temperature. if the hard
segments length is increased as in the B4 sample, more severe
conditions have to be applied to achieve the phase mixing.
When there is little cross interaction as in polybutadiene
based polyurethanes, the phase mixing can be hardly obtained
even above the hard domain dissociation temperature.

High temperature infrared spectra do not give enough
information about the degree of phase mixing. Increased free
carbonyl component at a high temperature is not a necessary
condition for the phase mixing because the hydrogen bonding
can become unstable at high temperatures without significant

phase mixing. it is, therefore, necessary to preserve the

high temperature structure by rapid quenching and to study

the structure at a low temperature where all the possible

hydrogen bonding becomes stable. The results obtained in

this chapter once again demonstrate that Fourier transform

infrared spectroscopy can be utilized to obtain the

information about the domain homogeneity if the temperature

quenching is fast enough to capture the high temperature

structure

.
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CHAPTER V

A Close correlation can be established between the
overall sample mechanical properties and the microstructure
of polyurethanes. The thermoplastic elastomeric properties
Of polyurethanes are directly related to the existence of the
heterogeneous domain structure. 1 Even though this phase
separated structure strongly affects the overall mechanical
properties, the role of various parameters affecting the

phase separation process has not been completely determined.

The effects of having a broad segmental molecular weight

distribution on material structures and properties is

difficult to define. 2 However, this problem is minimized by

using model polyurethanes composed of monodisperse hard and

soft segments in order to achieve well defined micro and

macrostructures .

Few model polyurethanes having monodisperse hard and

soft segments have been synthesized . 3-5 Harrell et al. first

reported a series of polyurethanes with a monodisperse hard

segment based on piperazine and glycol bischloroformate .

^

Polyurethanes better representing the chemical structure of

the commercial systems have also been invest igated . 4' 5 These

141
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candidates, which qenerali.. r.^generally possess good mechanical
properties even a. elevate, te.pe.atu.e, .ave Ka.. se^.ents
base, on methylene Ms <p.en.X isoc.anate. an. ..tane.ioX an.
soft segments base, on Poly (tet.a.ethylene oxi.e, or
poly (propylene oxide).

^

The .iscibility behavior of har. segments of different
length has not been carefully stu.ie.. it is generally
assume, that the har. segments for. the single .ar. .o„ain
even though there is a broa. segmental length .istribution

.

Since the preparation of the polyurethanes with the
moncisperse har. segment needs rather elaborate synthesis,
ohly the miscibility of the .odel hard segments with
different hard segments or soft segments has been
investigate, by several studies. ^"9

AS expected, the physical blen. of the har. and soft
segment showed limited solubility, m the case of the binary
mixture of short har. segments (ethanol terminated MDI) and
soft segments such as poly (tetramethylene oxi.e) or

poly (ethylene oxide), a eutectio point has been observed. 8
'

When poly (propylene oxi.e) is used as a soft segment in the

blend, strong segregation has been observed. m the instance

of even longer hard segments containing three MDI units, the

har. segment melting temperature is hardly affected by the

poly (propylene oxide) soft segment indicating that the PPO

soft segment has little interaction with the hard segment.

'

Although the existence of hard domains in polyurethanes

is well accepte., .etails of the domain structure in
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Polyu.et.anes with .if.e.ent har. segment lengt. distribution
has not been analyzed extensively . 7 m the initial study ^

the eutectic-type phase diagram with the eutectic point close
to the shorter hard segment indicated that the long hard
segments have limited solubility in the small hard segments.
It has also been claimed that the solid solution below the
eutectic temperature is not likely to be mixed crystals.

^

The general requirement for the formation of the solid
solution crystals is similarity in component size and shape. 10

If this condition is satisfied, the incorporation of the
diluent molecule in the lattice of the matrix will not change
the crystal lattice parameters or symmetry. The crystal

structure of the two components, furthermore, should have the
same symmetry and molecular packing to have a continuous

series of solid solution. lO These requirements are expected

to be generally valid in the case of the crystal solid

solution formation of polyurethane hard segments, even though

the requirements may not be so strict due to relatively low

crystallinity of the hard segment. For polyurethanes , the
'

hard segments and soft segments are chemically connected to

form an alternating block copolymer. The miscibility between

the two hard segments of different segmental length is

expected to be enhanced by the identical soft segment.

As far as hard segment conformation is concerned, two

models, extendedll-i3 and folded chain models, 14-16 ^ave been

suggested to explain the various experimental observations.

The extended chain model is mostly based on the WAXS



144

results .
11-13 in ordf^^r- ,order to accommodate the regularly packed

hydrogen bonds, hard segments, which have mostly extended
conformation, are assumed to pack regularly in three
dimensional space. Most of the WAXS studies, however, have
been carried out on the annealed and oriented materials , 12, 13

making those results to be littleiirrie use to understand the
general domain structure of polyurethanes

.

The folded hard segment conformation model has been
suggested based on the extensive SAXS studies . 14-16 The
calculated broad interphase boundary thickness, assuming the
extended conformation, due to the broad distribution of hard
segment length does not appear to conform to the experimental
results. The folded chain model, therefore, seems to be

persuasive considering the domain and interphase boundary

thicknesses obtained experimentally as well as theoretically.
It has been suggested that the main driving force for the

folded chain conformation of the hard segment is the broad

distribution of the hard segment length. 15 The hard domain

thickness appears to be determined by the short hard segment.'

The longer hard segment has to fold back into the same domain

to reduce the interfacial free energy.

In this study, two polyurethanes, each having

monodisperse hard segments of different length (3 and 5 MDI

units), are blended and the miscibility behavior and

resultant structures are studied by infrared and DSC. The

effect of one type of hard segment on the melting temperature

of the other hard segment is also analyzed by the melting
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te.pe.atu.e .ep.ession .elation .e.ive. ..o. t.e ,.ee ene.,.
Of .ixin, equation ,iven

^^^^^^^^
ScottlS for polymer blends.

The two „odel. concerning the hard segment conformation
are also examined with the SAXS results. since the
polyurethanes used in this study contains monodisperse
distribution Of the hard segment length, the effect of the
segment length distribution on the hard segment conformation
IS also studied.

ExDf>r-irji>:.n^^1

The polyurethanes, B2 and B4, used in this chapter are
well explained in the previous chapters. Synthesis procedure
and structural characterization for these polyurethanes has
also been published. 3 Chemical structures of the B2 and B4

polymers, having two and four BD units per hard segment

respectively, are shown in Figure 2.2. The schematic drawing
in Figure 5.1 shows the difference in the hard segment length
Of the B2 and B4 polymers.

Each polyurethane was initially dissolved in DMF to form

~2%(w/v) solution. The two polymer solutions were then mixed

to obtain the desired blend composition. Because of its low

vapor pressure at room temperature, DMF was used to minimize

the concentration change during solution manipulation. The

blend composition ratio is the weight ratio throughout this

chapter unless otherwise stated.
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For the infrared and c^avc ^rea and SAXS experiments, the resulting
™ixed solutions were cast onto a KBr disK and Teflon mold,
respectively. The solvent was evaporated initially under
atmospheric pressure to remove most of the solvent before it
was further dried in vacuo at lO^c for several days. For
SAXS experiment, the film thickness after complete drying was
approximately 300,m, All i„f„,,, 3^,,,^^ „^^^ ^^^^^^^^ ^.^^

the Bruker model IFS 113v vacuum Fourier transform infrared
spectrometer. The heating experiment was done by the

temperature control cell shown in Figure 2.3.19 infrared
experiment, the materials were sandwiched between two KBr
windows to prevent sample flow during the high temperature

experiments

.

For the DSC experiments, the mixed solution was directly
cast onto DSC aluminum pans. This procedure needed to be

repeated several times in order to have a ~5mg sample. These

samples were dried under vacuo at 600C or SS^C. To approach

the equilibrium state as closely as possible, the vacuum was

applied slowly and each sample was annealed at eO^C or 85oc

for several days. A Perkin-Elmer DSC 2 was used with indium

(mp 156. 30C) and naphthalene (mp 80. 3^0 calibration. The

heating rate was 20°C per minute. The transition

temperatures were defined by the peak position of the

endotherms due to the broad nature of the peaks. Samples

prepared from THF solution showed an identical behavior

indicating that the transitions observed are unaffected by

the nature of the solvent

.



SAXS experiment was neri-or-rr,^^pertormed on a Kratkv qzwc
alligned for Infinite slit geometry. The sample „as placed

53C. a„a. f.o. t.e one-di.ensional position sensitive
detector and thp q/-o+-4-^ •scattering data have been corrected for
parasitic scattering and wire sensitivity x-rav .
^^ -^^^,7 ^ ^

^^vxty. X ray generated
35.V and 2.:^ was filtered with .i crystal to obtain Cu Ka

radiation. The sheared scattering profiles of B2 and B4
samples are shown in Pi,„,3 5 . 2 and 5 . 3 . Profile of the
blend sample ,50/50 weight ratio) is also included. The
domain spacings calculated with the Bragg relationship can he
found in Table 5.1.

infrared spectra of B2 and B4 polymers obtained at roo.

well assigned in the literature. 3 since the chemical
structure of the two polymers is similar, the infrared
spectra of two polymers are difficult to distinguish.
However, two spectra can be differentiated from the relative
intensity of the hard segment to the soft segment (for

example, n-h stretching peak at 3330cm-i to C-H stretching
peak at around 2900cm-i, since the hard segment content of the
B4 polymer <45%) is greater than that of B2 polymer (33%).

Results and Di .grnc^c;^

SAXS .qtnHjo.

SAXS theory has been well established and its

application polyurethanes has been discussed extensively . 15, 20
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interuo^ain spacing , can be obtaine. fro. the position of
the maxi.™ in the scattering profile with the Bragg, s

relationship by

Isl =
^^^""^^

= £1

X ci

Where X is the wavelength, n is the order of reflection, '26^
is the angular position of the maxi^uM in the scattering
profile, and 3 is the reciprocal lattice vector. The
scattering vector h is related to s by the relation

471; sine
= 2k

(5.2)
where 20 is the scattering angle. The Raleigh factor R(h) of

scattered radiation from the spherically synunetric systems
IS 20

R(h) = i, <Ap^ ry3„(r) 4;rr^ dr
Jo hr

(5.3)

where ie is the Thomson scattering factor for a single

electron. Raleigh factor, R(h), is defined as

R(h) =^
(5.4)

where 1(h) is intensity of scattered radiation corresponding

to a scattering vector h, p is the sample to detector

distance, Iq is the incident beam intensity, and V is the

illuminated sample volume. The three-dimensional correlation
function J^^ir) indicates the spatial correlations between

local fluctuations in electron density, and is defined as
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y3„(r) = ^^£2^

(5.5)
In the case of scattering f.om the lamellar morphology,

the intensity of the scattered radiation has to be modified
as

i(h) = 2V<Ap^ ryiD(r)cos(hr)dr
•'0

where one-di.ensional correlation function
y, ,r) is defiled

'

ID

as

(5.7)

in Equation 5.7, the integration is along the direction x

which is the direction perpendicular to the lamellar face.

Since each lamellar bundles inside the real sample orient

randomly resulting in the macroscopically isotropic material,

the experimental intensity 1(h) is to be modified as

i(h)
1(h) =

47C S
2

(5.8)

to obtain the domain spacing only along the lamellar

thickness direction. Therefore, the domain spacing of the

lamellar morphology has to be obtained from the inverse of

the s corresponding to the maximum s2R(h) value rather than

R(h) .

Scattering peaks in Figure 5.2 are rather broad. The

strongly scattered intensity of B4 polyurethane especially at

low angle can be explained in terms of the high sample
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crystaiunity. The scatte.in, o. the blend sa.ple appears to
rese^l^le the B4 .o.e than the B2 polyu.ethane especially at
low angle. The scattering data of three samples shown in
Figure 5.2 are replotted in Figure 5.3 as s^R.h) vs 1 3 1 and
the domain spacings fro™ the modified plot are also included
in Table 5.1. Two samples, B2 and B4, show scattering
maximum at distinctively different ls| value. The

differences, i.e. (d<B4, -d(B2,
, , are 47 and 27A for three and

one dimensional models, respectively. The differences in the
domain spacing are lilcely due to the hard segments because
the main difference between two polyurethanes is the length
Of the hard segment.

According to the crystal structures of the MDI and BD

based polyurethanes, the unit cell dimension c, which

contains two MDI and BD, is approximately 35A. 21-23 since the

hard segment chain has about 30 degree with the lamellar

thickness direction, 21,24 the contribution of 35A to the

lamellar thickness will be approximately 30A. A good

agreement between the experimental value of 27A with the

calculated value of 30A indicates that the hard segments in

the hard domain are mostly extended.

Even though the extended chain model suggested for this

materials seems to contradict previous studies, 1^^-16 the

differences are probably due to the different distribution of

the hard segment length. As explained previously, the

materials used in this chapter has monodisperse hard segment

length distribution. The broad distribution of hard segment.
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folding of the hard segments wn^>,segments with monodisperse length
distribution could not decrease the interfacial f-Liiuerracial free energy
unless all the hard segments fold exactlvexactly same manner which
is statistically unlikely

n

Interdomain Spacings (A)

a

Sample Three-Dimensional (I) One-dimensional (Is2)

B2
B4

113
160

92
119

Ad 47
27

^
: From smeared intensity

The previous result does not necessarily imply the long
range crystalline order of the hard segments. The hard

segment may contain a certain amount of conformation

disorder. It is rather to indicate that there is an

extensive orientational correlation between the hard segments

resulting in significant amount of laterally interaction,



which has been observed 3« = >, ^erved as a hydrogen bonding. The dominant
structure of the hard segments implied bv th» kj-mpiiea by the above result is
that each hard segment traverse, th« ,traverses the single hard domain
lamella and both end, nf uth ends of the hard segment appears to be in
the opposite face of the same lamella.

The scattering profile of the blend sample shown in
Figure 5.3 does not provide any conclusive evidence
concerning the miscibility of the two hard segment, i e B2
and B4 hard segment. However, the scattering at low angle of
the blend sample appears to resemble that of B4 polyurethane
and scattering at high angle seems to have additional
contribution from the B2 polyurethane. In other word,
long range periodicity shown at low angle is more affected by
the B4 material. Scattering from B2 may be seen at higher
angles

.

Infrared spectroscopy has been extensively used to
understand the role of the hydrogen bonding on the phase

separation behavior of polyurethanes and its effect on the

physical properties. 25-27 The direct relationship between

hydrogen bonding and the phase state enables the convenient

assessment of the degree of phase separation.

Infrared spectra between 1400 and 1850cm-l of the B4

polymer obtained at several temperatures are shown in Figure

5.5a with the band assignments given in Table 5.2. The

spectra of the 50/50 (B2/B4) blend are also shown in Figure
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5.5b. Even the.,, an .ou. .ajor pea.s are .ue to the ha.d
3e..ents, onX. two pea.s, i.e. c=0 st.etcMn, pea.s a.oun.
1700-1730=.-! and a.i.e XI pea. at 153.c.-., are shown to be
sensitive to the temperature. Both the shift o, the a.i.e XI
peak to low frequency and the relative intensity change of
the 1700cm-l peak to the 1730om-l peak as an fnpeaK as an increasing
function of temperature have all been well explained by the
weakening and dissociation of the hydrogen bond at high
temperatures 28 tho y^^^^ures. The remaining two peaks at 1600 and 1415cm-l
show little temperature dependence.

Table 5.2 Assignments for the Bands shown in Figure

Frequency (cm"!)

1730

1702

1598

1534

1414

Assignment^

V(C=0) free

V(C=0) Hydrogen-bonded
V(C=C) Phenyl ring of the MDI unit
a(N-H) + V(C-N) ; Amide II

V(C=C) Phenyl ring of the MDI unit

V = stretching

CJ = in plane bending

Upon dissociation of the hard domain, the hard segment,

which was previously confined inside the hard domain, becomes
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FIGURE 5.5 Infrared spectra between 1850 and 1400cm-l attemperatures shown in the spectra
(a) B4 polymer
(b) 50/50 (B2/B4) blend.



161

B4

(a)

1800
L___

1 600 T40 0

WAVENUMBERS



(b) 50 : 50 (B2 : B4) BLEND

162

i 1 1 I 1 I I ! I I

1800 1600 1400

WAVENUMBERS



163

surrounded by the soft segment. Most of the carbonyl
functional groups are, therefore, transformed from the
hydrogen bonded state (bonded state) to the state free of
hydrogen bonding (free state) since the soft segment contains
no proton donor to form hydrogen bonds with the carbonyl
group. 19,26,27 Therefore, the intensity ratio, i.e.

A(1700cm-l)/A(1730cm-l) will undergo an abrupt change at

melting. The intensity variations as a function of the

temperature for the three samples with different blend

compositions are plotted in Figure 5.6.

The melting transition of the B4 sample is clearly

observed around 175oc. For the 99/l(B2/B4) sample, the

intensity ratio changes abruptly at approximately 100°C. The

two temperatures at which greatest spectroscopic changes

occur are close to the previously reported transition

temperatures for the B2(98°C) and B4 (171oc) measured by

calorimetric method. 3 For the 50/50 blend, two distinct

transitions were clearly observed at approximately the

temperatures expected for the two "neat" components.

The N-H stretching vibration of the 50/50 mixture as a

function of temperature is shown in Figure 5.7. The small

shoulder at 3450cm-l is assigned to free N-H stretching and

the broad peak around 3340cm-l is assigned to the hydrogen

bonded component. 29 As with the C=0 peak, the hydrogen bonded

N-H component is transformed into the free component as

temperature increases. Since the extinction coefficient of

the N-H stretching peak is a strong function of the hydrogen
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FIGURE 5.5 Absorbance ratio of the two C=0 stretching
peaks, i.e. A (1702cm-l) /A ( 1730cm-l) of three
samples as a function of temperature; Blend
compositions are indicated in Figure; The top
two samples are shifted vertically for clarity;
The ratio values at ambient temperatures before
shifting were approximately 1.55 for all three
samples

.
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H
bond strength, 30,31 ^he overall intensity of the N-

stretching peak is also sensitive to the hydrogen bonded
state of the urethane functional groups. The two abrupt

changes of the intensity near lOQOc and ISQoc can be observed
from Figure 5.7 supporting the results obtained from the C=0

stretching region. The overall intensity of the N-H

stretching peak of the sample with 99/1 (B2/B4) blend

composition ratio is plotted in Figure 5.8. The

corresponding absorbance intensity for the 1702cm-l C=0

stretching band is also included for comparison. The overall

intensity of the N-H stretching region also clearly shows the

transition behavior. The close correlation between the two

different spectral regions confirms that the transition

behavior can be studied spect roscopically when the

microscopic phenomenon such as the formation of the hydrogen

bonding is related to the phase changes.

Even though the immiscibility of the two polyurethanes

with different hard segment length is clearly shown for the

50/50 blend, spectroscopic change for blends with more

asymmetric compositions becomes difficult to observe. More

systematic studies with a wide range of composition can only

be carried out with the thermal method.

Differential Scanning Calorimetric Studies

A series of samples with different blend compositions

have been prepared as shown in Table 5.3. The weight

fractions of the soft segment and each hard segment are also
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FIGURE 5 . 8 Intensity changes of two spectral regions of
99/1 (B2/B4) sample as a function of temperature
(a) 1702cm~^ peak height (b) integrated area of
N-H stretching peak

.
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B2/B4b
BLEND

SOFT
SEGMENT

B2 HARD
SEGMENT

B4 HARD
SEGMENT

100/0 67.5

99/1 67 . 4

95/5 66. 9

90/10 66.2

70/30 63 .7

50/50 61.2

30/70 58 . 7

10/90 56.2

5/95 55 . 5

1/99 55.0

0/100 54 . 9

32 .5

32 .2

30 . 9

29.3

22 .8

16.3

9.8

3.3

1.6

0.3

0.0

0.0

0.5

2.3

4.5

13 .5

22 . 6

31 . 6

40 . 6

42 . 8

44 . 6

45 .

1

Hard segment includes butanediol as well as MDI
Polymer Weight Fraction
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included. AS blend composition varies from pure B2 polymer
to pure B4 polymer, the weight fraction of the soft segment
changes only from 67.5% to 54.9% due to the nature of the
segmented copolymer. However, the weight fractions of the
two hard segments change appreciably as seen from the third
and fourth column of Table 5.3.

DSC thermograms of the selected samples annealed at 60oc

are shown in Figure 5.9. For the samples with intermediate

blend compositions such as 30/70 through 70/30 (B2/B4), two

endothermic transitions have been clearly observed at ~93oc

and 160-200OC. Samples with extremely asymmetric

compositions show only a single transition. These DSC

results are consistent with the results obtained from the

infrared spectroscopic method, i.e. the samples with

intermediate blend composition show only limited miscibility

between the two hard segments with different segment lengths.

Although the chemical structure of the two hard segments is

identical, and both polymers have identical soft segments,

separate hard domains still exist.

The SAXS long spacings observed for the B2 and B4

polymers for lamellar model are 92 and 119A respectively as

shown in Table 5.1. These values include, of course, the

soft segment layer. The hard domain thickness of the model

hard segment obtained with MDI and butanediol has been

studied previously.^ Three and five MDI units extended with

the butanediol have an average thickness of 53A and 88A
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FIGURE 5 . 9 DSC thermograms of the samples with various
blend compositions; Samples were annealed at
(a) eo^c
(b) 85^0



173

ANNEALED AT 60Oc

(a)

B2 : B4

90:10

100:0

TEMPERATURE (C)



(b)

ANNEALED AT 85^0

-i 1 l_
10 0 15 0 2 0 0

TEMPERATURE (C)



175

respectively. The B4 hard Is, therefore,
approximately 65. longer than the B2 hard segments

The Size effect on the formation of the solid solution
has been carefully studied with the linear paraffins 33,33
For Mnary mixtures of two n-al.anes, i.e. n-C„H.„.3, the
e:.pirical relationship for continuous solid solution to exist
IS

- 1 .224 Cn - 0 .411
(5.9)

Where C^ax
^^^^^ ^^^^^^^ ^^^^

and Short linear chains respectively . 32 Equation 5.9 suggests
that continuous solid solubility is assured for binary
extended chain polyethylene systems in which the molecular
weight differs by less than about 22% of the shorter chain.

Even though the results of linear paraffins cannot be
directly applied to the hard segments of the polyurethane,
the difference of about 65% in length seems to be the major
reason for the limited miscibility of the hard segments. It

is to be noted that there is no extensive chain folding in •

the hard segment of the model polyurethanes with monodisperse

segmental length as verified in the previous section. The

difference in the hard segment length is, therefore, directly

related to the difference in long spacings of the hard

domains

.

The single transition behavior of the strong asymmetric

blend seems to be either due to the dissolution of the small

amount of the "guest" hard segments with different segment
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length in the hosf hard/soft matrix or due to the
instrumental limit to detect the small endothermic signal.
It is known that polyurethanes have to contain at least a
certain amount of hard segment tc become a heterogeneous
structure. If the hard segment contents are small, the

polyurethanes do not show any thermoplastic elastomerio

properties

.

The high temperature melting endotherms have a broad
shoulder at the higher temperature side. The exact

explanation for that shoulder is not available at this

moment. It may be due to either the small amount of longer

hard segment residue which shows a higher melting endotherm

or the difference in the degree of ordering achieved at a

high temperature during temperature scanning.

The temperature-composition diagram is shown in Figure

5.10. Samples annealed at 85oc are also included to

investigate the annealing effect. The lower transition

temperature does not change to any significant extent,

whereas the higher transition temperature is depressed by

about 8 degrees by changing from the pure B4 polymer to the

50/50 mixture.

Thermodynamics of the polymer mixing behavior have been

obtained by differentiating the Flory-Huggins ' free energy

mixing equation with respect to the crystallizable component

as shown in Equation 5.10.^8 Denoting the amorphous and

crystallizable unit with subscripts 1 and 2 respectively, the

equation is
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Vlu

In^

Mo "2 mJ
(5 . 10)

where n^u^ and fc^o chemical potentials of the

crystallizable unit, 2u, of the liquid polymer blend and of
the pure liquid at a standard state respectively, v is the
molar volume of the repeating unit, M Is the degree of
polymerization, $ is the volume fraction of the component, X
is the polymer-polymer interaction parameter, R is the gas

constant

.

Since the chemical potential of the crystalline unit is

the same as that of a liquid state at the melting

temperature, Equation 5.10 can also be represented as H2u= -

^i2u°, which is the negative of the free energy of fusion,

I.e.,

i . ^ O » M
TAS" )2u

= " AhM

2u 1 - f T ^

(5 . 11)

where AGsu^, AHsu^ and ASsu^ are the partial molar free

energy, enthalpy and entropy of fusion of the repeating unit,

respectively, and the ratio AH2u^/AS2u^ is assumed to be

independent of the temperature within the range being

considered and equal to Tm°, the equilibrium melting

temperature of the pure polymer .
l'^' 34 ^^^^ Equations 5.10 and

5.11, Equation 5.12 can be obtained as

2
T

RV2u

m
m

lr^<t)2 f 1 1 ^
4-

M-
<^1 + Xl2 <t>l

(5.12)
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which describes the melfinrr +-t:ne melting temperature depression of the
crystalline unit dnp tr^unit due to the presence of the diluent
opponent. The first two ter.s in Equation 5.X2 correspond
to the configurational entropy and the third ter. is due to
both enthalpic and entropic change upon interaction. m the
case Of the polymer blend system, the conf igurational
entropic contribution is usually negligible due to the high
degree of polymerization.

Since the hard segments of the B2 and B4 polyurethanes
have a relatively low degree of polymerization, the entropic
terms cannot be neglected in order to explain the melting
point depression of the B4 hard domains. it is to be noted
that the repeat units of the two hard segments have identical
Chemical structure or approximately the same intermolecular

interactions. The entropic terms, therefore, can affect

significantly the melting temperature of the B4 hard domain.

This will be further discussed later.

There is a very important point to note for this blend

system. As shown from the infrared and thermal data, two

hard segments phase separate into the different hard domains.

The melting temperature of the B4-rich domain is, therefore,

mainly affected by the B2 hard segments dissolved in the B4

hard domain. The B2 hard segments in the B2 hard domain are

believed to have little effect on the melting transition

behavior of the B4 domain. Thus, the ({) value in Equations

5.10 and 5.12 for these polyurethane blend systems have to be

a "true" volume fraction of the non-crystallizable component
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dissolved inside the domains of the crystalli.able unit. The
blend compositions In Table 5 . 3 are the "apparent" volume
fraction of the polymers.

It is obvious from Equation 5.12 that the direct
relationship between and 0,, the "true" volume fraction

which is different from the "apparent" volume fraction, can
only be analyzed if the x value and all other parameters are
known. Since the exact % value in this case is hard to

obtain, the relationship between and 01 is plotted for a

range of x values in Figure 5.11 using the experimental data

in Table 5.4. The experimental data are also included with

the B4 polymer fraction. The abscissas of the two plots are

adjusted so that both experimental and calculated values fall

on top of each other. The "true" volume fraction of an

experimental data point, A (50/50 blend) for example, can be

readily obtained by reading the value on the corresponding

abscissa, B. if the % value is not very different from zero,

for example between -0.1 and 0.1, the range of "true" B is

between C and D as shown in Figure 5.11. The uncertainty due

to the unknown Rvalue is very small at a low volume fraction.

As can be seen in Equation 5.12, the melting temperature is

significantly affected by the interaction term only if the

volume fraction of the noncrystallizable component is large.

According to this analysis, the noncrystalline B4 domain of

the sample A seems to contain approximately 15% B2 hard

segments. The volume fractions of the B2 hard segments in
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Parameter Values Used for Equation 5.

Parameter value comment

-•m 166.5
(°C)

Melting Temperature of the B4
crystal (Peak value of the DSC
Endotherm)

Ml 5 Degree of Polymerization of the
B2 Hard Segment Structural Unit
(3 MDI + 2 BD)

M2 9 Degree of Polymerization of the
B4 Hard Segment Structural Unit
(5 MDI + 4 BD)

V2u/Viu ~ 1 Molar Volume Ratio of the
Structural Unit of two Hard
Segments (Same Structural Unit)

AH2u 1807^

(cal/mole)
Heat of Fusion of the Structural
Unit

3.25 (cal/g of B4 Polymer)
45% Hard Segment in B4 Polymer
73% Crystallinityl
1644 g/mole of B4 Hard Segment
9 Structural Units in a B4 Hard Segment

1807 (cal/mole of Structural Unit)



184

the non-cr,stalUne B4 do.ain of the samples with other .len.
composition can also be obtained in a .i.iiar fashion.

The phase behaviors of thers ot the linear paraffin mixtures have
been studied widely. 3S,3e

^^^^ ^.^^^^ ^^^^^
system n-C32Hse/n-C36H,„ it has been shown that this pair
forms a continuous solid solution over all compositions as
predicted. 37 By changing the blend composition, the melting
temperature is changed continuously from the T„ of n-C3,H,e to
the Of n-C36H7,. in other words, the incorporation of the
long molecule in the matrix of the small molecules results in
the increase of the melting temperature.

The transition temperature of the B2 hard domain does
not seem to be sensitive to the blend composition as shown in
Figure 5.10. Even though the results of the n-paraffins
cannot be directly applied to this hard segment blend system,
it may be inferred from the data that the B2 hard domain
seems to be relatively pure with no evidence indicating the

incorporation of B4 segments in B2 domains. More

experimental results are required to characterize the smaller

'

hard segment domains.

The annealing effect on the transition temperature can

also be observed from Figure 5.10. The 25 degree difference

of the annealing temperature results in approximately a 6

degree difference in the transition temperature of the B2

hard domain. In contrast, the B4 hard domain does not seem

to be affected by that difference in the annealing

temperature. Since the transition temperature of the B2 hard
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^o.aln is Close to the annealin, te^pe.atu.e, tUe di„e.ence
the transition te.pe.atu.e .ay .e .ue to the ino.eased

order Of Chain paclcing. The melting temperature of the B4
hard domain is too far fro™ the annealing temperature to he
affected.

The conformation of the hard segments inside hard domain
has been studied with SAXS studies. Since the main
difference between two polyurethanes used is the difference
in the hard segment length, the difference in the domain
spacing is used to determine the hard segment conformation.
According to the calculated and experimental values of
difference in the domain spacing, the extended conformation
model appears to be the more realistic on these materials.
The monodisperse distribution of the hard segment length
seems to be a determining factor for the extended chain model
in contrast with the folded chain model of the polyurethanes
with the broad distribution of hard segments length.

The misoibility behavior of the two hard segments with

different segment length has been investigated by the

infrared and differential scanning calorimetric methods.

Even though two polymers have hard segments with similar

chemical structure and identical soft segment, it is clearly

shown that the two hard segments form separate hard domains

at least for the blends of which composition is not very
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size

skewed, i.e. 30/70 through 70/30 (B2/B4). since the
Similarity is one of the several requirements for the
formation of the solid solution crystal lo .crystal, " the incompatibility
between the two hard segments seems to be due to the
difference in the segmental length.

The melting temperature of the B4 hard domain is shown
to be sensitive to the blend composition. For the 50/50
blend sample, the melting temperature of the B4 hard domain
is lowered by about 10 degrees from that of the pure B4
polymer. From the melting temperature depression analysis,
it is estimated that the noncrystalline B4 hard domain of the
50/50 blend contains about 15% B2 hard segments. The

contribution of the conf igurational entropy on the melting
temperature depression is shown to be significant due to the
low degree of the polymerization of the hard segments. The
effect of the interaction term becomes significant at the

higher volume fractions. Since the transition temperature of
the B2 hard domain is shown to be insensitive to the blend

composition, it seems to indicate that the B2 hard domain is

'

relatively free of the B4 hard segments.

From the results obtained in this study, the schematic

model of the internal structure of the polyurethane blend is

suggested in Figure 5.12. There are two different hard

domains with different hard segments. The hard domains with

the longer hard segments contain small amounts of the short

hard segments ("A" in the figure), whereas the domain with

the short hard segments is relatively pure. Furthermore, the
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FIG.RE 5.12 schematic picture of the internal pha.e
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main conformation of hard segments are an extended
conformation as shown in Fig.re 5.12. The soft segment
matrix is expected to contain a small amount of the hard
segments due to the incomplete phase separation. The
dependence of the soft matrix on the blend composition can be
Characterized at the low temperature « Qoc) region of the
DSC thermograms

,

This study is useful for understanding the phase
separated structures of co:n:nercial polyurethanes with a broad
hard segment length distribution. Since the hard segments
phase separate into different domains according to their
segmental length, the hard domains of the commercial

polyurethane may not be all the same but roughly divided into
the different domains according to their segmental length.

Similar behavior has been claimed in literature . 15

The phase separation of the hard segments according to

their segmental length can be also applied to the

fractionation of the hard segments. By annealing at the high

temperature, only those hard domains that are stable at that

temperature can be formed. By lowering the temperature

slowly, the hard segments will, therefore, form separate hard

domains according to their segmental length. The commercial

material will have, of course, much more complicated

structure due to the random sequence of the hard segment

length and the connectivity between them. However, the

results obtained here can be applied, at least qualitatively.



to understand the phase behavior of co^ercially important
polyurethane materials.
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CHAPTER VI

INVESTIGATION OF THE MOLECULAR ORIENTATIONBY THE METHOD OF INFRARED DICHROISM

Int rndnrh i

Considerable amount of studies have been carried out t

comprehend the structure property relationship of

thermoplastic elastomers. It is generally accepted that the

elastic properties of the segmented polyurethanes are mainly

due to the phase separated heterogeneous structure . i' 2 The

two components, hard and soft segments, undergo microphase

separation due to the incompatibility between the two

structural units.

It has been shown that there is a close relationship

between the mechanical properties of the polyurethanes and

their morphology. Sample morphology is affected by many

factors such as the chemical nature of the components , 3-5

stoichiometric ratio between the two segments, ^ molecular

weight and distribution of the segments'''^ and also the

synthetic method used in making the polymer. 9' 10 jt is,

therefore, extremely important to study the well defined

polymers from which several factors affecting the physical

properties have been excluded.

The effect of the morphology on the physical properties

has been demonstrated by studying a series of polyurethanes

192
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with similar chemical composition but different relative
amount of individual component . H By increasing the hard
segment content to slightly above the certain critical value,
there is abrupt change in the deformation behavior. The
morphology change from the isolated hard domains to the

interconnected hard domain is well correlated to that abrupt
change in the deformation behavior.

The crystallinity of the hard domain has also been found
to have a significant effect on orientational behavior. 12 For
a crystalline hard segment, a peculiar negative orientation

has been observed for small strain value, whereas a

noncrystalline hard domain shows an increasing orientation

function for all strain levels. 13 The negative orientation

function of vibratios has been observed in many cases for a

variety of polymers such as polyethylene, 1^-17 polyester, 18

nylon, 19 polyvinyl chloride20 and polyurethaneli' 21 even though

the exact explanation has still to be given; particularly in

the case of the polyurethanes

.

As stated above, the deformation behavior of the

heterogeneous material is extremely complicated. The

information on the orientational behavior of all parts of the

molecule has to be combined in order to understand the

overall response of the material upon deformation. Since

infrared spectroscopy can be used to study the orientation

behavior of each of the individual functional groups, it has

been extensively used in the study of the orientational

properties of polyurethanes.
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in this Chapter, the molecular orientation of the hard
and soft domains will be analyzed to study the characteristic
responses when stressed. Infrared dlchrolsm is extensively
used to monitor the local segmental orientation. The stress
and orientation relaxation behavior of selected vibrational
modes is expected to reveal the time variation of the domain
Change upon deformation.

Infrared activity in organic molecules occurs when a

vibrational mode produces a changing electric dipole moment

M, which is a transition moment vector of the normal

mode. 22, 23 Absorption occurs when the electric field vector

of the incident radiation, E, has a component parallel to the

direction of M. The absorption of infrared radiation can be

given in terms of the absorbance, A, defined by

A = Log^Q—
(6.1)

where lo is the incident intensity and I is the transmitted

intensity. For a given normal mode of vibration, the

transition moment vector has a definite orientation in the

molecule. If the angle between M and E is (3, then the

absorbance is proportional to cos^p.

For non-oriented materials, the absorbance is

independent of the polarization of the incident radiation
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because of the rando™ orientation of the molecules, m a
drawn poly.er, the molecular ohains are preferentially
oriented along the deformation direction. With the
polarization parallel and perpendicular to the deformation
direction, the two separate absorbances can, therefore, be
Obtained. Pro™ the ratio of the two absorbances, a dichroic
ratio, is defined as

R =

where A„ is the absorbance for linearly polarized light
parallel to the chain direction and perpendicular to the

chain axis.

In the case of uniaxial orientation, the dichroic ratio
for perfectly oriented material, R^, has been obtained as24

Ro = 2 cot2a
^^3^

where a is the angle between the transition moment vector M

and the chain axis as shown in Figure 6.1. For perfectly
oriented materials, the angle a can be, therefore, calculated

by measuring the dichroic value. In general, the orientation

of the molecule is incomplete. The molecular chain axis is

generally distributed around the deformation direction. If

only a certain fraction, f, of the total molecules are

perfectly oriented and the remaining molecules are randomly

oriented in the three dimensional space, the relationship

between f and the dichroic ratio is then expressed as

follows^S
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CHAIN AXIS

A

X

FIGURE 6.1 Schematic representation of relationship
transition moment (M) and chain axis of
perfectly ordered sample.

between
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f = l2oJ^^(R^
(Ro-l)(R+2)

(6.4)
The incomplete orientation oan also be treated by

assuming that all the molecules have the average angle, 0,

with the deformation direction as shown in Figure 6.2. The
relationship between the average angle, G, and the fraction,

f, of the perfectly oriented molecule have been obtained as

^ _ 3cos^9 - 1

2
(6.5)

The concepts of a fraction, f, of perfectly oriented material
and an average angle of disorientation 0 were used by Hermans

treatment, f is called Herman's orientation function.

Deformation Theory of F.1^c.^^ c NetwnrV

Extensive theoretical developments for the deformation

of a polymer network have been made. 27 since the physical

crosslinks of polyurethanes acts as crosslinks, the network

deformation theory can be applied to polyurethanes with

appropriate modification.

Several assumptions usually made during the derivation

of the orientation distribution function are as follows. 27

1. It is assumed that each chain consists of N freely

jointed statistical segments.

2. The end-to-end vector distance ro of a chain in the

unstrained state is equal to the root-mean-square vector

distance of the free chain, i.e.,

ro = NI/2I3 '

(g_g)
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STRETCHING
DIRECTION

CHAIN AXIS

FIGURE 6.2 Schematic representation of relationshio between
transition moment (M)

, chain axis and stretching
direction.
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3

Where I3 Is the length of a statistical segment.

On deformation, the end-to-end vectors undergo an affine
deformation

,

4. There is no volume change on deformation.

The orientation function of the statistical segments in
a collection of chains can be obtained by combining the two
orientation distribution functions, i.e. the distribution

function of the end-to-end vectors of the chains in the
deformed state with respect to the laboratory axis, g,(0,) and

the angular distribution function of the statistical segments
with respect to the end-to-end vector direction, g3(03).

Kratky introduced a pseudo affine model where

orientation is treated as occurring with the angular rotation

of the microstructural units, for example crystalline units,

without any dimensional change. 28 Applying this model to the

deformation of the polymeric chain, the end-to-end vector of

a chain is assumed to be a rigid structural unit that

undergoes rotation to the deformation direction without

stretching.

The distribution function of the end-to-end vectors of the

chains with respect to the stretch direction is28

1 A.'^sinG^

2 [cosX + ^'sin^J^/^

where X is the draw ratio and 9c is the angle between the

end-to-end vector, r, and the stretch direction.
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The orientation distribution function, 53(63), of the

segments along the end-to-end vector direction of a single
Chain has been obtained by Kuhn . Grun.29 ,3 ^^^^^
specifying the orientation of a segment with respect to the
end-to-end vector, r, of the chain, then it is given as

(6.8)
where

(3 = L-i(r/Nl3)
. L is the Langevin function defined as

L(p) = r/Nl3 = cothp - l/p

It is to be noted that the inverse Langevin function,

L-l(r/Nls), approaches infinity as the magnitude of the

end-to-end vector becomes fully extended length, i.e. NI3

.

Several optical properties of the network which depend

on the orientation can be calculated with the two

distribution functions. The polarizability difference, P,, - P^,

of the network can be calculated with Equations 6.7 and 6.8

as 27

(6. 10)

where bi,b2 are segment polarizabilit ies in the parallel and

perpendicular direction, respectively. By applying Equation

6.10 to the differentiated Lorenz-Lorent z equation, the

birefringence can be expressed as^^

=77' Nc(bi-b2)^ ^
^ n (6.11)

For the network of the elastomeric polymer chains, the

theoretical value of the infrared dichroism can be calculated
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with Equations 6.7 and 6.8.30,31 integration over all the
segments in a single chain has to be obtained with Equation
6.13 and over all chains with Equation 6.12. The resulting
dichroism, R, is

N +
R =

2

5

r 2

^
cos a - ^sin^a

j 4)
N -

1

5

( 2

^
COS a -

(6. 12)
where a is the angle between statistical segment direction

and transition moment. Since the dichroic and extension

ratio can be measured relatively easily, the number of

statistical chain segments, N, can be obtained by comparing

the experimental data with Equation 6.12 for the infrared

band, for which the transition moment direction is known.

Experiment?! 1

The one model polyurethane extensively used in this

deformation experiment is the B4 polyurethane. Each hard

segment of the B4 polyurethane contains five MDI and four BD

units. The chemical structure is shown in Figure 2.2. The

butadiene based polyurethane (T3MI) , which was synthesized in

solution to ensure the homogeneous state during

polymerization, has also been used to compare the

experimental dichroic ratio with the theoretical values

predicted from the elastomeric network theory. The chemical

structure of the butadiene based polyurethane is shown in
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Figure 4.1. The information about the hardciiJuuL i:ne nard segments of the
butadiene based polvuret h;:,nt^ •poiyurethane is given m the Experimental
section of Chapter iv.

The polymers were dissolved In THF solvent to make about
a 2%(„/v) solution. A thin film „as then obtained by casting
the solution on a Teflon coated glass slide or a Teflon .old.
The film was dried initially under the hood for several
hours, followed by vacuum drying for a few days at about 60

degrees

.

The sample mounted on the stretcher was strained from
both directions so that the identical position of the sample
could be characterized during the deformation process. For

stress relaxation measurements, the load cell, which was

connected to the sample holder, was used to monitor the

stress relaxation as a function of time.

The polarization of the incident infrared light was

achieved with a gold wire polarizer on a KRS-5 substrate.

Infrared spectra were obtained with the Bruker model IFS 113v

vacuum Fourier transform infrared spectrometer.

The infrared spectra of the B4 poiyurethane with two

different polarizations at a 300% strain are shown in Figure

6.3. The spectrum with no strain is also shown in a dotted

line as a reference. The thickness change due to the

deformation is compensated by equating the integrated area of

the C-H stretching peaks. The dichroic behavior of the many

peaks is obvious from Figure 6.3.

4
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The deformation during a tensiie experiment was carried
out by a step-Wise process. .fter each deformation, the
sample was relaxed for about five minutes to achieve the
equilibrium state. Unless stated otherwise, the intensity
was Obtained from the pea. height due to the an^iguity of
band overlap. The sample temperature was controlled by
nitrogen gas blown into the purge box Th»fuiys DQx. The experimental set-
up is shown schematically in Figure 3.2.

The stress relaxation experiment was done at a 100%
strain. After a step strain, the two spectra with
perpendicular and parallel polarization were obtained
consecutively as a function of time. The orientation
functions were calculated with the two spectra obtained

consecutively, even though the exact collection time could be
slightly different. This difference is assumed to be

negligible

.

The deformation behavior of each domain in the phase

separated polyurethanes is expected to be different. Since

the modulus of the soft segment is lower than that of the

hard segment, initial deformation has to occur mainly through

the soft segment. The soft domain stress is then transferred

into the hard segment deformation. The final orientation

behavior is further affected by the different relaxation
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behavior. oue to the low ^lass transition temperature o. the
3oft segment, the orientation of the soft se^.ent after step
strain is applied is expected to relax rapidly, sinoe the
hard segment is in its glassy state, the orientation of the
hard domain as a whole may occur simultaneously with the hard
segment orientation.

The carbonyl stretching bands at several different
strains are shown in Figure 6.4. The dotted spectra are
Obtained with parallel polarization. The intensity change
due to a thickness change during deformation has been

corrected as explained in the Experimental section. The

relative intensity change can be compared directly. Since
the angle of the transition moment vector of the C=0

stretching component is known to be close to 90°, most of the

perpendicular components show higher absorbance than the

corresponding parallel parts.

For the C=0 stretching peak at 1730cm-l which is free of

hydrogen bonding, the dichroic ratio decreases continuously

by increasing the strain from 50% to 300%. At the 50%

strain, there is an appreciable amount of dichroism already

developed. As the strain increases, the polymeric chains

tend to better align to the stretch direction. Since the C=0

group is approximately perpendicular to the chain direction,

the dichroic change of the free C=0 peak is easily understood

by the orientation of the chain along the stretch direction.

It has been shown that the free C=0 peak is mainly due to the

hard segment dissolved in the soft matrix. 32, 33 ^he
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FIGURE 6.4 Carbonyl stretching region at different strains-
Relative orientations of the polarizer to the
stretching direction are indicated in the
figure

.
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deformation behavior of the free C^o peaK is, therefore
expected to represent the deformation behavior of the chains
in the soft matrix.

The deformation behavior of the hydrogen bonded C=0
stretching peak at 1700cm-l is different from that of free
component. The dichroism of this peak at the 50% strain is
opposite to that of the corresponding free component. At the
100% strain, only a small amount of dichroism has been
observed compared with the free component. This different
dichroic behavior indicates that the deformation behavior of
the hard segments in the hard domain, which is represented by
the hydrogen bonded C=0 component, is distinctively different
from that of the hard segments in the soft matrix.

The orientation functions of the two components, i.e.

free and hydrogen bonded C=0 stretching components, are

calculated according to Equation 6.4 and shown in Figure 6.5

as a function of strain. The transition moment direction of

that peak is assumed to be 78° with respect to the chain

direction. 34 The orientation functions are obtained during

the full cycle of deformation. The different orientation

behavior has been clearly observed. The free component which

represents the chains in- the soft matrix exhibits the highly

elastic behavior, whereas the hydrogen bonded component shows

significant hysteresis behavior. The orientation function of

the bonded component becomes negative initially before it

increases to a positive value at high strain. This negative
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orientation function is al.ead, predicted f.o. the peculiar
d.chroic behavior of this component observed in Figure 6.4.

The inversion of the orientation function, that is a
negative value at a s.all strain and a positive value at a
high strain, has been generally attributed to the initial
orientation of the long lamellar hard domains into the
deformation direction and the subsequent disruption of the
hard domain resulting in a positive orientation function.

n

Since the explanation given above could not account for the
non-negative orientation function of the different

vibrational modes in the same segment, other interpretations
based on the conformational transition model are also

suggested. 35 in the case of the polyether urethane urea

elastomers, the conformational transition model seems to

explain fully the peculiar orientation phenomenon of all

vibrational modes in the same hard segment. Even though the

orientation of the hard domain, rather that hard segments

itself, is generally believed to cause the negative

orientation function at a small strain, the complete

explanation has to be given due to the inability of that

model to account for the non-negative orientation behavior of

other infrared bands pertaining to the same hard segment.

The hysteresis seems to be due to the restructuring of

the hard domain. At a high strain, the hard domain starts to

break and new hard domains are formed upon the release of the

stain. The area of the hysteresis curve is, therefore,

related to the amount of work needed to restructure the hard
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domain during deformation. The elastic y.^y.ine elastic behavior of the free
C=0 peak indicates that the ela<^tir> ^r.^T:ne elastic energy stored in the soft
matrix is mainly entropic in nature.

The orientation function of the C-H stretching region at
3000-2B00cm-l is shown in figure 5.6. The integrated area of
the C-H stretching peak is assumed to represent the soft
segments even though the hard segments contain a small amount
Of the C-H functional group. The degree of orientation of
the soft segments is found to be smaller than that of the
hard segments. it is due to the fast relaxation of the

flexible soft segments. The soft segment seems to transfer
the orientation to the hard segment to undergo the relaxation

process. The resultant orientation remains, therefore,

mainly on the hard segments resulting in the small

orientation for the soft segment. 36

The orientational relaxation of the soft segments can

also be observed from the deformation experiments at

different temperatures. The tensile experiments were carried

out at three different temperatures and the orientation

functions of the free and hydrogen bonded C=0 stretching

peaks are plotted in Figures 6.7a and b. Orientation

function of the free C=0 component is found higher at a low

temperature (4°C) than at a high temperature (44^0 . The

temperature effect on the orientation behavior of the

hydrogen bonded component is not significant as shown in

Figure 6.7b.
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FIGURE 6.7 Orientation function of carbonyl peaks at three
different temperatures plotted as a function of
strain, (a) free peak (b) hydrogen bonded peak
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The difference in the orientation behavior of the two
C=0 stretching components appears to be due to the different
relaxation properties. since the three temperatures are well
above the glass transition temperature of the soft segment, 37

the Chain mobility is increased by increasing the temperature
resulting in the fast relaxation. The glass transition

temperature of the hard segments is known to be about SQoc.

The hard segments are at the glassy state for all three

temperatures. It is, therefore, expected that the

orientational behavior of the hard segments is independent of

the temperature as long as the temperature is below the glass

transition temperature of the hard segments.

Domain Change dnrina npformation

From the orientation changes of the hydrogen bonded C=0

stretching component, it has been suggested that the hard

domain undergoes structural reorganization at a high strain.

The effect of the deformation on the domain can be further

analyzed by studying the C=0 and N-H stretching components.
'

The C=0 stretching spectra obtained with the two

polarization directions are shown in Figure 6.8 at three

strain values. The thickness change has again been corrected

as explained before. The reference spectrum with no strain

is plotted in a dotted line. For parallel spectra shown at

the top, the intensity of the two C=0 peaks decreases as

strain increases. Since the strain is well above the strain

value at which the negative orientation function can be
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Observed, the changing intensity is easily understood in
terms of the chain orientation along the stretching
direction. As the chain orients better, the parallel
intensity is expected to decrease due to the perpendicular
transition moment direction of the C=0 stretching vibrational
mode .

For the perpendicular spectra of the free C=0 peak, the

intensity is increased with the strain as expected. However,

the intensity of the hydrogen bonded C=0 component decreases

with strain. Its intensity is expected to increase at a

higher strain if the intensity change is solely due to the

chain orientation along the stretching direction. The

decreased intensity of this component at a higher strain

seems to be mainly due to the decreased amount of the

hydrogen bonded C=0 functional groups. It indicates that the

amount of the hard segments in the hard domain is decreased

upon large deformation. Some of the hard segments in the

hard domain seem to be pulled out into the soft matrix during

the restructuring of the hard domain.

The total absorbance. At, can be obtained from the

polarized spectra as A,, + 2A^. The ratio of AT(b) of the

hydrogen bonded C=0 to AT(f) of the free C=0 is plotted as a

function of strain in Figure 6.9. One of the samples was

annealed at 150°C for 24 hours under vacuum to investigate

the annealing effect on the structural reorganization and

also included in Figure 6.9.,
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The ratio is not expected to change as function of
strain if the amount of each functional group, i.e. free and
hydrogen bonded C=0 groups, is constant. However, if some of
the hard segments are pulled out of the hard domain into the
soft matrix, the ratio, AT(b)/A,(f), win decrease as observed
in Figure 6.9. The decreasing ratio, therefore, confirms

that there is a hard domain structural reorganization during

deformation and some of the hydrogen bonded C-0 groups are

transformed into the free C=0 group by being dissolved into

the soft matrix.

The annealing effect on the domain restructuring can be

observed by comparing the two samples shown in Figure 6.9.

For the well annealed sample, the ratio decreases more

rapidly as the strain increases. Annealing seems to decrease

the amount of the hard segment dissolved in the soft matrix.

It can also increase the degree of order inside the hard

domain. In the case of the annealed sample, the strain

applied initially to the soft segment can be easily

transferred to the hard segment, since hard domains are well

developed and most of the hard segments are inside the hard

domain. Furthermore, the soft segment is expected to have a

more extended conformation when both hard segments at the end

of the soft segment are incorporated in the hard domain as in

the well annealed sample. ^8-40 ^he more extended chains are

less likely to undergo higher deformation without applying

severe entropic contractile force on the hard segments at the

ends. The annealing effect shown in Figure 6.9 can.
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therefore, be understood In ter.s of the differences in the
morphology developed by the annealing.

The hard segment transfer from the hard domain to the
soft matrix upon deformation can also be observed from the
N-H stretching pea.. For the hard segments transferred into
the soft matrix, the hydrogen bonded N-H functional group
Changes its proton acceptor from the carbonyl group to the
ether group as shown in Figure 6.10.32 ^3 explained in

Chapter II, the N-H stretching frequency changes from 3330 to
32 95cm-l by changing its proton acceptor from the C=0 group to
the ether group . 32

The N-H stretching peaks obtained with two polarizati
at 300% strain are shown in Figure 6.11. The referen

spectrum with no strain is plotted in a dotted line. The t

spectra in solid lines show an increased band width. The

spectra at a 300% strain has actually increased the shoulder

at the low frequency shoulder around 3290cm-l. This is due t^

the increased hard segments dissolved in the soft matrix at a

high strain. Those hard segments are expected to form

hydrogen bonds with the ether groups of the soft segments

resulting in the increased intensity at 3295cm-l. Due to the

relatively small amount of the hard segments transferred, the

increased contribution at 3295cm-l is only observed from the

increased shoulder.

The full-width at half-height (FWHH) of the N-H

stretching peaks are plotted in Figure 6.12 as a function of

the strain. Even though the data are relatively scattered,

ons
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the FWHH seems to increase wihh ^v,^ ^increase with the strain. Since the
increased shoulder at 3295cm-l can be observed from the
increased FWHH, the results in Figure 6.12 confirm that more
hard segments form hydrogen bonding with the ether group of
the soft segment at the increased strain.

The temperature effect on the domain restructuring is
shown in Figure 6.13. The ratio, i.e. A,(b)/A,(f), of the C=0

stretching component are plotted at three different

temperatures. The decreasing tendency of the ratio observed
at the low temperature becomes less obvious at the increased

temperature. The chains at the high temperature may have

increased flexibility that enables the soft chains to undergo

more deformation without transferring the stress to the hard

segments. In the low temperature region, the stress of the

soft segment seems to be easily transferred to the hard

segments in the hard domain resulting in the more extensive

domain restructuring. For the sample at 44^0, the second

half of the deformation cycle, which is the strain releasing

period, shows a slightly increased value of the ratio. At

this temperature, the chains appear to have enough mobility

to form a better phase separated morphology upon releasing of

the strain

.

Orientation an d Stres.s Relaxation

The deformation behavior of the viscoelastic material is

fairly complicated. Depending on the time scale of the

experiment, material's response can be changed widely from
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elast.cto...,.p.,pe.tie3.^.
case o. .ete.o^eneo.s

materials, t.e defecation .ehavio. is even ™ore complex
The segments in the different domains may have different
Observable response times to the applied deformation. Since

takes a certain amount of time to reach the equilibrium
structure, the time variation of the structure can be
analyzed through the orientation function change as a
function of time.

The stress change during the stress relaxation

experiment is shown in Figure 6.14. it was obtained for the
B4 polyurethane which was step strained by 100%. The initial
period of stress build-up corresponds to the stretching

period up to a 100% strain. The stress relaxation is found
to be extremely fast initially, followed by the slow

relaxation. The final stress value is approached

asymptotically

.

The carbonyl stretching peaks obtained with the two

polarizations are shown in Figure 6.15. The lower spectra

are obtained just after step strain and the upper spectra are

obtained after 220.5 minutes relaxation time. The most

interesting phenomenon is that the negative orientation of

the hydrogen bonded C-0 stretching peak shown at time zero

becomes positive after relaxation. According to Figure 6.5,

the orientation function of the hydrogen bonded C=0

stretching peak was not negative at 100%. The negative

orientation function of the same sample used in this

experiment may be due to no relaxation time after the strain.



e

c

x:

a;

>i •

0 oao
T—

1

CQ

0

T3
(D

C
0 -H

fT3

G U
0 4-J

-H CO

4J
CT3 a
X
03

rH CO

CD

U G
CD

CO CD

cn ii}

CD

U CO

4J

CO

U2

D
M



233



f .M
cu

til /I \ 1

tri Lj f\\(0 M
uj '—

I

f iTl frtwh 10 HJ

fO Ul i-l

0) o a
0 axJ
M-t CO C

Xi TJ
•

C -(-) >i
0 -P rH
•H 0 :3 CD

>
0) -H

C C O
<u

c a
CO

(D

JJ -H 0
CO C 5 H

0
M -H -O 03

>i 4J <U N
C fT3 C -H
0 X -H U
XI 03 fO 03

rH

03 0) XI 0
U S-i 0

o
M



235

CO
CO

o
CO
CO

o
o

o

o

o
CO

o
CO
1^

cn
cr
HI
m

LU
>
<



236

The data in Fianrf^ a c: , ^Figure 6.5 was obtained about 5 minutes after
applying the strain.

The o.ientation functions of the two C-0 components a.e
Plotted as a function of the strain at two different
temperatures in Pi.ures 5.X6a and Recording to the stress
relaxation behavior shown in Figure 6.14, the magnitude of
the relaxation is very small especially after the the initial
fast relaxation. The orientation relaxation is, therefore,
expected to be small. Even though the data are widely
scattered, there seems to be a consistent tendency of the
orientation function. The orientation relaxation behavior of
the two functional groups appear to be exactly opposite to
each other. The orientation function of the free C=0 peaks
seems to decrease with the strain, whereas that of the

hydrogen bonded component increases. The orientation

function of the hydrogen bonded component changes from the

initial negative value to the positive value at a higher

strain. Since this inversion of the orientation function is

already observed from Figure 6.15, the tendency observed in

Figure 5.16 appears to be generally true.

The relaxation behavior is expected to be sensitive to

various temperatures. Temperature effects on the relaxation

process for different functional groups will be helpful in

understanding the segmental mobility at different

temperatures. Unfortunately, the temperature effect on the

relaxation process is not clearly observed from Figure 6.16

due to the small changes of the orientation function during
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FIGURE 6.16 Orientation function relaxation of two carbonvlpeaks plotted as a function of relaxation time
at
(a) 250c
(b) QOC
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the relaxation process. However th^owever, the relaxation process at
two temperatures shows a consist^n^ ^consistent tendency rendering the
explanation given above.

It has been shown in Equation 6.12 that the theoretical
dichroic ratio, R, can be expressed in terms of the draw

'

ratio X, transition moment angle a and the number of the

statistical chain segments N. By comparing the experimental
dichroic data with the theoretical prediction, the number of
statistical segments N can be obtained. Since the

flexibility Of the chain will be dependent on many factors
such as temperature, soft segment chain length, hard domain

orderness and the degree of phase separation, the calculated
number of statistical segments can be used to estimate the

morphology of the material. 30

The infrared spectrum of the butadiene based

polyurethane (T3MI) is shown in Figure 6.17. The

characteristic bands for the soft segment are those that are

C-H deformation related to the double bond at 995cm-l (cis-

1,4), 965cm-l (trans-1, 4) and 910cm-l ( 1 , 2-vinyl) .
42, 43 As with

MDI based polyurethane, characteristic bands for the hard

segments are 3310cm-l (N-H stretching), 1710cm-i (C=0

stretching) and 1537cm-l (amide II, N-H bending and C-N

stretching)

.

Dichroic changes of the two peaks pertaining to the soft

segment are plotted in Figure 6.18 as a function of strain.
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The transition moment direction of the 1,2-vinyl C-H
deformation pea. at 910cm-l is found to be parallel, w.ereas
the trans-1,4 pea. at 965om-I i. perpendicular. since the
dichroic data of the gfiSrm-l k.,,^^ne ybScm band are somewhat scattered, the
peak at 910cm-l is more likelv rr-likely to give better results. The
transition moment direction of the trans-] 4 r...vL-ue urans 1,4 peak is expected
to be Close to 90- whereas that of 1,2-vlnyl peak is unclear
due to the rotational freedom around the C-C bond; which
connects the vinyl group to the main chain.

The transition moment direction of the one component can
be calculated from the known transition moment direction of
the other component as far as the two bands are related to
the same segment. 44 si„,, orientation function of the two
bands is the same, the following relationship can be obtained
from Equation 6.4.

^
f R, + 2 R _ 1 ^+ 2 r- 1

Uo - 1 R + 2 j 965

- ^965 - fgio
V Rq - 1 R + 2 >

^910 (6.13)

By rearranging the first and last parts in Equation 6.13, it

can be obtained as

^R-l^ f R+2\
965\R+ 2 J \R-1 J 910 vRo -ly

965 910
(6. 14)

Since the Ro is constant, the right hand side of Equation

6.14 is also constant. The experimental data of the left

hand side is plotted in Figure 6.19. Even though there is a

deviation from the constant value at the small strain value,

it is mainly due to the small value at the denominator, the
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overaxi .ata see.s to app.oac. the constant value fai.l,
well. ..o. the constant value an. Equation S.3, the an.le of
the transition .oaent direction of the vinyi-1,2 pea. at
910C.-1 is found to be about 450. it has been suggested that
the rotation of the vinyl group about the C-C bond, which
connects the vinyl group to the raain chain, is sterioally
hindered

.

The network deformation theory developed for the network
comprised of the elastic chains cannot be directly applied to
the results of the polyurethane deformation work. Even
though the hard domains act as junction points preventing
permanent deformation, its volume percent cannot be neglected
as in a conventional network. Furthermore, the possible

deformation and orientation of the hard domain has to be

characterized before Equation 6.12 is applied to the dichroic

data of the segmented polyurethanes

.

The orientation functions of the hard and soft segment

functional groups are plotted in Figure 6.20 as a function of

the strain. As a hard segment deformation, the C=0

stretching band is used. The orientation function of the

vinyl-1,2 peak is again included for comparison. As shown in

Figure 6.20, the hard segment orientation seems to be

negligible compared with the soft segment orientation.

During the following analysis it is, therefore, approximated

that most of the deformation occurs to the soft matrix.

The draw ratio \ in Equation 6.12 is the real draw ratio

to which the soft segments are actually subjected. Since it



246

+
+

+

+

+

+
+
+

+
+

4-

+
+

+

+

+

CMO
O

OO

o
H
k_ 1

l!)

O
It

c

O >

+

o
o

o
o
CM

<
CE
1-
01

o
o

o
CMo
d

to

w
(Q

V
CD

4J
4J

0
rH

CO

CO

<U

a
o

0

c
o •

H C

a fo

^
M-l CO

C M-l

O 0

u c
03 O

-H
C 4J

<D O

O M-i

o

D



247

is assume. ,.at „03t o. t.e .efo^ation occu.s in t.e so.t.at..., expe.i„entax . .aXue .as to .e .o.i.ie. acco.din,
to the amount of t.e volu.e ^.action of the ha., .o.ain . The
polyurethane investiaat-^^H ^r. ^u-estxgated xn thxs analysis has a hard segment
volume fraction of 0 20 h.o uu-^U. It has been calculated by
Smallwood^S and extended by Guth^S th;,t-^utn that for systems with
spherical filler particles th^ rr,=v •y cicies, the matrix strain 8 may be
interpreted in termc: o-fin terms of the sample strain 8, by Equation 6.15,

e = Bo (1 + 0.25C + 14.1C2)

where C is the volume fraction of filler.

in Figure 6.21, the dichroic ratio R is plotted as a

function Of the corrected draw ratio. The theoretical values
are plotted according to Equation 6.12 in the solid lines for
a few N values, i.e. number of statistical chain segments.
The experimental data points seem to indicate that the

average soft segment contains about 90 statistical chain

segments. Since the single soft segment with a 2200

molecular weight has about 110 backbone bonds, the obtained N

value appears to be greater than expected. The hard domain
'

of this mixed TDI based polyurethane is not crystalline.

Therefore, the treatment of the hard domain as a solid

junction point seems to be a crude approximation. if there

is a hard domain relaxation during deformation, the

flexibility of the soft chains is expected to be increased

resulting in the increased number of statistical chain

segments .
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FIGURE 6.21 Dichroic ratio for vinyl-1,2 peak as a function
estimated soft segment strain; Three lines
obtained with Equation 6.12 are included;
Numbers on each line are N values of Equation
6.12.
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ent

Conr1 nc;-; or^

The deformation behavior of the two differ^

polyurethanes has been characterized with the infrared
spectroscopic method. For the MDI based polyurethane, the
orientation behavior of the hard segments is found to be very
different from that of the soft segments. The hard segments
show significant hysteresis behavior, whereas the soft chains
appear to be highly elastic. The orientation inversion has
been observed for the hard segments. Even though the

inversion phenomenon has been explained in terms of the

orientation of the long lamellar hard domain along the

stretching direction, an exact explanation has to be made due

to the inability of the previous model to account for the

non-negative orientation behavior of the other vibrational

mode pertaining to the same hard segment. The conformational

transition model used for the polyurethane urea seems to

explain the general orientation behavior fairly well.

Domain change due to deformation is also characterized.-

At high strain (approximately above 100%) some of the hard

segments, which were initially inside the hard domain, appear

to be pulled out into the soft matrix. The increased

interaction between the hard segments newly dissolved in the

soft matrix, and the soft segments, has been observed from

the decreased hydrogen bonded C=0 component as well as the

increased N-H functional group hydrogen bonded with the ether

group. The hard segment pull out appears to be significant



only at low temperatures (close to n^ciose to 0 degree) . The effect
becomes negliqible at tho ^ ,y yxDie at the elevated temperature (44oc)

.

It has been observed that for the polyurethane step
strained to 100%, the stress relaxation is extremely fast
The subsequent slow relaxation persists over a long period.
The orientation relaxation of the two C=0 components shows
the Characteristics of each domain. The soft segments, which
were initially oriented along the stretch direction, lose
their orientation during slow relaxation. it is shown that
very slow orientational relaxation can be observed by the
infrared method. The orientation inversion is also observed
from the relaxation process. For the hard segments in the

hard domain, the initial negative orientation turns into the

positive orientation during relaxation. it is believed that

the initial strain mainly applied to the soft segment is

transferred to the hard segments as soft chains relax. The

deformation of the hard segment itself is, therefore,

observed after soft segment relaxation resulting in the

positive orientation function at the later stage of the

relaxation

.

The dichroic value obtained with the butadiene based

polyurethane is analyzed by a prediction given by the network

deformation theory. The soft segment with 2200 molecular

weight is found to have about 90 statistical chain segments.

The higher number of segments compared to the average chain

length may be due to the noncrystalline nature of the hard

domain. The treatment of the hard domains as solid junction
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points see.s to be a =„de approximation. However, it has
been demonstrated that the information obtained about the
number of statistioai ohain segments can be used to estimate
the degree of phase separation at the hard domain state
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CHAPTER VII

RECOMMENDATIONS FOR FUTURE WORK

The results obtained with the polyurethanes based on the
monodisperse hard and soft segments used in this study have
led to an increased understanding of the phase separation,
miscibility behavior, and the structural reorganization

Phenomenon of the model polyurethanes. it has been proven
that infrared spectroscopy is a very powerful technique for
the investigation of the molecular properties of the

heterogeneous materials. Since the information obtained with
the infrared method is fairly characteristic to the

environment at the segmental level, the behavior of the

different segments should be analyzed independently. m this

chapter, the main achievements of this work and the new

questions which have been subsequently suggested, will be

presented in three sections.

Pha??e Separation of Pn1 yn rethanp.c;

In Chapter II, the direct observation for the hydrogen

bonding between the N-H and the ether functional group has

been made. The new results are expected to facilitate the

interpretation of the infrared spectra, and thus

understanding of the phase separation behavior of

255



polyurethanes, particulariw .^ iP rtxcularly polyester based polyurethanes.
Even though N-H • • • k ^0- hydrogen bonding is, at room
temperature, found to be stronger than th. •

.iytir T:nan the interurethane
hydrogen bonding, the formAr-Tine tormer becomes less stable at a high
temperature than the latter tv.^e latter. The exact explanation is still
in question. it may be answered by measuring the
thermodynamic parameters of the two hydrogen bonds. The
conformational entropy loss of the N-H-.-o- bond, which is
only Obvious at high temperature, appears to be the main
reason. The temperature dependence of the infrared spectra
Of the small model compounds will determine the relative
stability of the two hydrogen bonds.

The phase separation kinetics of the segmented

polyurethanes have been characterized by infrared and thermal
methods in Chapter III. Direct observation of the kinetic
phenomena contributes to the understanding of the structural

reorganization during the phase separation process. Since

infrared spectroscopy has not been previously utilized for

phase separation kinetic studies of segmented polyurethanes,'

more experimental studies have to be carried out. The

information on the kinetic behavior of the polyurethanes with

different hard segment length, will be useful to determine

the effect of segment length on phase separation.

The theoretical development of the phase separation of

the segmented copolymer will be particularly useful to

determine the mechanism. The theory available for

diblock/triblock copolymers seems to be inadequate to apply
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to the segmented polyurethane due to the multiple
connectivity of the segments. The effect of the extended
nature of the soft segment upon phase separation, to the
Phase separation mechanism, has to be carefully evaluated
The initial result indicates that at a 50* phase separation,
™ore than 85% of the soft segments are locked to at least
a single hard domain if v,^ ^It all the hard segments participate to
the hard domain formation randomly. The effect of the

conformational entropy loss on the phase separation will then
be obvious, well before the completion of phase separation.
The thermal analysis on the kinetics has only been done at a

high temperature due to technical difficulties. The

temperature drop to a low temperature can be done out of the

DSC sample cell, and then transferred to the cell where the

temperature is preadjusted to the isothermal phase separation

temperature

.

COmpatlbi 1 itv of fhP Hard .qprrmp.n^c

The compatibility of the hard segments with different

segmental length has not been carefully studied due to the

lack of the model polyurethane having a monodisperse

segmental length. Since the commercial polyurethane has a

hard segment with a broad segmental length distribution, the

characterization of the miscibility behavior between those

hard segments will provide extremely valuable information.

The results in Chapter VI suggest that the two hard segments.
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with different segmental lenqth rsn r,h=,oj-eagcn, can phase separate into
separate hard domains even thnnah ^though the two hard segments have
very similar chemical structures, thus similar interaction
The effect of the various parameters such as soft segment
length, temperature, difference in segmental length and the
miscibility of the hard segments has also to be determined.
The low temperature DSC experiment, which has not been done
in Chapter VI, can also provide information relevant to the
high temperature. The characterization of the soft domain
can be done at low temperatures. DSC studies will show the

concentration dependence of the hard segment solubility in

the soft matrix.

The solid solution formation of the two hard segments

can be studied with the model hard segments without using

soft segments. The dependence of the crystal structure on

the concentration of the foreign material can be studied with

the wide angle x-ray scattering technique. However, the

effect of the segment connectivity in the copolymer appears

to be dominant enough to significantly change the hard

segment packing structure.

Molecular Oripntatinn Rehavi nr

The understanding of the hard domain orientation

behavior at a small strain is incomplete. The explanation

for the negative orientation in terms of hard domain lamellar

orientation along the stretch direction, instead of chain



orientation, coul. not completely satisfy the orientation
behavior of the various other infrare. .ands pertaining to
the sa.e hard segment. a conformational analysis during the
deformation of a single hard segment would help to better
understand the small deformation behavior. The deformation
studies in this investigation have been carried out mainly
with the B4 polyurethane. Further studies with the

polyurethanes having different hard segment length would be
quite useful to comprehend the effect of the segmental length
on the negative orientation behavior.

The relaxation of the polyurethane has been observed to
be an extremely fast process. in order to characterize the

initial relaxation behavior, increased time resolution is

required. Double modulation infrared spectroscopy in which

the D.C. and A.C. switching is performed electronically,

could be used to follow the rapid changes which occur in the

molecular structure during the relaxation process.

The elastic network deformation theory could not be

applied directly to the deformation of the soft segment of

the butadiene based polyurethane due to the nonrigid nature

of the hard domain. Studies with the MDI hard segment and

butadiene soft segment based polyurethane would determine the

effect of the hard domain rigidity on the deformation

behavior of the soft chains. The effect of annealing on the

number of the statistical chain segments could be studied,

and the results would be very useful to evaluate the

approximation which treats the deformation of the soft
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segment of the heterogeneous polyurethane as that of an
elastic network.
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