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ABSTRACT

In this thesis I explore the temperature dependence of segregation of hard and
soft segments of selected segmented polyurethane copolymers using synchrotron
small-angle X-ray scattering (SAXS). The copolymers are composed of the same
hard segments but three different soft segment chemistries, of particular interest in
biomedical device applications.

Hard segments are formed from 4,4′-

methylenediphenyl diisocyanate and 1,4-butanediol, and soft segments from an
aliphatic

polycarbonate

(i.e.

poly(1,6-hexyl

1,2-ethyl

carbonate),

[PHEC]),

poly(tetramethylenoxide) [PTMO], or a mixed soft segment synthesized from
hydroxyl-terminated poly(dimethylsiloxane) [PDMS] and poly(hexamethylenoxide)
macrodiols [PHMO].

The changes in SAXS relative invariants and interdomain

spacings are indicative of gradual dissolution of phase separated hard and soft
segments with increasing temperature.

All copolymers investigated herein, even

those containing PDMS soft segments, transform to the single-phase state at a
temperature determined by the soft segment chemistry (and hard segment content).
The SAXS findings, along with those from parallel temperature controlled Fourier
Transform infrared spectroscopy measurements, also facilitate assignment of the
origin of the thermal events observed in the DSC thermograms of these materials.
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CHAPTER 1
INTRODUCTION

1. Introduction

Segmented polyurethane (PU) copolymers are used extensively in applications
ranging from foams and coatings, to a variety of important applications in life-saving
biomedical devices (e.g. cardiovascular and orthopedic biomedical devices [1],
implantable artificial blood contacting materials and organs such as cardiac assist
devices; ventricular assist devices; the blood sac in total artificial hearts [2-4], heart
valves [5], cardiac pacing insulators [6], artificial blood vessels [7], intra-aortic
balloons, vascular prostheses [8], breast implant materials and coatings [9],
cardiovascular tissue repairs and ligament reconstruction [10], bone graft substitutes
[11], tissue scaffolds and gene carriers [12], controlled drug delivery devices [13],
compliant bearing layer in the arthroplasty of hips and possibly other joints [14]).
These polymers can be synthesized from a wide variety of isocyanates, diol or
diamine chain extenders, and polyols, using convenient addition polymerization
methods. For biomedical applications, the hard segments are commonly synthesized
from aromatic diisocyanates such as methylene bis(p-phenyl isocyanate (MDI),
methylene bis(p-cyclohexyl isocyanate (HMDI), 1,6-hexane diisocyanate (HDI), and
2,4-toluene diisocyanate (TDI). The chain extender can be diols or diamines where
diamines can provide urea linkages. The soft segments for biomedical polyurethanes
are polyethers, aliphatic polycarbonates and poly(dimethyl siloxane). In general, soft
segments are susceptible to oxidation and hydrolysis via chain scission when the
polyurethanes are used in situ for an extensive period. The biological stability of the
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soft segments (through resistance to chemical degradation in physiological and
biological environments) continues to be primary concerns particularly when
significant degraded mechanical properties of the polymers manifest as physical
defects such as cracking or pitting which can be unfavorable to the biomedical device
performances. Therefore, there has been great interest in developing different soft
segment chemistries that can enhance biological stability of the polyurethanes and
also preserve its good thermoelastic properties [15]. However, the nature of the
polymerization generally yields ‘hard’ segments with a rather broad distribution of
sequence lengths although the polyol (i.e. the precursor for the low Tg soft segments)
has a relatively well-defined molecular weight [16-17].

This broad distribution

creates complexity in understanding segmented PU microphase separation compared
to diblock and triblock copolymers, in which the blocks have well-defined lengths and
narrow polydispersity.

1.1 Microphase Separation

The segmented polyurethane block copolymer has urethane linkages in the
backbone (Figure 1 a) and exhibits microphase separation of flexible soft segments
(SS) alternating with rigid hard segments (HS). The chemical incompatibility of the
hard and soft segments is a driving force for phase separation. The covalent linkage
between these segments limits the phase separation into domains with dimensions in
the nanometer length scale (Figure 1.1 b) [18]. The hard segments are composed of
diisocyanates and chain extenders.
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Figure 1.1

(a)

(b)

Figure 1.1:
(a) Urethane linkage in polyurethane backbone
(b) a model of the microphase separation in segmented polyurethanes [18]
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PUs having different soft segment chemistries commonly exhibit rather
incomplete hard/soft demixing when polymerized in the bulk or cast from solution.
Additionally, the extent of unlike segment segregation and resulting hard domain
morphology are particularly important in determining mechanical and other physical
properties [19-20]. This arises from several factors. Hard segments having short
sequence lengths (as well as so-called ‘lone’ isocyanates [21], more prevalent at lower
hard segment contents), have greater solubility in the soft phase than longer sequences
for entropic reasons [22]. In addition, similarity in cohesive energy density and/or the
possibility of hydrogen bonding between hard and soft repeat units also encourage
mixing. This is illustrated in some earlier work from our group in which degrees of
hard/soft segment phase separation quantitatively determined from small-angle X-ray
(SAXS) experiments were compared for model PUs having the same hard segments
[4,4´-methylenediphenyl diisocyanate (MDI) chain extended with 1,4-butanediol
(BDO)] and hard segment contents, and 1000 Da soft segments composed of
poly(tetramethylenoxide) [PTMO], poly(1,6-hexyl 1,2-ethyl carbonate) [PHEC] or
soft segments composed predominately of poly(dimethylsiloxane) [PDMS] [23, 24].
At room temperature, the non-polar PDMS segments are completely segregated from
the other components in the copolymers, while less than ~40% of the hard and soft
segments are demixed in the PTMO soft segment PUs. PHEC forms hydrogen bonds
with the hard segments and considerably less (ca. 10 – 15%) of the hard and soft
segments are segregated for these copolymers.

Early models of microphase separated polyurethanes derived from SAXS
analyses and focused on the organization of the hard segment microdomains. The
first model of the hard domain was proposed to be an extended chain planar [25-34].
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Wide angle x-ray diffraction (WAXD) studies of polyurethanes with MDI-BDO based
hard segments showed that semi-crystalline hard segments arrange into lamella [29,
30]. This model based on crystallization of hard segments in MDI based poly(ester
urethanes) aligned parallel in microdomains. The lateral alignments in a staggered
configuration as sheet-like lamella help maximize intra-segment hydrogen bonding
and allow crystallization [33, 34].

Subsequent models based on soft segments of poly(propylene oxide)-copoly(ethylene oxide) and hard segments of MDI-BDO (Figure 1.2) utilized and
incorporated the coil chain folding of the hard segment sequences. The observation of
non-planar MDI units modified the formerly proposed rigid rod hard segments and
allowed the MDI sequences to fold [35]. The coil chain folding model took into
account the hard segment sequence length distribution (i.e. the most probable
distribution of the repeating hard segment sequence). Therefore, this model permitted
different hard segment lengths to reside in the same hard segment microdomain (so
called microphase).
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Figure 1.2

Figure 1.2: The coil model of the hard-segment sequences in polyether
polyurethanes with MDI based hard segments and BDO chain extenders
[24]
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Due to the hard sequence length distribution, the majority of short hard
sequence lengths can influence significantly on the hard domain properties [36]. The
longer hard segment sequence lengths generally are able to form microcrystallines
and fold back to form lamellar staggered layers into microdomians, therefore
theoretically influencing the domain thickness and boundaries.

For well defined phase separation and complete microphase separated
polyurethanes, the hard segments may assemble with relatively long ordered
sequences, potentially forming microcrystalline regions [37-39]. Consequently, the
hard segment domains become separated and act as physical cross-links between two
separated microphases within the soft segment matrix, imparting thermoelastomeric
characteristics.

The degree of phase separation of the soft and hard segments is influenced by
segment chemistries, concentration of hard segments, concentration of polymers in
binary soft segments, miscibility between segments, ability to form hydrogen bonding
between hard- and soft- segments, thermal history and conditions [40-42].

An

incomplete microphase separation through segment interactions manifests the
microphase intermixing and demixing which can affect the polymer’s properties and
its biocompatibility such as protein adsorption, platelet activation, cellular growth and
propagation.

The different solubility parameters or cohesive energy densities of the hardand soft-segments lead to incompatibility of the hard- and soft-segments,
consequently separated microphase.

The microphase separation of segmented
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polyurethanes often is incomplete separation due to interdomain mixing, primarily the
presence of hard segments that are miscible in the soft phase and/or in the diffuse
boundaries between the hard and soft phases.

The dissolution of the hard segments in the soft matrix can provide
microphase intermixing, controlling the microdomain thickness. The stacked lamella
of the longer hard sequence lengths surrounded by the shorter hard sequence lengths
that are dissolved by soft matrix can manifest the diffuse phase boundary. If the
shorter hard sequence lengths are the majority of the distribution, the microphase
separation tends to be incomplete because the shorter sequence length can be
dissolved by soft matrix easier than the longer length. Therefore, the dimension of the
domains depends on the hard sequence length and the ability of the hard sequence to
be dissolved by the soft matrix. Hence, the extent of the microphase separation can
be influenced by the hard sequence length, determining physical properties and
characteristics of polyurethanes [41-47].

In a complete microphase separation, if entire hard segments are assumed to
be residing in the hard segment domains as the upper limit of the degree of
microphase separation, the lower limit is complete phase mixing where total hard
segments are dissolved in the soft segment microphases. The critical hard sequence
length in between these two limits is the constraint of the degree of microphase
separation [29, 47]. The longer hard segments are likely insoluble in the soft segment
microphase, therefore the greater degree of microphase separation is found with
higher hard segment concentrations [36].

9
In polyurethanes with low concentration (~20 wt% to ~70 wt%) of MDI-based
hard segments, the degree of microphase separation increases with increasing the hard
segment concentration and a majority of the hard sequence lengths is longer than the
critical length. However, in polyurethanes with high hard segment concentrations
(more than 80 wt%), the microphase separation reduces due to constraints in packing
the long hard sequences into layers of an ordered lamellar [29] and kinetics constraint
[36].

Using one step polymerization, the poly (propylene oxide) (PPO) end-capped
with ethylene oxide (EO) based soft phase was formed with the long range ordered
hard segments of MDI and BDO chain extenders in N, N-dimethylformamide (DMF)
solution.

The hard segment can assemble with relatively long order to form

microcrystalline regions parallel to each other. The MDI units can exhibit a non
planar alignment [48-51] with bending between phenyl groups and allows hard
microphase to form coil or folded chain conformations.

At high hard segment

concentration [52-58], the amorphous hard segment was found in the microphase
separation with the crystalline hard segment.

The separated microdomains (i.e. considered as sequence lengths in two
dimensions) are in nano-scale depending on thermal history and conditions. The
sequence length analysis is based on the assumption that the total initial concentration
is equal to the end product concentration. The distribution of the hard segment
sequence length can be determined if the probability of all sequence length
distribution is unity and the relative reactivity of all species remains constant as a
function of temperature. Based on the early approach of Bonart and Müller [33-34],
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the hard segment was considered to be in the same sequence length for all MDIs and
diol units in the reaction.

However, there were several parameters fluctuated

throughout the reaction e.g. the relative reactivity of the diisocyanate, the initial
concentration of the reactants depending on the mixing procedures, the lone MDIs.
These parameters have to be considered to obtain more accurate sequence length. For
instance in poly (propylene oxide) polyurethanes, all PPO based soft segment units
would be double endcapped with MDI units if all MDI and BDO are in the hard
segment (Figure 1.3 a). In fact, the MDIs can react with two PPO diols subsequently
creating a “lone” MDI unit (Figure 1.3 b). These lone MDIs without urethane groups
are at least 100 bonds away from another MDI unit in the chain and in some cases are
about 1/cm depending on molecular weight of the soft segment. Consequently, these
species would not be expected to be associated with the hard domains, but they can be
located in the soft phases.
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Figure 1.3

(a)

(b)

Figure 1.3: The hard segment length distribution:
(a) The ideal hard domain sequences
(b) The hard segment sequence length distribution
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The distributions of hard segment sequence lengths, from lone MDIs to hard
segments containing MDI and BDO units can be calculated [16, 17]. To take into
account the electron density contribution of the lone MDI units, the lone MDI units
were defined as single MDI groups joining two soft segments in the absence of a
chain extender. In the analysis, each sequence length was designated as an “m-mer,”
where m is the number of BDO units and m + 1 is the number of MDI units. In the
calculation of the sequence length distribution of poly (propylene oxide)
polyurethanes, sequence lengths from 0-mer (i.e. lone MDIs) to 20-mer were included
in the distribution for all possible sequence lengths.

Assuming stoichiometric

conditions, the probabilities of each m-mer (Pi) can be calculated based upon the
initial concentrations of the MDI (A1), PPO (B1), and BDO (C1), and is represented
by:

p m = C1 (1 − p ) p m −1
2

, where p = X 10 / C1 X 10 is the total concentration of the remaining MDI
residues after PPO was reacted completely. X 10 can be derived from the relation of:

µ ( X 10 / A1 )1 / 2 µ + (µ − 1)( X 10 / A1 ) = (2µ − 1)( A1 − B1 ) / A1

, where μ is the relative reactivity between the MDI and PPO (μ of PPO can be

assumed to be 3.0, based on similar species in the literatures [32, 36-41]).
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The total concentration of remaining internal MDI residues ( X 1int ) refers to the
lone MDI (0-mers) that resides in the soft segment of the block copolymer:

X 1int = 2 B1 + X 10 − A1

The sum of all probabilities of m-mers is a unity.

n

1 ≈ X 1int + Σ Pm
m

The lower values of electron variance ( ∆η i2 ) are closer to the experimental
variances, particularly at lower hard segment concentrations [19-24]. Therefore, the
ideal electron density of the hard segments ( η hs ) without the contribution of lone
MDIs is the sum of all electron density contributions of the m-mers, excluding the 0mer, divided by the sum of all their corresponding probabilities as:

n

η hs =

∑η

hs , m

1

n

∑P

m

1

The individual contribution of an m-mer to the electron density of the hard
phase is calculated by:

η hs =

(m + 1)(e − / mol MDI ) + (m)(e − / mol BDO )
M hs ,m

ρ hs ,m
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, where (e − / mol MDI ) and (e − / mol BDO ) are the total number of electrons per
mole in an MDI and BDO units, respectively. The M hs ,m is the average molecular
weight of the m-mer:

M hs ,m = (m + 1) M MDI + (m) M BDO

The calculated hard segment length distribution can predict the theoretical
electron density variance through microphase density using a group contribution.
Using group contribution method [43-44], a density of the pure MDI-BDO hard
domain ( ρ hs,m ) can be estimated by assuming that the hard phase is composed of the
remaining MDI and BDO residues and the soft phases are composed of PPO and the
lone MDIs. The densities for the m-mers were calculated to be ~ 1.364 g/cc similar to
the hard segment density [32, 40-42, 47-53].

One finding is that an average of PPO repeating units in every single MDI
chain is ~ 3-4 if polymerization temperature was exactly at 60 °C [59].

The

concentration of the hard segment significantly influences the sequence length of the
hard segments. The higher concentrations of the hard segment tend to provide longer
hard sequence lengths which are favorable for microphase separation.

If phase separation existed in well-defined block copolymers [100-105], the
DSC measurement could show two Tg’s. However, only one Tg of a homogeneous
mixed phases can be observed [47-53, 60-61] which can be predicted from weight
fractions by Fox-Flory equation as:
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w
w
1
= ss + hs
T g T g , ss T g , hs

To obtain the degree of phase separation using the deviation of Tg from the
pure soft phase can be predicted only if the microphase separation is well defined in
block copolymers. However, the exhibited microphase separation of polyurethanes
investigated by SAXS clearly shows only one Tg of the mixed phases when
investigated by DSC.

The hard phase Tg hs is frequent not observed by DSC

measurements in microphase separated PUs because the hard phase Tg HS is broad
and then smeared by soft phase endotherms. The heat capacity ( ∆C p , HS ) related to
the hard domain Tg hs is also weak and small with increasing hard segment
concentration. Additionally, a significant portion of the hard segment preferably
located in a mixed phase, observing only one glass transition temperature associated
with the mixed phase [60-63].

The extent of microphase separation can be determined by comparison the
measured data with the theoretical quantities. If the microphase separation is assumed
to be a complete separation, the calculated electron density variance in small angle xray scattering (SAXS) can give a measured value. By comparison the experimental
electron density variance (where the background noise are removed and the absolute
value is calculated properly) with the ideal electron density variance ( ∆η 2 ), the
degree of microphase separation can be determined from the deviation of the
measured variance from the theoretical variance.
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The theoretical electron densities can determine the degree of phase separation
and the deviation from the original approach of Bonart and Müller [33-34].

If

microphases are assumed to be a complete phase separation, the theoretical variance
can be defined as:

∆η 2 = φ hsφ ss (η hs − η ss )

2

, where φ hs and φ ss are the volume fractions and η hs and η ss are the electron
densities of the hard and soft segments, respectively.

The experimental variances can be illustrated schematically in Figures 1.4 (b)
and (c), while the Figure 1.4 (a) represents complete phase separation (the ideal case).
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Figure 1.4

(a)
(b)
(c)

Figure 1.4: The electron density variance from SAXS scattering patterns:
(a) The electron density variance in an ideal complete phase separation
(b) The electron density variance in partially phase intermixing
(c) The electron density variance in phase mixing
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In Table 1.1 [59], comparison of the theoretical electron density variance
( ∆η 2 derived from an ideal complete phase separation) with the experimental data
( ∆η 2 ' and ∆η 2 ' ' derived from the experimental invariant) can give insight into the
overall degree of microphase separation [64], a measure of boundary diffussness, and
the amount of mixing in the microphase.

The variance ratio of the electron variance (from the background corrected
experimental variance) to the ideal variance (from the theoretical calculation
assuming a complete phase separation):

∆η 2 ' ∆η 2

The ratio can provide a degree of the overall phase separation. The overall
phase separation is influenced by both diffuse phase boundaries and the segment
intermixing in the microdomains. The ratio gives a value between 0 and 1 where
unity indicates complete phase separation with infinitely sharp phase boundaries. The
ratio of the ideal electron variance ( ∆η 2 ) to the experimental value ( ∆η 2 ' ' ) that the
interfaces have been removed as:

(∆η

2
c

)

∆η 2 ' ' − 1

The ratio provides measure of the degree of intermixing in the microphases on
overall phase separation. A value of 0 indicates no mixing between the phases.
However, this value cannot provide details into the relative amount of the hard
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segments in the soft phase and the amount of the soft segments in the hard phase
without additional information.

(

)

Finally, the ratio of the two experimental variances ∆η 2 ' ' ∆η 2 ' − 1 provides
a measure of the contribution of the boundary diffuseness.

The hard and soft segment can be located in one of the three environments: (1)
in a domain rich in its respective component, (2) in the interfacial region, or (3) in a
phase rich in the other component. If the hard segment resides in a hard domain, it
contributes to the overall phase separation. The hard segment residing at the interface
increases the boundary contribution, and all remaining hard segments are located in
the soft phase, and consequently contribute to the microphase intermixing. This is
also the case for the soft segment.

The influence of the diffuse boundary and

intermixed segments are both present in ∆η 2 ' . Therefore, by comparing this value to
the ideal variance calculated from the case of complete phase separation with sharp
phase boundaries, the overall degree of phase separation can be obtained.

This

calculation can now be quantitatively represented in a percentage form. This also can
be considered as the fraction of the hard and soft segments residing in their respective
microdomains. The second variance ∆η 2 ' ' where the influence of the interfaces was
removed, and the difference between ∆η 2 ' and ∆η 2 ' ' , divided by ∆η 2 , provides a
measure of the fraction of hard and soft segments in interfacial regions. Since the
∆η 2 ' ' is reduced from ∆η 2 only by contributions from unlike segments mixed in the
microdomain, the ratio of the variance difference to the ideal variance ([ ∆η 2 ' ' -

∆η 2 ' ] / ∆η 2 ) therefore represents the fraction of intermixing segments in the
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microphases.

The calculated phase separation and intermixing using electron

variances can be attained in Table 1.1 (a) and (b) [59] from SAXS results of
Koberstein (1985) and Saiani (2007). Note that [HS] is a hard segment concentration
(wt%), |MDI|/HS is a calculated average number of MDI per a hard segment, Φ HS is
a volume fraction of the hard segment, d is an interdomain spacing (nm), and the
theoretical electron density ( ∆η 2 ) is compared to experimental data ∆η 2 ' and ∆η 2 ' '

(i.e.

∆η 2 '
∆η 2

is the degree of phase separation and

intermixing).

∆η 2 ' '
∆η 2 '

− 1 is the degree of phase
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Table 1.1
(a) Koberstein 1985 (JK)
Koberstein 1985 (J. Polym. Sci. Polym. Phys. 1985, 23, 1883.)
JK
Soft segment (SS) EO-PPO-EO triblocks (30.4 wt% of EO), semi-crystalline soft segments
Hard segment (HS) MDI-BDO, crystallizable hard segments
MDI

[HS]

Φ HS

HS

(wt%)
1.7
2.8
4.2
6.2
9.2
14.1
24

0.17
0.26
0.35
0.45
0.55
0.66
0.77

∆η 2 ' '

∆η 2 ' '

∆η 2

∆η 2 '

−1

(e − mol / cm −3 ) 2

(nm)

20
30
40
50
60
70
80

∆η 2 '

∆η 2

d

∆η 2 '

11.7
10.4
9.9
10.6
8.8
7.8

2.38E-03
2.79E-03
3.10E-03
3.10E-03
2.78E-03
2.27E-03

4.66E-04
4.70E-04
7.36E-04
1.15E-03
8.04E-04
5.64E-04

5.30E-04
5.76E-04
1.19E-03
1.59E-03
1.12E-03
8.19E-04

0.20
0.17
0.24
0.37
0.29
0.25

0.14
0.23
0.62
0.38
0.40
0.45

(b) Saiani 2007 (AS)
Saiani 2007 (J. Polym. Sci. Polym. Phys. 1985, 23, 1883.)
AS
Soft segment (SS) EO-PPO-EO triblocks (30.4 wt% of EO), semi-crystalline soft segments
Hard segment (HS) MDI-MPDO, amorphous hard segments (MPDO = methyl propane diol)
MDI

[HS]

Φ HS

HS

(wt%)

d
(nm)

65
75
80
85
95

1.7
2.8
4.2
6.2
9.2

0.17
0.26
0.35
0.45
0.55

11.7
10.4
9.9
10.6

∆η 2 '

∆η 2

∆η 2 ' '

∆η 2 '

∆η 2 ' '

∆η 2

∆η 2 '

−1

(e − mol / cm −3 ) 2

2.38E-03
2.79E-03
3.10E-03
3.10E-03

4.66E-04
4.70E-04
7.36E-04
1.15E-03

5.30E-04
5.76E-04
1.19E-03
1.59E-03

0.20
0.17
0.24
0.37

0.14
0.23
0.62
0.38

Table 1.1: Calculated parameters analyzed from the SAXS experiments for binary
microphases [59]: (a) Koberstein-Stein 1985 (JK), (b) Saiani 2007 (AS)
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Polyurethanes with polyether based soft segments (e.g. poly(ethylene oxide)
[PEO], poly(propylene oxide) [PPO], poly(tetraethylene oxide) [PTMO], etc.) exhibit
microphase separation of soft and hard segments. Using living polymerization with
PEO, the amorphous soft matrix (such as PTMO-PUs or PPO-PUs) can be controlled
to be well defined regular length blocks and then formed crystalline soft domains.
The well defined PPO-co-PEO block soft segments improve miscibility between the
hard- and soft-segments by interaction with MDI-BDO based hard segments.

Generally, the segmented polyurethane block copolymer is often considered
as microphase separation of two phases where the hard segment domain separates
from the soft segment domain. Normally, the microphase separation often exhibits
the hard segment microphases dispersed in the soft segment matrix if the
concentration of the hard segments is about ≦ 65-70 wt%. But the microphase
inversion of the soft segment domain dispersed in the hard segment matrix can occur
when the amount of the hard segment is sufficiently high. With high concentration of
MDI based hard segments (≧ 70-75 wt%) in poly(propylene oxide) end-capped with
ethylene oxide [EO-PPO-EO] polyurethanes, the phase inversion (Figure 1.5 a) of
dispersed soft phases in the hard segment matrix can be observed [56, 58, 65]. The
microphase separation of polyurethanes with high hard segment contents was
proposed to be microphase inversion where the hard domain acts as a matrix
surrounding the soft segment mixed hard segment phase (Figure 1.5 a). After melt
quench, the dissolved hard segments by the soft segment phase was separated from
the soft microphase as the microphase separation took place in the mixed microphase
(Figure 1.5 b). Additionally, polyurethanes can exhibit multiple phases especially in
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polyurethanes containing mixed soft segments such as polyurethanes with binary soft
segments of PDMS and poly(hexamethyleneoxide diol) [PHMO].
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Figure 1.5
(a)

(b)

Figure 1.5:
(a) The microphase separation of polyurethanes with high hard segment
concentration where the soft segments separated from the hard matrix
[56]
(b) After annealing, the microphase separation co-existing with the mesophase
(a mixed microphase of soft-segments dissolved in the hard segment
domains), soft segment domains and the hard segment matrix [65]
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Recent advanced microscopy particularly atomic force microscopy (AFM) can
provide image information (Figure 1.6) of nanoscale surface structures using tapping
mode [23, 64-70]. However, the AFM phase images cannot provide quantitative
information on the phase composition, the degree of microphase separation and the
extent of the microphase intermixing. In phase image AFM of polyurethanes with 80
%vol PTMO soft segments, the hard segment domains manifest as bright regions
while the soft segment microdomains is presented in dark regions.

Combined

analyses of AFM, optical polarized microscopy and SAXS, the microphase separation
of the PPO-PUs can be investigated and the hard segments exhibited spherulites in
two-dimension with cylindrical crystallines in three-dimension [59]. In polyurethanes
of PTMO soft segments and MDI-BDO hard segments (40 wt%) (Figure 1.6 b), the
microphase separation of PTMO-PUs exhibited the spherulite (~1–3 µm) and
cylindrical (5–10 nm) crystalline.

It can be noted from the literature that the

crystalline can be found under certain conditions of well-controlled temperature. The
extent of the microphase segregation depends on temperature [37-42] and the hardsegment concentration [47-53].
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Figure 1.6

Figure 1.6: AFM phase images, tapping force rsp = 0.85, Scan size: 500 × 500
nm2, Phase scale: 20°
(a) [PDMS/PHMO]-40
(b) PTMO-40
(c) PHEC-40
.
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To have excellent biological stability and still maintaining biocompatibility,
polyurethanes with modified siloxane based soft segments have been developed. The
siloxane based polyurethanes (such as PDMS based PUs) exhibit three separated
microphases [71-74] (Figure 1.7 a) and a core-shell model [75] (Figure 1.7 b) for
polyurethane ionomers. The segregation of the PDMS-end groups from the main
siloxane units separates the siloxane main chains from the MDI-BDO hard segments,
exhibiting a complete three separated microphases of PDMS-based polyurethanes; (1)
the gradient mixed interphase through hydrogen bonding between the hard segments
in core hard domain and PHMO, (2) PDMS-end groups segregated from the PDMS
matrix, and (3) PDMS main chain matrix.
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Figure 1.7
(a)

(b)

Figure 1.7:
(a) Three microphase separation of PDMS-based polyurethanes; (1) the
gradient mixed interphase through hydrogen bonding between the hard
segments in core hard domain and PHMO, (2) PDMS-end groups
segregated from the PDMS matrix, and (3) PDMS main chain matrix
[72]
(b) The proposed core shell model [75]
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The complete separation of the siloxane main chain from hard and mixed
phases causes immiscibility between hard and soft phases from a lack of hydrogen
bonds leading to poor mechanical properties. By developing interfacial interaction
between interphases, the improvement in hydrogen bonds provides sufficient
miscibility, leading to good physical properties. The binary soft segments of PDMS
and PHMO can improve the hydrogen bonds between the PDMS soft segments and
the MDI-BDO hard segments. For instance, mixing diols of PDMS/PHMO polymers
in the soft matrix, the miscibility between soft and hard domains can be improved by
interactions between the PDMS soft matrix and the MDI-based hard segments (i.e.
hydrogen bonds). The mixed interphases between the hard segment and the PHMO or
the PDMS-end groups provide intermixing gradient interface (Figure 1.7 a) between
the hard domain core and the PDMS matrix.

1.2 Hydrogen bonds and Microphase Intermixing

The microphase formation depends on the segment miscibility and
interactions between segments particularly hydrogen bonds [47, 76-83].

The

hydrogen bonding can occur between two hard segments (i.e. through urethane
groups) or between hard segments and soft segments (i.e. hydrogen bonds between
phases [79-81]). Generally, hard segment microphases (i.e. the dimension of the hard
domains) arise when the affinity between like hard segments is higher than
interactions between hard and soft segments.
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The formation of hydrogen bonds depends on chemical structures of the hard
and soft segments. Often, the incompatibility of the hard and soft segments can lead
to an absence of biostabilities. Aliphatic polycarbonate soft segment polyurethanes
have recently received much attention because of its superior oxidative biostability:
the “pseudo” π-electron system of the carbonate linkage has been proposed to impart
chemical stability to this family of copolymers.

The ability to form hydrogen bonds between hard- and soft- segments controls
the incompatibility, therefore determining the microphase separation. The hydrogen
bonds between segments can be influenced by several factors such as nature of
miscibility or chemical structures of the soft- and hard-segments, the hard segment
sequence lengths, the chain extender, and the soft segment end groups.

In Fourier transform infrared spectroscopy (FTIR) [40-42, 84-92], the
hydrogen bonds between two hard segments can be investigated from (1) N-H groups
and (2) carbonyl C=O in urethane linkages, so called the hard phase hydrogen bonds.
The hydrogen bonds between a hard and soft segment can be investigated from the
ether oxygen of the soft segments and the N-H group of the urethane linkages, so
called intersegment hydrogen bonds [59].

The hydrogen bonded C=O can be

observed at ~1715 cm-1 (AHB) and non-hydrogen bonded carbonyl stretching can be
observed at ~1730 cm-1 (Anon). The ratio of AHB/Anon indicates the degree of order and
determines the relative degree of microphase separation in polyurethanes [59, 93-99].
The hydrogen bonded N-H stretching is common found at ~3320 cm-1. Combined
FTIR and dielectric relaxation can help understand segmental relaxations of soft
phases associated with temperature [37-42, 99-106].
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Above room temperature, two transitions in DSC measurements are proposed
as evidence supporting the existence of two types of the hydrogen bond [37-42, 4851]. The hard microphase hydrogen bonds occur when attractions between two hard
segments are higher than the interactions between hard and soft segments. The ability
of the hard segments to interact with soft segments renders microphase intermixing
with intersegment hydrogen bonds.

Often, the phase separation in segmented polyurethanes is incomplete
primarily due to the presence of hard segments that are miscible in the soft phase
and/or in the diffuse boundaries between the hard and soft phases [47-49]. The
microphase intermixing exhibits diffuse boundaries between hard and soft
microphases through hydrogen bonding [49, 96, 99]. In linear diisocynate-based
polyether-polyurethanes, the ability to form hydrogen bond between two microphases
and between two hard segments in hard phases depends on temperature, concentration
of the hard segments and the polymerization.

This understanding then leads to

mixing/demixing between interphases that determines the degree of the microphase
separation and can be influenced by various factors (such as the segment chemistry,
concentration of hard segments, thermal history, processing conditions, and polarity
or crystallizability of the segments). Demixing kinetics (relative to polymerization or
solvent casting time scales and thermal history) plays a critical role in determining the
ultimate degree of segment segregation, in some cases limiting it to values
considerably below what one would anticipate under nominally equilibrium
conditions. Degrees of hard/soft segment segregation are also strongly influenced by
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temperature, as demonstrated previously for various polyether soft segment PUs by
synchrotron SAXS experiments [59, 99].

Coexisting microphases show diverse properties and transition temperatures.
Intermixing of dissolved hard segments by soft phases causes elevation of the glass
transition temperature (Tg) [36]. The Tg increases not only when the hard segment
are dissolved into the soft phase but also when mobile soft-segments are attached to
hard segments. The hard segments dissolved by soft phases and the soft segments
attached to the hard phases result in inhibited chain mobility since neighboring
segments are anchored. There have been several attempts to understand physical
properties related polyurethane microphase structures.

The morphology of the

polyurethanes early studied had focused on an organization of the hard microdomains
using the small angle x-ray scattering.

1.3 Transition of Microphase Separation

The earliest hard segment model of MDI–BDO based hard segments in
polyurethanes was able to assign the highest endothermic temperature to be the
melting temperature of the hard segment extending states. However, this extending
chain model of hard segments could not sufficiently explain the other intermediate
multiple endothermic transitions that occurred when increasing temperature.

In

Wilkes model (Figure 1.7 a), the explanation in the transition temperatures can lead to
the understanding of temperatures at microphase separation transitions but could not
explain any intermediate transition temperatures when increasing temperature [90].
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Koberstein and Stein (Figure 1.7 b) have constructed an explanation of the transitions
in the multiple endothermic temperatures by approaching the problem with folded
chain microphase configurations [22, 48].

34
Figure 1.8
(a)

(b)

Figure 1.8:
(a) Microphase separation changed to diffusion with increasing temperature
[90]
(b) Microphase separation transition through crystalline melting of the hard
phases with increasing temperature [48]
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Upon increasing temperature, microphase separation (between two phases)
changes into microphase mixing where the multiple endothermic temperatures were
investigated. Based on the microphase separation transition of Koberstein and Stein,
an increase in microphase mixing with raising temperature causes a greater thickness
of diffuse boundary. Once the temperature reaches to the melting temperature of hard
segment microphases, then there will be no microphase separation (where the SAXS
scattering disappeared). The microphase separation transition through hard segment
phase melting gives a better explanation than the model of Wilkes (Figure 1.7 a) for
the multiple DSC endothermic transition temperatures if the hard segments are
assumed to be crystalline. Using the folded chain model, the thickness of the hard
domain was proposed to be controlled by the minimum critical sequence length that
was insoluble in the soft segment matrix [40-41, 79, 96]. Hard segments longer than
the critical sequence length were folded chain configurations so to maintain
themselves inside the hard segment domain. Hard segments shorter than the critical
length were dissolved mostly in the soft matrix. The highest endotherms in multiple
endothermic transitions of the MDI–BDO based hard segments were previously
assumed to be a melting of the hard domains [40-42, 61, 63, 96]. However, the
interpretation was not accurate and still based on phase purity in multiple blocks of
polyurethanes and crystalline hard segments.

Even though the constructed microphase transition diagram of Koberstein and
Stein was successfully applied to explain the transitions at the beginnings of the
endothermic transition temperatures, the speculated transition was still based on the
crystalline hard segments and could not explain the intermediate transitions.
Furthermore, their interpretation using absolute values of the SAXS is inaccurate due
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to the temperature dependent parameters such as thermal expansion coefficient. The
multiple endothermic temperatures often occurred in DSC observations, however, are
still unclear in terms of origins of the transition.

With the ability to form hydrogen bonding of the hard phase and the idea of
amorphous (and/or semi-crystallizable) hard phase when increasing temperature, the
intermediate endothermic transition temperatures can be explained and assigned to be
the microphase mixing temperature, TMMT [99]. The origin of multiple endothermic
transitions can be insightfully investigated by comparison analysis and cross
interpretation with DSC and time-resolved SAXS [99].

During increasing

temperature, the microphase separation transition into the microphase mixing through
interphase interactions.

The transition temperatures in observed multiple DSC

endotherms can be assigned as microphase mixing temperature (TMMT) during
transition of microphase separation to microphase mixing.

Therefore, the TMST

different from TMMT can be first explained insight into origins of the multiple
endothermic transition temperatures [99].

To understand phase composition during transitions, there have been many
studies using spectroscopic, calorimetric, rheological, viscoelastic and dynamic
mechanical property measurements combined together [90-106].

Using thermal

analysis, the highest temperature in multiple endotherms were assigned (Figure 1.7) to
be the melting temperature of the crystalline hard segments [48]. Complications arise
when the data correction has to deal with temperature dependent parameters. During
heating, the DSC measurement cannot observe Tg of the hard phased without soft
phase degradation, particularly at lower hard segment concentration. The origin of
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the transition cannot be observed directly by DSC without association with parallel
temperature controlled FTIR and time resolved SAXS experiments with data analysis
cross examination. Upon increasing temperature, the FTIR results can be influenced
by temperature dependent interactions (such as hydrogen bonding). Incorporating
FTIR with dynamic analyses (such as DMA), the hydrogen bonding related transitions
and the origin of the transition can be observed.

With higher concentration of

diisocyanate – diol based hard segments (≧ 40 wt%), the polyurethane exhibited broad
endothermic transitions. Early studies assigned the transition at ~ 40 °C to ~ 80 °C to
be the transition of the ordered short hard segments and the disruption of the long
hard segment sequence lengths.

However, a decrease in the absorbance of the

hydrogen bonded N-H stretching (3320 cm-1) of the polyurethane urea with MDI–
EDA based hard segment was observed upon heating to 100 °C, where there were no
changes in the carbonyl stretching region [53, 63, 92]. Consequently, the transition at
~ 40 °C to ~ 80 °C resulting from the disruption of the long hard sequence lengths
was contradictory with the transition causing by hydrogen bonding of N–H in the hard
phases to ether –O– in the soft matrix. The FTIR spectra as a function of temperature
exhibited some changes in (1) the C=O stretching and (2) in N–H hydrogen bonding
to –O– which cannot be exclusively attributed to distribution of hydrogen bonding in
the soft phase. Thermal analyses can observe the soft phase glass transition at low
temperatures (Tg,SS). The Tg,SS was observed at around –57 °C for the pure soft phase
(100 wt% of PPO without BDO chain extenders) in PPO-based PUs [59], around –78
°C in pure PTMO [36, 64], about –12 °C in PHMC-based-PUs [31], and around –105
°C and –8 °C in the pure α, ω–PDMS [24, 71-73]. However, these observations
hardly predicted a proper physical interpretation in transitions at the temperature
around 40 °C to 80 °C and multiple endotherms at high temperatures.

Similar
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observations, the soft phase Tg,SS shifts toward higher temperatures (away from the Tg
of the pure soft segment) with an increase in the hard segment concentration.
Combined the DSC and SAXS experiments to observe transitions of polyurethanes
with diisocyanate–diol–based hard–segment (MDI/BD) at high temperature had
successfully constructed details of phase transition diagrams [40].

Endothermic

transitions with increasing temperatures were associated with microphase separation
transition and mixing.

The transition temperature, where the transition of the

microphase separation through diffused boundary (so called microphase separation
transition, MST), significantly depends on the hard segment concentration and
chemistries of the segments.

If the polyurethane is assumed to behave like a complete blend of
homopolymers, the Tg’s of the considered phases in the blend can be compared to
those of the pure components to determine the degree of phase intermixing or
0
of the pure
diffusion. Comparing the experimental Tg ss of the soft phase to the Tg SS

soft phase, the Tg ss found decreasing with increasing hard segment concentration.
These observations indicated that the soft phase became enriched in polyether (such
as PTMO, PPO-capped-PEO) as the hard segment concentration increased. However,
there are a number of factors that can influence the soft phase Tg ss . For instance, an
increasing Tg ss with increasing hard segment concentrations can result from
intersegment mixing of the pure soft phase with the high Tg hard segments. Since the
hard segment has a much higher Tg than the neat soft segment, the anticipated Tg ss
became higher due to the hard segments trapped and dissolved in the soft phase. The
observed soft phase Tg ss could be influenced by mobility restrictions such as (1) the
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dissolved high Tg hard segment by soft phase, causing an anchoring of vicinity
segments, (2) the attached soft segment to hard domains segregating from soft phase,
and (3) the end-capped soft segment with lone MDIs enhancing the possibility of
mixing with increasing lone MDIs concentration. The hard domains in diol-based
polyurethanes are assumed to be pure (i.e. consist of hard segments and chain
extenders only). The assumption approximated that shorter hard sequence lengths are
the first to be dissolved into the soft phase, resulting in the concentration of hard
segments in the soft phase increases with increasing hard segment concentration. The
multiple endothermic transitions at high temperatures could roughly be speculated.

The temperature dependent SAXS observation showed that (1) the extent of
microphase separation depends on temperature and (2) the ability to form hydrogen
bonds of hard segments domains interacting with soft segment matrix increases with
increasing temperature. The increase in observed average interdomain spacing (d)
from SAXS scattering can be interpreted as phase mixing increases. Several studies
still interpreted multiple transitions based on crystalline hard segments of Koberstein
and Stien [47-51, 98]. For instance, the multiple endothermic transitions in MDI/BDbased-hard segment polyurethanes were suggested to be controlled mainly by the
mobility of the hard segment. If the mobility of hard segment was the main factor to
control phase separation, hard segments were able to rearrange to form phase
separation as they had enough mobility to reach an equilibrium state over period of
time. Therefore, the reversible process of mixing-demixing can be introduced to
explain the effect of temperature on hard phase mobility during pre- and postannealing [65, 96, 98]. If the ability to form hydrogen bonds of hard segments was
assumed to be increased with increasing mobility, increasing temperature could
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render hydrogen bonding. If ability to reorientation of hard segments into ordered
organization was assumed to be increased with time, annealing could give better
ordered structures. The pure hard segment of MDI-BDO in polyurethanes exhibited
Tg hs at ~110 °C [59]. The polyurethane with the high hard segment concentration (>
50 wt%) exhibits multiple endothermic transitions at 180 °C – 190 °C and 210 °C –
230 °C if the phase inversion was assumed to be folded chain model in SAXS
analysis [65].

The attempts to improve the better biomedical polyurethanes, the fundamental
understandings and quantitative data analyses were focused in this research. The
selected three phases poly(dimethylsiloxane) polyurethanes were used in this study.
The complications in spectral analysis and physical interpretation arise from
interactions between hard- and soft- segments and/or conformational changes when
increasing temperature [24, 59, 104-106]. As temperature increases, the hydrogen
bonding in urethane linkages is gradually reduced and the hydrogen bonded C=O
decreases (i.e. decreasing absorbance intensity AHB at 1715 cm-1) with increasing nonhydrogen bonded C=O (i.e. increasing intensity of Anon at 1730 cm-1). Using thermal
analysis (such as DSC, TGA) (in some studies with combination of the dynamic
mechanical analysis such as DMA, DRS [78]) can provide quantitative interpretation
with temperature.

From the SAXS experiment, the invariant Q can be defined through a
relationship of I(q) and q by:

Q = ∫ q2 I(q) dq
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In the time-resolved synchrotron SAXS [99], the measurement provides the
thermal dependent data, complicating the absolute intensity.

Therefore, the

quantitative analysis of a composition in the microphase separation transition can be
yielded using the relative value. By comparison the invariant QT at the considered
temperature to the QT0 at the reference temperature, the relative invariant Q can be
normalized.

The SAXS scattering depends on the electron density difference between
phases and can be influenced by the temperature-dependent parameters such as the
thermal expansion coefficient ( α CTE or CTE).

At 40 wt% hard segment

concentration, PU10040 (the soft segment is a pure PDMS, α CTE = 1.0526 µm/°C)
exhibited higher thermal coefficient than PU8040 (the soft segment is mixed PDMS
(80%wt) and poly(hexamethylene oxide) (20 wt% PHMO), α CTE = 0.9375 µm/°C).

Upon a temperature change, the electron density might be changed due to (1)
the thermal expansion ( α CTE ,1 − α CTE , 2 ) or (2) the microphase transition. To separate
the effect of the structural change (i.e. the microphase separation transition) from the

Q 
dimensional change (i.e. the thermal expansion), the relative invariant ( Q =  T 
 QT0 
of three phases can be derived by applying the Taylor’s expansion [59].

1/ 2

)
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For three phase polyurethanes [59], the relative invariant (  T
 QT0
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) at a

certain temperature ( QT ) compared to a reference temperature ( QT0 ) can be expressed
as:

 QT

 QT0





1/ 2

= 1+

In

π2
QT0

[φ1φ 2 (η1 − η 2 )(α 1 − α 2 ) + φ 2φ3 (η 2 − η 3 )(α 2 − α 3 ) + φ1φ3 (η1 − η 3 )(α 1 − α 3 )](T − T0 )

polydimethylsiloxane-based

polyurethanes

[99],

the

three

phase

microstructures were studied using SAXS. Considering the SAXS scattering profile,
the invariant of the three phase polymer can be analyzed using a pseudo two phase
model if one of the phases does not contribute to the sample scattering and its
contribution is included with one of the other two phases. This assumption can be
assumed if the concentration of the MDI-BDO hard segments is ≥ 40 wt%. The
SAXS scattering profile of the three phase polymer can be analyzed by the modified
core-shell model. Assuming pseudo two phase separation, the pure soft segment
domain (the main chain of the PDMS) separates from the mixed phase (containing the
hard segment domain and PHMO including the PDMS end groups). If the volume
fraction of the mixed phase is corresponded to the electron density of the mixed
phase, the theoretical electron variance can be defined. If the three phase separation is
an isotropic system, the invariant of the isotropic three phase model can be defined.
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The comparison of the relative  T
 QT0
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can provide the physical meaning of

Q
the microphase separation transition by analysis the relationship of  T
 QT0
Q 
temperature. If the change in the relative  T 
 QT0 
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with

1/ 2

is a linear proportion to the

temperature, the change comes from the thermal expansion and only dimensional
Q
change occurs. If the abrupt change in the relative  T
 QT0





1/ 2

occurs with temperature,

the insight into the microphase separation structure can be provided as the structural
change with temperature comes from the microphase separation transition.
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1.4 Statement of Purpose

In this thesis (which its results were published by Polymer, 50, 2009, 63056311, [99]), I report on continuing investigation of PUs synthesized with PTMO,
PHEC and PDMS - based soft segments, turning now to the temperature dependence
of the phase behavior.

This is of importance in understanding mechanical

performance at elevated temperatures and to establishing minimum processing
temperatures by identifying the temperature at which complete hard/soft segment
mixing occurs (defined here as the microphase mixing temperature, TMMT). I use
synchrotron SAXS to follow the gradual hard/soft segment mixing as a function of
temperature and perform parallel temperature-controlled FTIR spectroscopy
experiments that provide insight into hard segment hydrogen bonding. DSC
thermograms of the copolymers were also acquired and the thermal events interpreted
in light of the SAXS findings.

Although there have been some previous reports on the temperature
dependence of the phase behavior of PUs with some different polyether - based soft
segments [99, 104-106], this is the first report for PUs synthesized with PHEC and
PDMS - based soft segment chemistries, of keen interest for emerging biomedical
devices. One initially surprising finding is that, although non-polar PDMS segments
are completely segregated from the remaining units at room temperature, they
dissolve in the chemically dissimilar hard (and polyether) segments at elevated
temperatures, the precise value depending on the hard segment content.
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CHAPTER 2
EXPERIMENTAL SECTION

2.1 Materials

The hard segment chemistry of the PU copolymers under investigation here
are based on MDI and BDO [purchased from Sigma Aldrich (98% purity)] and have
40 wt % hard segments. The PUs were synthesized at AorTech Biomaterials. Three
different macrodiols were used to create soft segments: a poly(tetramethyleneoxide)
diol (Mw = 1000, obtained from Urethane Compounds), a poly(1,6-hexyl 1,2-ethyl
carbonate) diol (Mw = 1000, obtained from UBE Industries), and a mixed macrodiol
composed of hydroxyterminated poly(dimethylsiloxane) (Mw = 1000)

and

poly(hexamethylenoxide) [PHMO] diol (Mw = 700) [both synthesized by AorTech
Biomaterials], in a ratio of 80/20 w/w. The polydispersity of the macrodiols was ~1.5
and purities were all > 97%. The hydroxy-terminated poly(dimethylsiloxane) was
subjected to thorough fractional distillation on a thin film evaporator.

The distilled

material was evaluated using gas chromatography to ensure that all low molecular
weight cyclics were removed.

Details of the chemical structure of each of the

considered soft segments are provided in Figure 2.1.
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Figure 2.1
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Figure 2.1: Chemical structures of the components of three polyurethanes under
consideration.
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PUs were synthesized via a two-step process. In general, a prepolymer was
prepared by carefully adding MDI to a reaction vessel containing the appropriate
macrodiol and BDO was subsequently added for chain extension.

PTMO and

PDMS/PHMO copolymers were synthesized using a bulk procedure [1] while the
PHEC copolymer was synthesized in solution in N,N dimethylacetamide (DMAc, LC
grade, 99%, Biolab Australia, minimum 99% purity). The principle reason that the
PHEC based materials were solution polymerized was to follow the same two-step
addition scheme. Without a solvent, the PHEC-PUs could not be prepared using a
two-step process. Once the solvent is removed, the PHEC-PU was melt-processable.
Materials are denoted as PTMO-40, PDMS/PHMO-40 and PHEC-40 and have
number average molecular weights of 149,600, 170,900 and 62800 Da, respectively.
Molecular weights were determined by gel permeation chromatography using DMF
(with 0.05M LiBr) as the mobile phase, relative to polystyrene standards.

The calculation of the hard segment content by weight (%wt HS) was based on
a fixed amount of MDI, and an equivalent mole of diisocyanate and diol. The
diisocyanate including the butane diol was considered as a contribution to the hard
segment domain. The hard segment content was determined using the following
equations:

nMDI = mBDO + (n − m) PDMS / PHMO

% wtHS =

M MDI

M MDI + M BDO
+ M BDO + M PDMS / PHMO
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, where n and m are moles of MDI and BDO, respectively and Mi is weight
(grams) of MDI, BDO, and PDMS/PHMO (or PTMO, or PHEC soft segment
polymers), respectively.

2.2 Differential Scanning Calorimetry

Phase transitions of the copolymers were determined using a TA-Q1000 DSC.
Each sample was first cooled to - 90 °C and heated at a rate of 10 °C/min up to 250 °C.

The sample weight was controlled within a range of 4 - 6 mg using aluminum
pans. The weight of an empty aluminum pan was measured before and after DSC
experiments to ensure that there was no loss resulting from degradation. Two point
calibration of temperature was obtained using Zinc and Indium standards. The Indium
standard was used to calibrate the heat capacity and the baseline was determined by
running an empty pan under the same conditions as the samples to use in the baseline
subtraction.

The thermogram of all samples was normalized by weight of the samples. The
glass transition temperature (Tg) and the endothermic temperatures were determined
using an universal thermal analysis program.

The reported glass transition

temperature was taken at the midpoint of the heat capacity change, and the
endothermic transitions were analyzed at the peak maximum of the endotherms.
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2.3. Temperature Controlled FTIR Spectroscopy

Temperature-controlled transmission FTIR spectroscopy was conducted using
a Nicolet 6700 FTIR (Thermo Scientific). PTMO-40, PDMS/PHMO-40 and PHEC40 were dissolved in DMAc (2 wt% PU) and the solutions were cast onto KBr
windows. Specimens were dried overnight under ambient conditions and further
dried for two hours at 80 °C under vacuum. Samples were scanned 100 times at a
resolution of 2 cm-1 from 30 °C to 150 °C (or 180 °C for PDMS/PHMO-40) in 10 °C
increments of ~ 3 °C/min.

2.3.1 Sample Preparation

The polymer films were prepared for FTIR by solution casting onto potassium
bromide (KBr) windows. The polyurethane solution in DMAc (~3 wt% of polymer)
was gradually dropped on a polished KBr window. The amount of polymer solution
was justified to yield a thin film with a thickness that obeys Beer’s law (i.e. the
maximum absorbance < 0.6). The KBr window covered with the polymer solution
was dried at room temperature to form a polymer thin film for 24 hours. The obtained
polymer film was then dried in a vacuum oven at 70 °C, under vacuum (30 inch Hg),
an nitrogen flow for another 24 hours.
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2.4 Synchrotron Small-Angle X-Ray Scattering

Synchrotron SAXS was carried out at the Stanford Synchrotron Linear
Accelerator Center. The X-ray wavelength (λ = 1.5488 Å) was controlled within an
error (dλ/λ) ~ 1%) and was configured by focusing independently in the horizontal
and vertical planes, leading to a beam size of ~0.2 mm diameter. The sample-todetector distance was 1.34 m, corresponding to an available scattering vector range of
0.1 < q (nm-1) < 2.0. The two dimensional scattering was radially averaged to yield
one-dimensional scattering profiles. The data were corrected for dark count and
background noise, then normalized by sample thickness. The scattering vector was
calibrated using silver behenate.

Sample films (~1 mm thick) were cut into 1 cm × 1 cm squares, placed in an
aluminum sample cell and then sealed. Samples were heated from 30 °C to 220 °C at
a rate of 10 °C/min with controlled temperature precision (within ± 1 °C).

2.4.1 Data Analysis

The scattering intensity, I(q), is displayed as a function of scattering vector, q
= 4π sinθ / λ, where 2θ is the scattering angle. The q value at which the scattered
intensity is a maximum (qmax) reflects the mean spacing (d) between hard domains (d
= 2π / qmax). The invariant, Q, is the total scattered intensity:
∞

Q = ∫ I (q )q 2 dq
0

[1]
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For an ideal two-phase system with sharp interfaces, Q can be written as:

Q = 2π2 [ φ1 ( 1 - φ1 ) (η2 - η1)2 ]

[2]

where φi is the volume fraction and ηi the electron density of the ith phase.

When investigating temperature dependent SAXS, it is necessary to take into
consideration that the difference between the thermal expansion coefficients of the
two phases may lead to a change in (η2 - η1)2 and therefore influence the measured Q.
The thermal expansion coefficient (CTE), α, is defined as ∂ η / ∂ T. Then by means of
equation 2 it can be shown that if the volume fractions of the phases remains
relatively constant, the following expression can be written for Q(T) [2, 3].

 QT 


 QT0 

1/ 2

= 1+

(α1 − α2 )
(T − T0 )
η1(T0 ) − η2(T0 )

[3]

where T0 is a reference temperature and α1 and α2 are the thermal expansion
coefficients of phases 1 and 2, respectively.
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CHAPTER 3
RESULTS AND DISCUSSION

3. Results and Discussion

For perspective on the findings that follow, we first provide some salient room
temperature characteristics of the segmented PUs under consideration. The PTMO
and PHEC PUs (with 1000 Da soft segment molecular weight) exhibit a typical twophase microstructure of hard domains in a soft matrix. Evidence from our previous
studies and elsewhere suggests that the hard domains consist principally of hard
segments, while the soft phase consists of soft segments and some dissolved or
trapped hard segments.

Tapping mode atomic force microscopy experiments

demonstrate for all of the model PUs that the hard domains are discrete and have a
diameter of ca 10 nm [1-18]. As noted earlier, neither of these series of copolymers
(over the range of hard segment contents investigated) exhibit high degrees of
hard/soft segment segregation (as defined by quantitative SAXS experiments): the
PTMO PUs (with ≤ 45 wt% hard segments) exhibit degrees of hard/soft segment
demixing of 30 – 35%, while the PHEC PUs exhibit much smaller values of 10-15%
as a result of hydrogen bonding between hard and soft segments [7].

However,

copolymers

synthesized

with

mixed

soft

segments

of

hydroxyterminated poly(dimethylsiloxane) and poly(hexamethylenoxide) diol (or
only hydroxyterminated PDMS [18-19] organize into three phases: hard domains,
domains consisting of siloxane units only, and a mixed phase composed of PHMO,
PDMS-end group segments, and dissolved hard segment sequences [20-22]. The
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morphology of these copolymers can be considered to be core – shell like: with the
hard domains serving as the core, the mixed phase as the shell, and the biostable
PDMS as the matrix.

3.1 Temperature-controlled FTIR

The carbonyl stretching regions (1650 ~ 1780 cm-1) of the 40 wt% hard
segment PU copolymers are displayed in Figures 3.1 – 3.3 as a function of
temperature. Curve fitting of this spectral region was performed in a manner similar
to that described previously for polyurethanes [23] and polyamides [24]. For PTMO40 and PDMS/PHMO-40, three absorbances are considered in the curve fitting: a
contribution from strongly hydrogen-bonded carbonyls at ~1700 cm-1, loosely
hydrogen-bonded carbonyls (disordered hydrogen-bonded groups) at ~1715 cm-1, and
free (non-hydrogen-bonded) carbonyls at ~1735 cm-1 [25-26]. An iterative leastsquares program was used to obtain the best fit of the experimental data by varying
the frequency (ν), width at half height (w) and intensity (A) of three GaussianLorentzian bands. For PHEC-40, however, because there are a total of five closely
spaced carbonyl environments (Hydrogen bonded and non-bonded carbonate
carbonyls along with the three urethane carbonyl environments) [27], we did not
attempt to deconvolute the contribution of each.

62
Figure 3.1
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Figure 3.1: FTIR spectra from 1800 – 1650 cm-1 as a function of temperature for
PTMO-40.
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Figure 3.2
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Figure 3.2: FTIR spectra from 1800 – 1650 cm-1 as a function of temperature for
PDMS/PHMO-40.
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Figure 3.3
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Figure 3.3: FTIR spectra from 1800 – 1650 cm-1 as a function of temperature for
PHEC-40.
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Relative absorbances in the C=O region of PTMO-PU and PDMS/PHMO-PU
were adjusted by taking into account the differences in absorptivity between the free
and hydrogen bonded urethane C=O. The relative absorptivity for hydrogen-bonded
carbonyls for a model polyurethane was determined to be 1.71 [22]. The fraction of
carbonyl groups in each environment was then determined by dividing the area
corresponding to each absorbance by the total area corresponding to the carbonyl
region.

The relative fractions of the three types of carbonyl groups are displayed in
Figure 3.4 for the PTMO-40 and PDMS/PHMO-40 copolymers. Since hydrogenbonded urethane carbonyls are bonded with N-H groups in urethane linkages of hard
segments, the absorbance from the H-bonded carbonyls is expected to correlate in a
general fashion with the extent of hard domain formation. However, this must be
done with care, since the sample preparation procedure for FTIR spectroscopy is
somewhat different from that of the specimens used in the SAXS experiments.
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Figure 3.4
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Figure 3.4:
(a) The fractions of non-bonded ( ), loosely hydrogen-bonded ( ) and strongly
hydrogen-bonded (

) urethane carbonyl groups for PTMO-40 in the

temperature range from 30 to 150 °C,
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(b) The fractions of non-bonded ( ), loosely hydrogen-bonded ( ) and strongly
hydrogen-bonded ( ) urethane carbonyl groups for PDMS/PHMO-40 in the
temperature range from 30 to 180 °C.
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Spectral changes with increasing temperature are qualitatively similar for the
three copolymers but details vary between them.

PTMO-40 spectra exhibit a

prominent peak at 1703 cm-1 at lower temperatures, whose absorbance gradually
decreases by about a factor two at 150 °C. At the same time, the non-bonded
urethane carbonyl absorbance at ~1733 cm-1 moves to slightly higher cm-1, and the
absorbance increases with increasing temperature. These changes in hard segment Hbonding are generally consistent with the SAXS results that follow in the next section,
in that they indicate a greater degree of mixing between hard and soft segments at
higher temperatures.

Similar behavior for the non- and H-bonded absorbances is observed for
PDMS/PHMO-40. With increasing temperature, the absorbance at ~1737 cm-1 from
free carbonyls moves to slightly to higher wavenumber (1743 cm-1), as does that at
~1703 cm-1 (1709 cm-1). Both absorbance peaks also broaden somewhat at higher
temperatures. The absorbance at 1714 cm-1 from loosely H-bonded carbonyls also
moves to higher cm-1 (1727 cm-1) at higher temperatures. Note in Figure 3.4 that the
fraction of loosely bonded C=Os is smaller than the others for both PTMO-40 and
PDMS/PHMO-40, but their temperature dependence is different, with that of PTMO40 and PDMS/PHMO-40 increasing and decreasing, respectively, with temperature.
These results may indicate relatively subtle differences in the changing H-bonding
pattern in the hard domains of each PU, but the uncertainties involved in the curve
resolving are such that this remains an open question at present. There might at first
glance appear to be an anomaly in the fractions of H-bonded species around 50 °C in
PDMS/PHMO-PU but the uncertainty in the curve resolving together with the
‘return’ of the calculated fractions to the gradual change observed at other
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temperatures, suggests that the resolved fractions at 50 °C are within experimental
uncertainty.

Finally, although quantification (separation) of the carbonyl absorbances is not
feasible for the PHEC-40, the strongly bonded urethane C=O absorbance located at
1702 cm-1 does not contain a contribution from carbonate C=Os, and its relative
decrease in absorbance with increasing temperature is in keeping with changes in the
other PU copolymers as well as the findings from SAXS experiments that are
discussed below. This absorbance peak completely disappears at temperatures higher
than 120 °C, which indicates mixing of the hard and soft segments, as will be
corroborated in the temperature dependent SAXS presented in the next section.

3.2 Temperature dependent SAXS

Figures 3.5 – 3.7 display the synchrotron SAXS profiles collected during
heating for PDMS/PHMO-40, PHEC-40, and PTMO-40, respectively. For all of
these materials, the invariant, Q, first increases modestly with increasing temperature,
then decreases more significantly at higher temperatures, eventually disappearing. It
is also observed that the scattering vector associated with the SAXS peak maxima
shifts toward lower q with increasing temperature for all materials.
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Figure 3.5
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Figure 3.5: Synchrotron SAXS scattering patterns for PDMS/PHMO-40 as a function
of temperature (°C). Temperatures are noted beside the corresponding
scattering curve. Each scattering curve begins at q = 0.2 nm-1 and ends at
1.4 nm-1.
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Figure 3.6
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Figure 3.6: Synchrotron SAXS scattering patterns for PHEC-40 as a function of
temperature (°C). Temperatures are noted beside the corresponding
scattering curve. Each scattering curve begins at q = 0.2 nm-1 and ends at
1.4 nm-1.
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Figure 3.7
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Figure 3.7: Synchrotron SAXS scattering patterns for PTMO-40 as a function of
temperature (°C).

Temperatures are noted beside the corresponding

scattering curve. Each scattering curve begins at q = 0.2 nm-1 and ends at
1.4 nm-1.
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Evaluation of changes in Q requires consideration of the different thermal
expansion coefficients of the hard and soft domains.

The hard segment domains

(MDI-BDO) are below their glass transition temperature, Tg (whose precise location is
uncertain, but has an upper limit of ~110 °C for long MDI-BDO segments [16]) at the
lower temperatures investigated, and have a lower thermal expansion coefficient than
the soft segment domains [21, 27-29]. The expansion coefficients of PHEC and
PTMO were estimated using a group contribution method [28] and are approximately
1.6 × 10-4 K-1 and 6.1 × 10-4 K-1, respectively, at T = 20 °C. The PHEC-40 and
PTMO-40 copolymers are two-phase systems but as noted earlier PDMS/PHMO-40
exhibits three phases [hard domains, a PDMS phase, and a mixed phase consisting of
PHMO, polyether group segments in the PDMS - based macrodiol and some
dissolved or trapped hard segments [8, 9]. However at hard segment concentrations ≥
40 wt%, their small-angle X-ray scattering profiles at room temperature can be
successfully modeled using a pseudo-two phase approach [7]. Following from this,
we apply equation 2 to PDMS/PHMO-40 by considering “two phases”: hard domains
and another composed of siloxane units mixed with PHMO segments. As a further
approximation, we consider that the siloxane units dominate the thermal expansion of
the soft domains because they constitute 80 wt% of the soft segment composition.
The α CTE reported for PDMS in the literature is 9.1 × 10-4 K-1 [30].

Q 
Figure 3.8 displays  T 
QT0 

1/ 2

as a function of temperature for the three

copolymers under investigation, where QT0 is the invariant at reference temperature,
T0 = 35 °C. Considering equation 3, Q is predicted to be linearly proportional to T if
there are no structural changes taking place in the T range under consideration.
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Figure 3.8
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Figure 3.8: The relative invariant (QT/Q35C)1/2 versus temperature for PDMS/PHMO40 (■), PTMO-40 (▲) and PHEC-40 (●).
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Q 
As seen in Figure 3.8,  T  first increases and reaches a maximum around
QT0 
1/ 2

ca. 80 °C, and then gradually decreases. Although it is not possible to determine if
the initial increase is strictly linear because of the limited number of data points, it is
nevertheless reasonable to conclude that this initial increase arises from differential

Q 
thermal expansion of the phases. The gradual decrease of  T  at temperatures
QT0 
1/ 2

above ca. 80 °C for all three copolymers is indicative of the gradual dissolution of the
hard domains.

In fact, we very recently observed for these same PUs that the

reduction in the strength of the dielectric Maxwell – Wagner – Sillars interfacial
polarization, associated with the multiphase character of the PUs, parallels the gradual
dissolution of the hard domains as observed in synchrotron SAXS experiments.

We propose that the change in relative invariant near ~80 °C is associated
with the Tg of the hard domains (Tg,H) since for significant dissolution of the
microstructure to proceed, hard segments in hard domains must have sufficient
mobility. That ~80 °C is somewhat lower than the Tg of high molecular weight hard
segments (MDI-BDO, 110 °C) is not surprising in that hard segment sequence lengths
are rather limited in these PUs and Tg is well known to be a function of molecular
weight, particularly at low degrees of polymerization. Tg,H has been notoriously
difficult to locate with any certainty for many segmented PUs in DSC experiments (it
has been proposed that this is because of a rather small heat capacity change
associated with this transition [31]).

76
All copolymers copolymers transform to a single-state mixed state at elevated
temperatures, and we define the order – disorder transition temperature (or
microphase mixing temperature (TMMT), as the temperature at which the SAXS
intensity completely disappears [2, 10]. For PHEC-40 this occurs at ~140 °C, which
is a significantly lower temperature than those observed for the PDMS/PHMO-40 and
PTMO-40 copolymers (180 and 170 °C, respectively). This correlates nicely with the
degrees of phase separation of three copolymers at room temperature [7], which are
0.13 for PHEC-40, 0.29 for PTMO-40 and ~1 for PDMS/PHMO-40 [i.e., PDMS
segments are completely segregated from the other segments]. Since only a small
fraction of hard segments are separated from the soft matrix in PHEC-40, relatively
little thermal energy is required for complete hard domain dissolution. The formation
of a homogeneous mixed phase involving the PDMS soft segments was initially
surprising, considering that the solubility parameters [32] of the PDMS and hard
segments are significantly different (11.9 ± 0.4 (cal cm−3)1/2 and (6.7 (cal/ cm−3)1/2)
and no intersegment hydrogen bonding is possible. The complete mixing at elevated
temperatures clearly arises from the dominance of the entropy of mixing over the
unfavorable enthalpic contributions, favored in this case since the PDMS and mean
hard segment sequence lengths are relatively small.

One of the factors influencing the microphase separation of segmented
polyurethanes is the hard-segment length distribution [15]. This is equivalent for the
three copolymers under consideration and the differences in the temperature
dependent hard domain dissolution must arise from the different hard/soft segment
miscibility. To illustrate our findings more clearly, the SAXS interdomain spacing, d,
and invariant are displayed in Figures 3.9-3.11, along with the DSC thermogram of
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each obtained at the same heating rate as that used in the synchrotron SAXS
experiments.

For PDMS/PHMO-40 (Figure 3.9), the sharp increase in the interdomain
spacing at temperatures above 120 °C is near the onset of the DSC endotherm of the
PDMS/PHMO-40 copolymer having the same thermal history [7], and the endotherm
concludes near the temperature where the SAXS intensity disappears. As the PU
copolymers under consideration do not exhibit any crystallinity with the preparation
used here, these results lead to the conclusion that hard domain dissolution is at least
partially, perhaps completely, responsible for the observed DSC endotherm at these
temperatures. There are two small events around 50 and 80 °C in the thermogram in
Figure 3.9, and it is not immediately clear if one or both of these are endotherms or
associated with a change in heat capacity indicative of a Tg. In light of our previous
discussion, it seems likely however that the higher temperature event is associated
with about Tg,H. A small increase in mean interdomain spacing accompanies the event
at 50 °C (and changes in hydrogen bonding are also observed at this temperature in
the FTIR experiments discussed earlier), but this is insufficient to assign the origin of
this event.
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Figure 3.9

Figure 3.9: Experimental interdomain spacings (■) and Q (●) for PDMS/PHMO-40
as a function of temperature, overlaid with the DSC thermogram (heating
rate = 10 °C/min) of a sample with the same thermal history as that used for
the SAXS experiment.
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The DSC thermogram and the SAXS interdomain spacings and invariants are
displayed for the PTMO-40 copolymer in Figure 3.10. A sharp increase in d at
temperatures above 120 °C is commiserate with the onset of the higher temperature
DSC endotherm and the endotherm concludes near the temperature where the SAXS
intensity disappears (above ~170 °C).

These results again demonstrate that this

endotherm is associated with dissolution of the hard domains. Near the maximum of
a lower temperature DSC endotherm, Q begins its gradually decrease, and the
interdomain spacing increases before leveling off prior to the second endotherm. As
endotherms are commonly associated with the change in heat capacity at Tg due to
enthalpy relaxation, it seems reasonable that at least part of the observed thermal
event near 70 – 80 °C is associated with the Tg of hard domains.
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Figure 3.10

Figure 3.10: Experimental interdomain spacings ■)
( and Q (●) for PTMO-40 as a
function of temperature, overlaid with the DSC thermogram (heating rate =
10 °C/min) of a sample with the same thermal history as that used for the
SAXS experiment.
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Likewise, Q gradually decreases and the interdomain spacing increases
sharply at temperatures above 80 °C for PHEC-40 (Figure 3.11), which is coincident
with a complex series of endotherms that at least partially originate from dissolution
of hard domains.

In keeping with the low degrees of hard/soft segment phase

separation for PUs containing 1K molecular weight PHEC soft segments [7] the
scattering peak for PHEC-40 disappears above ~140 °C, a significantly lower
temperature than those observed the for PDMS/PHMO-40 and PTMO-40 copolymers.
The relationship of the TMMT and the concentration of the hard segments can be
mapped out in Figure 3.12.
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Figure 3.11

Figure 3.11: Experimental interdomain spacings ■)
( and Q (●) for PHEC-40 as a
function of temperature, overlaid with the DSC thermogram (heating rate =
10 °C/min) of a sample with the same thermal history as that used for the
SAXS experiment.
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Figure 3.12
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Figure 3.12: Microphase mixing temperature (TMMT, °C) as a function of hard
segment content for PDMS/PHMO copolymers.
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CHAPTER 4
SUMMARY

4. Summary

The temperature dependent SAXS characteristics for the PHEC-40, PTMO-40
and PDMS/PHMO-40 PU copolymers were found to be qualitatively similar: an
Q 
initial increase in  T 
QT0 

1/ 2

is followed by a gradual reduction with increasing

temperature. The initial increase likely arises from differential thermal expansion of
the hard and soft phases, and the subsequent higher temperature decrease with
relatively gradual dissolution of the hard domains.

FTIR spectral changes with

increasing temperature are also qualitatively similar for the copolymers, and the
observed decrease in hard segment hydrogen bonding with increasing temperature is
in keeping with the SAXS results and indicates a greater degree of mixing between
hard and soft segments at higher temperatures.

There is generally a sharp increase in SAXS interdomain spacing in the higher
temperature region where a DSC endotherm is observed, and along with the reduction
in Q, supports the assignment of this endotherm to dissolution of hard domains. For
all copolymers investigated here, the conclusion of this endotherm occurs at a very
similar temperature to that at which the SAXS intensity disappears, i.e., the
microphase mixing temperature. The TMMT occurs at slightly lower temperatures for
the PTMO copolymer compared to PDMS/PHMO-40, while that for PHEC-40 was
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found to be considerably lower, in keeping with the significantly great solubility of
the PHEC and hard segments.
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Appendix A

MULTIPLE ENDOTHERMIC TRANSITIONS OF SEGMENTED
POLY (PROPYLENE OXIDE) POLYURETHANES
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Abstract

In this paper, the segmented polyurethane block copolymers are composed of
soft segments of poly(propylene oxide) (PPO) and hard segments of 4, 4’diphynylmethyl diisocyanate (MDI) chain extended with 1, 4—butanediol (BDO).
The polyurethanes with different hard segment concentrations are synthesized. The
microphase separation of the two-phase PPO-PUs varies significantly with the hard
segment concentration. The polyurethane with high hard segment concentrations
exhibits greater hydrogen bonded carbonyls comparable to PUs with lower hard
segment content. Calculated fractions of the hydrogen bonded carbonyls from Fourier
transform infrared (FTIR) spectra can be used to approximate and map out the
microphase separation.

Using synchrotron small angle x-ray scattering (SAXS)

corresponding with FTIR and differential scanning calorimeter (DSC), the microphase
separation transition and microphase mixing with increasing temperatures can be
determined. Analyses of the scattering intensity (I(q)), invariant (Q) and relative
invariant

QT Q35o C determine the origin of the transitions without uncertainties

from the thermal expansion coefficient.

Keywords: synchrotron small angle X-ray scattering, microphase separation
transition, segmented polyurethanes
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1. Introduction

Segmented polyurethanes are multiple block copolymers which consist of
incompatible segments. The microphase separation in polyurethanes is driven by
their chemical composition associated with miscibility between hard and soft
segments and the block lengths [1-2]. There have been several studies showing that
the microphase separation of polyurethanes into the soft and hard segment domains is
mainly

from

the

hard

segment

concentration.

In

two

microphases,

poly(tetramethylene oxide) polyurethanes (PTMO-PUs) exhibit a high degree of
microphase separation with increasing hard segments because the hard segments are
trapped in the soft domains (which was evidenced by the soft phase Tg decreases with
increasing hard segment concentration) [3]. The degree of segment mixing in PTMOPUs and poly(1,6-hexal 1,2ethyl carbonate) PHEC-PUs strongly depends on the
chemistry of the soft segment and its abilities to interact to the hard or soft segments.
A large amount of the short hard segments dissolved in the soft domains has strong
influence on the microphase separation [4] and on polyurethane properties. Through
hydrogen bonds between hard segments in the hard domains (i.e. carbonyls hydrogen
bonded with NH), the microphases become separated.

The hydrogen bonding

disruption due to bulky rigid molecules in chain extenders could lead to less
microphase separation [5].

The PPO end-capped with poly(ethylene oxide)

polyurethanes [PEO-PPO-PEO]-PUs [6-7], exhibit two microphases of the MDI-BDO
hard segment domains segregated from the soft domains with increasing hard segment
concentration [8-9]. The extent of the hard segments leading to longer hard sequence
length [10-11] promotes the microphase separation and hydrogen bonds [5, 12]
between interphases. However, an extent of the microphase separation is incomplete
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(i.e. partially separated) due to association of the hard with the soft segments (i.e. the
microphase intermixing is always found due to the ether oxygens strongly hydrogen
bonded with NH). With high hard segment concentration, the microphase separation
is expected to be inversed (i.e. the mixed phase of the soft and hard segments
disperses in continuous hard segment phases) and its transitions greater resist to high
temperatures [13].

In three phase polyurethanes, the mixed soft segments of

poly(dimethyl siloxane) / poly(hydroxymethyl oxide) [PDMS/PHMO] participate in
the immiscibility between the hard- and the soft-segments through PDMS [14] while
the compatibility between interphases is due to PHMO [15]. The biostable PDMS
segment domains are completely separated from the other two components; the hard
domains and the mixed phases composed of the second macrodiols PHMO, PDMSend-group segments, and dissolved short hard sequences. Even though there have
been several thorough studies in polyurethanes, the studies in the polyurethanes with
the neat PPO soft segments, however, are somewhat absence to our knowledge. With
controlled structure-related-properties, the PPO-PUs with high hard segment
concentration can be used in the selective drug delivery in brain blood [16], oral
chemotherapy [17]. With solid state phase transition, PPO-PUs can be used in high
heat energy storage [18] (due to high enthalpies). Through temperature dependent
experiments, the microphase organization and the microphase separation can be
ascertained with its relation to temperatures.

The synchrotron SAXS with heating temperatures can determine the origin of
the multiple endotherms in unlike segment mixing [19] during transitions and provide
insight into a role of the segment block length, the chemistries of the soft- or hardsegments and the compatibility between blocks.
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In this paper, we attempt to understand microphase separation through the role
of segments; block length, concentration, hydrogen bonds and miscibility. To our
knowledge, there have been less established studies for the microphase separation and
transition of the amorphous soft segments with the crystallizable hard segments. The
PPO-PUs were expected to be an ideal two microphase separation where the complete
microphase separation occurs with sharp interphase boundaries but this is not the case
(see details in the discussion). In pure hard segment MDI-BDO, the ideal complete
microphase separation should be expected. The phase transition of the pure hard
segment can be expected to be the solid state phase transition.
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2. Experimental Section

2.1 Materials

Raw chemicals were purchased from Sigma-Aldrich (Table 1). To minimize
side reactions with water, prior to the synthesis, the poly(propylene oxide) (PPO,
2000g/mol), soft segment, was dehydrated and degassed under vacuum, dried at 60-70
°C for 24 h while the 4, 4’-diphynylmethyl diisocyanate (MDI) was vacuum distilled
at 200-220 °C. The 1, 4—butanediol (BDO, 99%), chain extender, was dehydrated
under vacuum.

All prepared chemicals were stored under dried nitrogen. The

anhydrous N, N’-dimethylacetamide (DMAc, 99+%), solvent, and the end-capping, nbutanols (n-BtOH, 99.8%), were used. The % weight hard segment (%wt HS) was
calculated based on an equivalent mole of diisocyanates and diols with fixed amount
of MDIs as:

nMDI = mBDO + (n − m) PPO .

The weight concentration of MDI-BDO hard segments [HS] is determined as:

% wtHS =

M MDI + M BDO
M MDI + M BDO + M PPO

, where n and m are moles of MDI and BDO, respectively, and Mi is weight
(grams) of MDI, BDO, and PPO, respectively.
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2.2 Polymer Synthesis

The segmented polyurethane block copolymer was synthesized using two-step
condensation polymerization (Figure 1), under nitrogen flow. The amount of PPO
was calculated reciprocal to the hard-segment weight fraction (0, 22, 30, 35, 43, 55,
63 and 100 wt%) and the polymers were named as PUx, where x is the HS weight
percent. The PPO (dissolved in 100 ml of DMAc) was added to the three-neck flask,
and continuously stirred. A fixed amount of MDI (2.50 g) (dissolved in 100 ml of
DMAc) was gradually added to the reaction flask. The reaction mixture was then
stirred at ~ 70 °C maintained for 4 h. To form high molecular weight polymers, the
pre-polymer was subsequently chain extended by BDO (dissolved in 50 ml of
DMAc), and stirred for another 4 h to complete the reaction. Finally, the polyurethane
was end-capped with n-butanols (dissolved in 50 ml of DMAc) to inhibit further
reaction, and stirred continuously overnight at room temperature.

After the PU

solution cooled down to room temperature, a small amount of an antioxidant, ANOX
PP18 (1 %wt of the polymers) was added, and stirred for another 4 h. The yielding
polyurethane solution (3 wt% of polymers) was stored at room temperature.

2.3 Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectra of polymer films were recorded on a Biorad FTS 6 Fourier
transform infrared (FTIR) spectrometer at a resolution of 2 cm-1 under nitrogen
atmosphere (with a rate = 20 cm3/min). The spectral scans were signal averaged at a
minimum of 256 scans, in a wavelength of 400 – 4000 cm-1. The polymer film was
prepared by solution casting onto potassium bromide (KBr) windows (i.e. the 3 wt%
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polymer solution was gradually dropped on a polished KBr window). The amount of
polymer solution was adjusted to yield a thin film with thickness that obeyed Beer’s
law (i.e. the maximum absorbance < 0.6).

The KBr window covered with the

polymer solution was dried at room temperature for 24 hours and then further dried at
70 °C in a vacuum oven (30 inch Hg with nitrogen flow) for another 24 hours.

2.4 Wide Angle X-ray Diffraction (WAXD)

The WAXD measurement was carried out on a Scintag I Wide Angle X-Ray
Diffractometer (a Rigaku Geigerflex with a Dmax-B controller) and vertical
Goniometer using the copper-alpha potassium (CuKα) radiation (λ = 0.154 nm) and a
graphite monochromator to filter out the Kβ radiation. The polyurethane film was
mounted onto a quartz sample holder. The scanning rate was at two degrees 2θ per
minute with the 2θ range of 0 - 40°. The dried (fine powder) pure hard segment
polyurethane (PU100) was grinded and palletized on a quartz window (using quartz to
eliminate any background scattering associated with the glassy amorphous).

2.5 Thermal Analysis (DSC, TGA)

The DSC thermal analysis was performed on a TA Instruments DSC Q100
differential scanning calorimeter equipped with a liquid nitrogen cooling tank.
Sample films were first cooled to –100 ˚C then heated to 150 °C at a heating rate of
10 ˚C/min. The samples were isothermal at 150 ˚C for 2 min to dry residual volatiles
[3]3 before the samples were heated to 250 °C and kept at this temperature for 1 min
to erase all previous thermal histories (in the first run). The samples were then cooled
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again to –100 °C and finally heated to 250 °C at the same heating rate. The flow rate
of liquid nitrogen was controlled at 100 ml/min. The weight of the sample film was
controlled within a range of 4 - 6 mg. The weight of an empty aluminum pan was
measured before and after measurement to ensure that there was no loss from
degradation.

Two-point calibration of temperature was obtained using Zinc and

Indium standards. The Indium standard was used to calibrate the heat capacity and
the baseline (for baseline subtraction) was determined by running an empty pan under
the same conditions as the samples. Thermograms of samples were normalized (by
weight of the samples). The glass transition temperature (Tg) and the endothermic
temperatures were determined using Universal TA analysis where the measured Tg
(taken at the midpoint of the heat-capacity change) and the endothermic transitions
(analyzed at the peak maximum of the endotherms) were determined. The multiple
endotherms were later on discussed and physically interpreted comparable to the time
resolved synchrotron small angle X-ray scattering.

Thermal stabilities were investigated on a TA Instruments thermalgravimetric
TGA analysis (where the weight loss of samples was measured as a function of
temperature) in an inert nitrogen atmosphere using platinum crucibles.

At the

beginning of the measurement, the sample chamber was heated to 1000 °C (to clean
off any remaining polymer residues). Before heating, each polymer film was held at
room temperature for at least an hour while the sample cell was purged by nitrogen
gas. The polymer film was then heated from ambient temperature to 220 °C at a rate
of 10° C/min, and then held at 220 °C for 2 minutes. The percentage weight loss was
monitored in all runs. At the end of the given heating run, the polyurethane film was
removed and the sample chamber was again heated to 1000 °C to burn off any
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remaining polymers from the crucible. There was no substantial weight loss in
polyurethane samples below 300 °C and mostly complete by 400 °C.

2.6 Synchrotron Small Angle X-ray Scattering

The time-resolved synchrotron small angle X-ray scattering was carried out at
Stanford University on beamline I-IV of the Stanford Synchrotron Radiation
Laboratory. The X-rays wavelength (λ = 1.5488 Å) was controlled within an error (δλ
/ λ) ~ 1% and was configured focusing independently in the horizontal and vertical
planes, leading to a proper beam size of ~ 0.2 mm diameter. The sample-to-detector
distance was 1340 mm, corresponding to an available momentum transfer vector
range of 0.1 < q (nm-1) < 2.0. The detector temperature was controlled at -20 °C and
the scattering pattern was two-dimensionally collected.

The two dimensional

scattering was then radially averaged to yield one dimensional scattering profiles. The
one dimensional scattering intensity was then subtracted by the dark count and the
background noise and then normalized by sample thickness. The scattering vector
was calibrated with standard silver behenate (Ag.C22H43O2).

Sample films (~ 1 mm thick) were cut into 1 cm × 1 cm squares, placed in an
aluminum sample cell and then sealed to prevent the sample from contacting with the
air. The sample cell was then placed in a vacuum chamber to reduce air scattering
and absorption. Samples were heated from 30 °C to 220 °C at a heating rate of 10 °C
/min with controlled temperature precision (within ± 1 °C).
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2.6.1 Data Analysis

The scattering intensity, I(q), is reported as a function of scattering vector,
q = 4π sin θ λ , where θ is the scattering angle and λ is the wavelength of the incident
beams. The q values at which the scattered intensity is maximum (qmax) reflects the
mean spacing between hard domains ( d = 2θ q max ). The invariant (Q) is the total
scattered intensity: Q = ∫ q 2 I (q )dq .

For an ideal two phase system with sharp

interface, Q can be written as: Q = 2π 2 [φ1 (1 − φ1 )(η 2 − η1 ) 2 ] , where φi is the volume
fraction and η i is the electron density of the ith phase.

The temperature dependent thermal expansion coefficient (CTE) α is defined
as ∂η ∂T . If the volume fraction of the phase remains relatively constant, the
relative invariant, Q can be expressed as [20-21]:

 QT

 QT0





1/ 2

= 1+

(α 1 − α 2 )

η1(T ) − η 2(T )
0

(T − T0 )

0

where T0 is a reference temperature and α i is the thermal expansion of the
phase ith.
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3. Result and Discussion

3.1 Hydrogen Bonding

Hydrogen bonds in polyurethanes can be characterized by FTIR. Basically,
the hydrogen bond can be formed when (a) the adjacent carbonyl groups bond with
the NH groups [8] and (b) COC linkages of ether oxygens bond with the NH groups
[22].

In other words, hydrogen bonding in polyurethanes can occur when hard

segments are adjacent to one another (i.e. hydrogen bonded carbonyls leading to the
microphase separation) and when there is phase mixing of the hard and soft segments
(i.e. hydrogen bonded ether oxygens with NH between intersegments).

The fact that carbonyl groups reside in the hard segment chains so that
hydrogen bonds in carbonyl stretching regions can be used to estimate the extent of
hydrogen bonded hard segments in hard domains equivalent to the microphase
separation. However, quantitative comparison in degree of microphase separation
determined by FTIR is different from that estimated by SAXS because the thin film
preparation [1] used in FTIR may not represent the whole bulk properties like in
SAXS.

The carbonyl stretching regions (1700 – 1730 cm-1) of polyurethanes are
presented in Figure 2. The spectra were normalized and curve fit similar to previous
descriptions for polyurethanes [23-24]. The low hard segment polyurethanes (PU22,
PU30 and PU35) exhibit similar patterns where the intensity of an absorbance band at
1730 cm-1 is higher than A1709 at 1709 cm-1. The high hard segment polyurethanes
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(PU43, PU55 and PU63) exhibit hydrogen bonded carbonyls (varying from 17051709 cm-1) with higher intensity than that of non hydrogen bonded carbonyls (~1732
cm-1). The hydrogen bonded carbonyl spectra tends to shift toward stronger hydrogen
bonds with increasing [HS] (i.e. PU63 shows strongly hydrogen bonded C=O at 1705
cm-1 while hydrogen bonded carbonyls of PU43 occurs at 1709 cm-1). The pure hard
segment polyurethanes (PU100) show strongly hydrogen-bonded carbonyls at ~17001703 cm-1 while pure soft segment PU (PU0, where there is no chain extender BDO
added) shows free non hydrogen bonded carbonyls at ~1733 cm-1.

To compare the characteristics of hydrogen bonds, the fraction corresponding
to three hydrogen bonded carbonyls is considered: (a) strong hydrogen-bonded
carbonyls at 1700-1705 cm-1, (b) hydrogen bonded carbonyls at 1709-1710 cm-1 and
(c) non hydrogen bonded carbonyls at 1730-1733 cm-1. Note that PU43, PU55 and
PU63 exhibit the same non hydrogen bonded C=O at 1732 cm-1 but show different
hydrogen bonded carbonyls at 1709, 1709 and 1705 cm-1, respectively. The pure hard
segment PU shows only hydrogen bonded carbonyls at ~ 1703 cm-1.

An iterative least square program was used to obtain the best fit of the
experimental data by varying the frequency (ν), width at half height (w) and intensity
(A) of three Gaussian bands. The relative absorptivity of hydrogen bonded carbonyls
for a model of polyurethane was determined to be 1.714 [25].

The fraction of

carbonyl groups in each surrounding was then determined by dividing the area
corresponding to each absorbance by the total area corresponding to the carbonyl
regions. The relative fraction of three types of carbonyl groups of PUs with different
hard segment concentration (Table 2) has then mapped out (Figure 3). The fraction
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of hydrogen bonded carbonyls (C=O) increases with increasing hard segment
concentration, accompanied by decreasing non hydrogen bonded C=O. There have
been reported that the hydrogen bonded carbonyls increase with increasing hard
segment concentration, leading to longer BDO repeating units [8] (i.e. becoming
longer hard sequence length) while low hard segment PUs exhibit more free non
hydrogen-bonded carbonyls [26].

This result provides that the amount of hard

segments facilitates the hydrogen bonds between carbonyls due to adjacent hard
segments in hard domains. The increasing hydrogen bonded carbonyls leading to
longer hard segment sequences will be discussed further in the next section.

The hydrogen bonded N-H stretching (3300-3330 cm-1) and non hydrogen
bonded N-H (3450 cm-1) of polyurethanes are illustrated in Figure 4. High hard
segment PUs (PU43, PU55 and PU63) exhibit NH stretching at 3320 cm-1 while low
hard segment PUs (PU22, PU30 and PU35) show hydrogen bonded N-H shifted
toward ~3300-3310 cm-1. The absorbance at 3300-3310 cm-1 was assigned to be NH
groups hydrogen bonding to ether oxygens of polyether [23]. Since PPO exhibits
narrow polydispersity (due to favorable electrostatic induction via bond polarization
[5] and preferable particular segment length via stabilization micellizability [17]), the
ether oxygens hydrogen bonded with NH become stronger. However, the strong
hydrogen bonds are reversible [8, 27] due to steric conformation in the short backbone
(where the electron clouds influence unwanted interactions between any adjacent
conformations that stay too close together). Even the pure soft segment PU shows
hydrogen bonded NH at 3330 cm-1 but there is no evidence of hydrogen bonded
carbonyls, implying that the hydrogen bonded NH stretching belongs to hydrogen
bonded ether oxygens (COC).
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Since NH groups can hydrogen bond with both carbonyls and ether oxygens,
the hydrogen bonded ether oxygens can be roughly estimated by comparing it to the
hydrogen bonded NH fraction. The hydrogen bonded NH fraction here is the ratio of
A

the integrated hydrogen bonded NH at 3300 cm ( ∫ NH 3300 ) to the total hydrogen
-1

0

bonded NH regions (i.e. the integrated NH regions from 3300 to 3330 cm-1,
A

∫ NH

Σ ( 3300 −3330 )

). Note that the pure hard segment polyurethane exhibits hydrogen

0

bonded NH at ~3330 cm-1. The hydrogen bonded NH fraction considered through this
estimation is approximately reciprocal to the hydrogen bonded ether oxygens.
However, there is no intention to distinguish the hydrogen bonded NH with ether
oxygens from the NH hydrogen bonds with carbonyls in this study.

A

The hydrogen bonded oxygen fraction ( ∫ NH 3300
0

A

∫ NH

Σ ( 3300 −3330 )

) of PU63,

0

PU55 and PU43 is 0.0248, 0.0237 and 0.0631, respectively, while the fraction of the
hydrogen bonded oxygens in PU35, PU30 and PU22 is 0.4782, 0.4956 and 0.7326,
respectively. The fraction of the hydrogen bonded ether oxygens in the pure soft
segment and pure hard segment PUs is 0.9472 and ~ 0.0027, respectively. The total
hydrogen bonded NH increases with increasing hard segment concentrations.
Meanwhile, the fraction of the hydrogen bonded ether oxygens decreases with
increasing hard segment concentrations, supporting that the extent of hard segments
preferably promotes the hydrogen bonded carbonyls in the hard domains rather than
the hydrogen bonded ether oxygens between different intersegments. Another word,
the extent of the hard segments governs the extent of the microphase separation
through hydrogen bonded carbonyls.
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3.2 Microphase Separation

The hard segment length distribution was estimated using the length
distribution probability [28] (Figure 5). The calculated probabilities were normalized
by the number of MDI residues in each i-mer (i+1) and by the initial concentration of
MDI used in poly (propylene oxide) based polyurethanes.

Low hard segment

polyurethanes exhibit a shorter hard segment length distribution ( HS ) than that of
high hard segment PUs. The hard segment length distribution is about 1-3 or [MDI]24-[BDO]1-3

(i.e. every one BDO needs two MDI units) for low hard segment

polyurethanes (PU22, PU30 and PU35) while the calculated BDO repeating units go
from 3-4 to 6-9 in high hard segment PU43, PU55 and PU63. There have been
reports where the MDI repeating units are 2-14 [MDI]2-14-[BDO]1-13 and vary with HS
concentration [7].

The hard segment concentration, [HS], determines the hard segment sequence
length, HS , i.e. the number of BDO repeating units increases while the sequence
length becomes longer with increasing hard concentration [2].

Note that if the

microphase separation depends solely on the amount of the hard segments, the
estimated hard sequence length scaling with the amount of HS should be equivalent.
Here, the estimated hard segment length (normalized with the [HS]) increases with
the hard segment concentration, implying that increasing [HS] renders a longer hard
sequence length through adjacent hydrogen bonded carbonyls.
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Comparable to hydrogen bonding, the immiscibility between segments due to
solubility difference leads to microphase separation. Using a group contribution [25],
calculated solubility of pure PPO is 8.5 (cal/cm3)1/2 while the reported experimental
solubility [29] is 7.5 to 9.9 (cal/cm3)1/2. The experimental solubility of the amorphous
polyurethanes [30] is 11.2 (cal/cm3)1/2 while solubility parameter calculated from
group contribution for MDI 2 − BDO1 distribution is 11.49 (cal/cm3)1/2. Considering
the hard segment length distribution of MDI m − BDO n , the HS sequence length in
PU22, PU30 and PU35 (Figure 5) is about one BDO repeating unit. The different
between calculated solubility of the hard segment MDI 2 − BDO1 and the pure PPO
soft segment is about the same in low hard segment PUs, implying that the
microphase separation derives from hydrogen bondings not the solubility difference.
The HS length of PU43 is MDI 4 − BDO 3 reciprocal to the calculated solubility at
11.60 (cal/cm3)1/2 while the calculated solubility parameters of PU55 with

MDI 6 − BDO 5 and PU63 with MDI 10 − BDO 9 are 11.58 and 11.57 (cal/cm3)1/2,
respectively. The calculated solubility difference of the hard and soft segments in
PU43, PU55 and PU63 is insignificant, concluding that the microphase separation
difference of the high hard segment PUs is due to the difference in hydrogen bondings
between the hard segments.

The WAXD diffraction patterns of all samples (Figure 6) were background
subtracted and normalized by thickness and a scaling factor of the HS weight
concentration. All samples exhibit a dominant amorphous halo at 20º 2θ except pure
hard segment polyurethanes (PU100) where crystalline peaks were observed at 18.5º,
22º and 25º 2θ [9]. The diffraction pattern of pure hard segment is similar to
previous findings in MDI-BDO hard segments where 2θ at 18.7º has been assigned to
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a double helix conformation [26]. The diffraction patterns were similarly reported in
high hard segment MDI-BDO polyurethanes [31]. In poly(urethane urea)s (PUU)
using PTMO soft segments and ethylene diamine (EDA) chain extenders [32], the 2θ
at 17º and 23º is insignificant and shifted toward lower values. Even though a
measured crystalline diffraction in WAXD is insignificant, the result can be evidence
of the hard segment organization in high hard segment polyurethanes.

To determine structural characteristics, the 2θ at a maximum intensity
(indicating a mean segment distance) was considered. The normalized diffraction
patterns were subtracted by an amorphous pattern, then integrated and compared with
a total diffraction to obtain two theta fractions (Table 3). The fraction at 20º 2θ is the
most predominant in PU43, PU55 and PU63 while the 2θ fraction at 19º is
insignificant and increases with increasing [HS] (i.e. the extent of HS promotes
double helix conformations in MDI-BDO segments, corresponding to FTIR where
hydrogen bonded carbonyls increase with increasing [HS]). The increasing MDIBDO organization with increasing HS concentration is complementary the adjacent
hard segments to form hydrogen bonded carbonyls in hard domains. The high extent
of MDI-BDO segments in pure hard segment polyurethanes is favorable to double
helix conformation. Note that disordered MDI-BDO has always been observed even
in the crystalline pure hard segment [33].

SAXS spectra of polyurethanes were background corrected and exhibited
microphase separation with interdomain spacing ~ 9.6 – 13 nm (Table 4) where the
three dimensional (volume) average interdomain spacing (d) between hard segment
domains was obtained from d=2π/qmax. The interdomain spacings decrease with
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increasing [HS] (i.e. polyurethanes with high HS concentration exhibit shorter d than
PUs with lower [HS]). The decreasing interdomain spacing with increasing amount
of HS derives from thermodynamic immiscibility and the hard segment concentration
[19]. Since the solubility difference was ruled out according to the previous section,
the decreasing d may result from larger hard segment domains (through adjacent
hydrogen bonded carbonyls) or a dense population of hard domains (through
increasing hard domain concentration).

If decreasing d derives from the HS

concentration, the HS sequence length should be equivalent and the normalized d with
HS concentration consequently should be the same. However, this is not the case here
where the normalized d is decreased with increasing [HS]. The decreasing d can be
derived from larger hard segment domains, corresponding well with the hydrogen
bonded carbonyls in neighboring longer hard segment lengths.

The electron density contrast ∆η 2

calculated directly through the

experimental scattering compared to the ideal microphase separation was represented
in Table 4. Increasing hard segment concentration results in increasing electron
density contrasts, corresponding to decreasing interdomain spacing [34] due to
thermodynamically incompatibility driven longer sequence length through adjacent
hydrogen bonded carbonyls in the hard domains.

To determine the extent of microphase separation, a comparison analysis of
theoretical electron density variance to experimental variance was considered [9].
The theoretical variance is calculated assuming ideal complete phase separation
2

between the hard and soft segments and is defined as ∆η c = φ hsφ ss (η hs − η ss ) 2 , where

φ hs and φ ss are the volume fraction of HS and SS; η hs and η ss are the electron density
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of the hard and soft segments, respectively. The experimental variance related to a
measured invariance (Q, a total scattering intensity) via a constant c is defined as:

∞

∆η = cQ = c ∫ I (q )q 2 dq
2

0

, where c =

1
= 1.76 × 10 − 24 mol 2 / cm 2 , ie is Thomson’s constant from the
2
2π ie N A
2

scattering of one electron ( 1.76 × 10 −24 mol 2 / cm 2 ) and NA is Avogadro’s number. An
2'

experimental variance ∆η can be calculated directly from the background corrected
SAXS intensities where the segment intermixing in microdomains and the influence
of diffuse phase boundaries are incorporated. The ratio of the experimental variance
and the ideal complete phase separated variance ( ∆η 2 ' ∆η c2 ) provides a measure of
the overall degree of phase separation. The ratio can be anywhere from 0 to 1 and the
unity indicates an ideal complete phase separation with infinite sharp phase
boundaries.

The estimated electron variances and extent of microphase separation of all
polyurethane samples were presented in Table 4. The pure soft segment polyurethane
shows an insignificant phase separation while the pure hard segment PU exhibits a
complete phase separation. Note that the measured scattering of the pure soft segment
PU (i.e. PPOs soft segments with MDIs without chain extenders) exhibits q position
near the q of standard Lupolen (q=0.2 nm-1) [35], leading to a complicated resolution
of the absolute scattering. However, there have been studies where polyurethanes of
low molecular weight PPO and MDI without chain extender exhibit insignificant
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phase separation with q reciprocal to d ~30-60 nm [36]. The measured q of the pure
hard segment MDI-BDO (, where in here q is equivalent to d=9.817 nm) is similar to
pure hard segments with 4 BDO-repeating-units [8, 27] of [MDI]3-[BDO]4. The
degree of phase separation of polyurethanes with lower hard segment concentrations
is less than that of polyurethanes with higher hard segment concentrations.

Two microphase polyurethanes with PTMO soft segments exhibit larger
interdomain spacings with lower phase separation [37] than PU with PPO soft
segments because of a longer number of the polymer backbone and a broader
molecular weight distribution of PTMO [36] relative to a shorter backbone and a
narrow polydispersity in PPO.

Three phases polyurethanes with PDMS/PHMO

mixed soft segments exhibit shorter interdomain spacing and higher phase separation
[19] due to a greater immiscibility between the hard and soft segments.

Thermal stabilities (i.e. the measured highest temperature that polymers
maintain their characteristics without degradation) were investigated and the
measured decomposition temperatures (Td) of polymers were integrated to determine
the decomposition fractions (Table 5). The first decomposition fraction at Td = 323 –
353 ºC (assigned for hard segment decomposition) increases with increasing [HS]
(Figure 7).

The second fraction at Td =378 – 403 ºC (for soft segment

decomposition) decreases with increasing [HS]. The pure hard and pure soft segment
PUs exhibit one Td at 337.26 ºC and 398.75 ºC, respectively.

The Td’s of

polyurethanes are well above their multiple endothermic transition temperatures,
implying that samples are temperature stable during experimental heating.

The
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decomposition fraction depends on segment concentration (i.e. the first decomposition
faction increases with increasing hard segment concentration).

3.3 Microphase Transition

Transition and endothermic temperatures were obtained from DSC where the
second heating scan thermograms were presented in Figure 8. Low hard segment
polyurethanes (PU22, PU30, and PU35) and the pure soft segment PU exhibit a glass
transition temperature (from -57 to -38 ºC) increasing with [HS]. Mixing of short hard
segments into amorphous soft phase can raise the Tg of the soft phase. Polyurethanes
with high [HS] exhibit Tg at -34 to -28 ºC and elevating with increasing [HS]. If the
soft segments reside in the hard domains, the Tg of the hard segments is expected to
be at lower temperatures (which may not be the case in PU63 here). There have been
reported that the microphase inversion [13] (where soft segments mixed with hard
segments reside in continuous hard segment domains) occurs when the hard segment
concentration is higher than 65% w/w. Even thought the studies have interpreted
microphase inversion, the decreasing Tg of hard domains still could not be observed
even when the hard segment increased from 65 to 95 wt%. However, the Tg at 20-60
ºC was assumed to be the Tg of the mixed phase (i.e. the phase of the soft mixed with
the hard segments) while there were some other studies proposed it to be related to
some lone MDIs [19]. These transitions were further investigated and can be found in
our related studies. The pure hard segment PU shows high Tg at 110 ºC (similar to
previous studies [31]) and its multiple endothermic transition temperatures are found
at 195, 205 and 215 ºC.
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The calculated enthalpies from the second measured DSC are presented in
Table 6. Note that small endothermics are observed (only in the first run) at ~ 123,
130 and 135 ºC, for PU43, PU55 and PU63, respectively, and the second endothermic
temperatures are observed significantly at 140, 147, and 152 ºC exhibiting high ∆H
(22.8, 18.6 and 28.4 J/gHS, respectively). The calculated enthalpy per weight of the
hard segments increases with the concentration of the hard segments. There were
similar findings [13, 38] that the endothermic temperature depends on the hard
segment concentration.

Synchrotron profiles collected as a function of temperatures for all
polyurethanes show similar patterns where the intensity of scattering first increases
with increasing temperature, then decrease more significantly at higher temperatures,
and eventually the scattering disappears. The scattering of PU43 and PU100 as a
function of temperatures is displayed in Figures 9 and 10, respectively.

As

mentioned earlier, the electron density of each phase ( η hs or η ss ) can be influenced by
the structural change and the thermal expansion coefficient while raising temperature.
To evaluate the change in Q, the different thermal expansion coefficients of hard and
soft domains ( α 1 − α 2 ) need to be considered. Note that the hard segment domains
have Tg at ~110 ºC (which is similar to the Tg of longer blocks of the pure hard
segment MDI-BDO [39]) and their thermal expansion coefficient (CTE, α) are lower
than the α of the soft segment domains [21, 40].

Using group contribution [41], calculated thermal expansion coefficients (α)
of polyurethanes according to the HS block length (Figure 5) are 1.685 ( × 10 −4 K −1 )
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for PU22, PU30 and PU 35 (where the MDI 2 − BDO1 is the hard sequence block
distribution).

In PU43, PU55 and PU63 (where the hard sequence length is

MDI 4 − BDO 3 , MDI 6 − BDO 5 , and MDI 10 − BDO 9 , respectively), the CTE is
equivalent to 1.595, 0.997 and 0.987 ( × 10 −4 K −1 ), respectively.

Note that the

calculated α of the pure hard segment PU is about 0.803 ( × 10 −4 K −1 ) and the pure soft
segment PU is ~1.698 ( × 10 −4 K −1 ). The calculated α of the neat poly(propylene
oxide) is about 1.883 ( × 10 −4 K −1 ).

An initial increase in the scattering intensity with increasing temperature is
due to the thermal expansion coefficient (from the equation of the relative Q in the
previous section). Note that the calculated solubility parameters (δ) of PHEC and
PTMO are ~1.6 and ~6.1 ( × 10 −4 K −1 ), respectively [19].

Even the calculated

solubility of PHEC from the group contribution is somewhat similar to the δ of PPO
but the changes in Q are different due to differences in interactions between the
microphases. The PHEC-PUs are composed of two separated phases of (1) the hard
domains and (2) the soft phases containing a large amount of dissolved short hard
sequences [4]. The substantial amount of the short hard segments dissolved in the
soft phases strongly affects the interactions between two phases.

The scattering of PU43 disappears at temperature ~180 ºC (Figure 9).
Considering a plot of I(q) vs q, the disappearance of the scattering implies the
microphase separation transition (TMST) according to Koberstein’s definition [7, 34].
In here, the disappearance (in the plot of I(q) vs q, Figure 9) is considered comparing
with the invariance Q (Figure 11). The more insightful physical interpretation can be
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reached as the disappearance at 180 ºC actually is the microphase mixing temperature
(TMMT) where the electron density difference between phases is disappeared when two
microphases are mixing. With this comparison analysis, the TMST is actually at ~140
ºC where the change in the slope (Q/T) occurred. Note that the change in the slope
(from positive to negative slope) is at ~90 ºC (Figure 11) which is about the glass
transition temperature of the pure hard segment. This interpretation is comparable to
the relative Q ( QT Q35o C ) at different temperatures (Figure 13) where the effect of
the thermal expansion coefficient on the electron density is eliminated. (The detailed
interpretation can be further discussed in the following section.)

According to previous section, the microphase mixing is driven by ether
oxygens in soft domains hydrogen bonded with NH in urethane linkages and the hard
domains. The driven microphase mixing through hydrogen bonded ether oxygens
may be promoted by increasing temperature. The disappearance of the scattering
patterns of PU55 and PU63 occurs at somewhat the same temperature (~180 ºC) as
PU43 and can imply to the characteristics of TMMT in PPO-PUs. By observation from
other studies, it can be found that the microphase transition temperature increases
through mixing with increasing hard segment concentration due to ether oxygens of
soft segments hydrogen bonded with NH in MDI-BDO [42]. However, there is a
limitation of the collected data points.

Therefore, the conclusion of the TMMT

depending solely on the amount of HS is still debatable.

The pure hard segment polyurethane (PU100) exhibits crystalline structures
(according to WAXD in Figure 6), implying that the interpretation of the multiple
endothermic transitions in DSC (Figure 12, grey color) can be related to the melting
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transition. The first endothermic transition temperature (~195 ºC) can assumed to be
the melting temperature of the pure hard segments, the crystalline reorientation is at
the second endotherm (205 ºC) and the crystalline melting occurs at the third
endotherm (~215 ºC).

The calculated interdomain spacings, the measured invariance Q and the first
DSC thermograms of PU43 and PU100 were plotted as a function of temperature in
Figures 11 and 12, respectively. First, the Q increases with raising temperature (due
to CTE as the previous discussion), then decreases with increasing temperatures (due
to microphase transition) until eventually disappears (due to microphase mixing),
corresponding well with the calculated d. The initial decrease in the d with high
temperatures suggests that the thermal expansion influences the electron density
difference. The d then increasing with heating temperatures is resulted from the
transition of the microphases. Eventually, the increasing d is much larger than the
experimental limitation to determine once microphase mixing. Note that even though
there is much evidence showing that the amount of hard segment can lengthen the
hard sequence length, it has been continually argued whether it is due to a kinetic or
thermodynamic route. The argument may be raised when the decreasing d can be
resulted from either bigger hard segment domains through hydrogen bonded
carbonyls or thicker hard domains through longer hard sequence length. In here, the
result can bring to the conclusion that the higher hard segment concentrations bring
better hydrogen bonded carbonyls.

The changing point, where Q suddenly changes (i.e. a change in the slope
(∆Q/∆T) in Q vs T, Figures 11-12), is the microphase separation transition, TMST (at
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~140 ºC for PU43 and 160 ºC for PU100). Note that the temperature where a slope
(∆Q/∆T) changes from increasing to decreasing (at ~90 ºC for PU43 and ~130 ºC for
PU100) is corresponding to the glass transition temperature of the pure hard segment.
The TMST of high hard segment polyurethanes (PU43, PU55 PU63 and PU100) is
located well below the endothermic transition temperatures in DSC, implying the
solid-solid microphase transition. Since the mixed hard and soft microphase disperses
into higher melting point hard segment microphases during microphase mixing, the
polymer expected to be in its solid state while mixed phase transition through raising
temperature.

In temperature dependent synchrotron SAXS, the thermal expansion
coefficient (α) can lead to a change in the electron density (η 2 − η1 ) 2 and therefore
can influence the measured Q (as mentioned in the previous section). If the volume
fraction of the phases remains relatively constant, the relative invariance
can be used to evaluate the transitions. By evaluating a plot of

QT Q0

QT Q0 vs T-T0,

(Figure 13) the following physical interpretation can be reached to distinguishing the
TMST from the pure hard segment Tg and the TMMT from the TMST while analyzing the
plot of I(q) vs q or Q vs T may leave some arguments what the origin may be a cause
of the change.

A sudden change (from increasing to decreasing) in a slope of a plot
QT Q0 vs T is at the TMST where the microphase separation transition takes place
and starts changing into microphase mixing (i.e. a slope of the plot

QT Q0 vs T is

expected to change from positive to negative). In this calculation, the temperature at
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35 ºC was used to be the reference temperature of Q0. The plot of

QT Q35o C as a

function of temperature for all polymers is presented in Figure 13. The detail of each
transition can be determined (corresponding to the analysis from the plot of Q vs T).
The TMMT of the PU43, PU55 and PU63 are at 180 ºC while the TMMT of the PU100 is
at ~200 ºC. The PU43, PU55, PU63 and PU100 exhibit TMST (where the slope of
QT Q35o C vs T changes) at about 140 ºC (for PU43, PU55 and PU63) and 160 ºC

(for PU100), respectively (and they are well below their first endotherms). Note that
a change in the slope of ∆ QT Q35o C ∆T (from positive to negative) at ~90 ºC (for
PU 43, PU55 and PU63) and ~ 130 ºC (for PU100) are corresponding with the Tg of
the pure hard segment.

The transitions of pure hard segment polyurethanes are

interpreted as the transitions of melting crystalline phases through organized and
reorganized phases. Since the pure hard segment polyurethane exhibits complete
phase separation, the transitions at high temperatures belong to the hard segment
domains.

The transitions of the three phase polyurethanes of PDMS/PHMO-PUs [14]
are similar to two phases where the transition temperatures (TMST) increase with
increasing hard segment concentration while the TMMT is about the same temperature
for PU8040, PU8045 and PU8052. The result may bring to the conclusion that the
microphase mixing temperature of polyurethanes with the high concentration of the
MDI-BDO hard segment is about 180 ºC in PPO-PUs and PDMS/PHMO-PUs. Note
that the TMMT of two phase polyurethanes with PTMO and PHEC soft segments (in
PTMO-PU and PHEC-PU, respectively) is much lower than 180 ºC of two phase
PPO-PU and three phase PDMS/PHMO-PU (TMMT, PTMO = ~170 ºC and TMMT, PHEC =
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140 ºC, respectively) because the soft segments of PTMO and PHEC have strong
impact on the microphase separation and the transition [19]. (More details and further
discussion can be found in our related papers.) The driving force of the soft segment
dependent TMMT may come from the different abilities of the soft segments to interact
with the hard segments. This observation brings to conclusion that the transition
temperatures can be influenced by hard segment concentration and soft segment
chemistries.

118
4. Summary

The microphase separation of the PPO-PUs is driven by hydrogen bonded
carbonyls between adjacent hard segments in the hard domains.

The hydrogen

bonded ether oxygens in the soft segments with NH urethane linkages cause the
microphase to become intermixed. The driving force for microphase separation and
intermixing can be assumed to be similar in two phases of PTMO-PUs and PHECPUs and three microphases of PDMS/PHMO-PUs with MDI-BDO hard segments.
The driven microphase separation through hydrogen bonded carbonyls is likely the
characteristics of MDI-BDO hard segment polyurethanes.

The increasing hard

segment concentration promotes hydrogen bonded carbonyls, consequently increasing
the microphase separation. The higher hard segment concentrations bring better
hydrogen bonded carbonyls.

To understand more insightfully into microphase separation, the transitions of
the microphase separation using synchrotron SAXS with increasing temperature were
accomplished.

Even though the physical interpretation of the transition were

proposed by Koberstein-Stein, solely analyzing the change in I(q) vs q cannot give
insight into origin of the transition.

Here, the comparison analysis of I(q), Q and

QT Q35o C can provide the insightful information of the transition.

The initial

increase in scattering intensity was resulted from the thermal expansion coefficient if
the CTE was assumed to be linearly dependent on temperature. The change of the

∆Q/∆T (in the plot of Q vs T) can distinguish the TMST and TMMT (where this
information cannot be interpreted using only the plot of I(q) vs q). The Tg of the pure
hard segment can be determined in the plot of Q vs T corresponding with the plot of
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QT Q35o C vs T and can be distinguished from TMST. The normalized QT with CTE as
QT Q35o C can give an estimated change of the transitions and determine where the

transitions originate from without the thermal expansion effect. The hard segment
concentration influences the transition temperatures of polyurethanes. The high hard
segment polyurethanes (PU43, PU55 and PU63) exhibit TMST and TMMT higher than
the lower hard segment PUs (PU22, PU30 and PU35). The high hard segment
polyurethanes exhibit multiple endothermic transition temperatures (Tendo) where
increasing Tendo was found corresponding with increasing [HS]. Additionally, the
TMST found below the endothermic transition temperatures can be implied that the
microphase separation transition through microphase mixing is likely a solid state
transition.
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Figure Caption
Figure 1: Two step polymerization;
(1) Pre-polymerization of MDI-PPO polyurethanes
(2) Chain extension with BDO of the pre-polymers
Figure 2: normalized FTIR spectra of carbonyl groups
(a) at 1730 nm-1 indicating Free non hydrogen bonded carbonyl C=O
(b) at 1709 nm-1 indicating Hydrogen bonded carbonyl C=O
(c) at 1700 nm-1 indicating strong Hydrogen bonded carbonyl C=O
Figure 3: Calculated fraction from the FTIR absorbance of Hydrogen bonded
carbonyl plotted against hard segment concentration
Figure 4: FTIR spectra of N-H stretching with different hard segment concentrations
Figure 5: Calculated probability of hard sequence length plotted against BDO
repeating units with different hard segment concentrations
Figure 6: WAXD spectra of PUs with different hard segment concentrations
Figure 7: With increasing temperature, the fraction of polymer degradation from
TGA thermal analysis plotted against the hard segment concentration
Figure 8: DSC results of PUs with different hard segment concentrations
Figure 9: Synchrotron SAXS of PPO-PUs with 43 wt% hard segment concentration
upon increasing temperature
Figure 10: Synchrotron SAXS of pure hard segment upon increasing temperature
Figure 11: Invariant Q (in purple dots) and interdomain spacing d (in pink dots) from
synchrotron SAXS of PUs with 43 wt% hard segments plotted against
DSC endothermic transitions (in grey dots)
Figure 12: Invariant Q (in purple dots) and interdomain spacing d (in pink dots) from
synchrotron SAXS of pure hard segment upon increasing temperature
plotted against DSC endothermic transitions (in grey dots)
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Figure 13: Calculated

QT Q0 from invariant Q at each temperature relative to

room temperature of PUs with different hard segment concentrations
plotted against temperature
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Figure 1

Figure 1: Two step polymerization;
(1) Pre-polymerization of MDI-PPO polyurethanes
(2) Chain extension with BDO of the pre-polymers
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Figure 2

Figure 2: normalized FTIR spectra of carbonyl groups
(a) at 1730 nm-1 indicating Free non hydrogen bonded carbonyl C=O
(b) at 1709 nm-1 indicating Hydrogen bonded carbonyl C=O
(c) at 1700 nm-1 indicating strong Hydrogen bonded carbonyl C=O
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Figure 3

Figure 3: Calculated fraction from the FTIR absorbance of Hydrogen bonded
carbonyl plotted against hard segment concentration
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Figure 4

Figure 4: the FTIR spectra of N-H stretching with different hard segment
concentrations
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Figure 5

Figure 5: Calculated probability of hard sequence length plotted against BDO
repeating units with different hard segment concentrations
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Figure 6

Figure 6: WAXD spectra of PUs with different hard segment concentrations
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Figure 7

Figure 7: With increasing temperature, the fraction of polymer degradation from
TGA thermal analysis plotted against the hard segment concentration
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Figure 8

Figure 8: DSC results of PUs with different hard segment concentrations
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Figure 9

Figure 9: Synchrotron SAXS of PPO-PUs with 43 wt% hard segment concentration
upon increasing temperature
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Figure 10

Figure 10: Synchrotron SAXS of pure hard segment upon increasing temperature
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Figure 11

Figure 11: Invariant Q (in purple dots) and interdomain spacing d (in pink dots) from
Synchrotron SAXS of PUs with 43 wt% hard segments plotted against
DSC endothermic transitions (in grey dots)
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Figure 12

Figure 12: Invariant Q (in purple dots) and interdomain spacing d (in pink dots) from
synchrotron SAXS of pure hard segment upon increasing temperature
plotted against DSC endothermic transitions (in grey dots)
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Figure 13

Figure 13: Calculated

QT Q0 from invariant Q at each temperature relative to

room temperature of PUs with different hard segment concentrations
plotted against temperature

147
Appendix B

SEGMENTAL MOTIONS AND HARD SEQUENCE LENGTH
DISTRIBUTION OF POLY (PROPYLENE OXIDE) POLYURETHANES
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Abstract

Microphase structures of well defined segmented polyurethanes with different
hard segment concentration are focus in this paper.

The soft segment is poly

(propylene oxide) [PPO] and the hard segments are 4, 4’- methylene diphenylene
diisocyanate (MDI) chain extended with butane diols.

To investigate their

morphology and microphase separation, Fourier transform infrared spectrometer
(FTIR), polarized light optical microscope (POM), atomic force microscope (AFM),
wide angle X-ray diffraction (WAXD), small angle scattering (SAXS) are used and
the result are compare to their thermal behaviors from differential scanning
calorimeter (DSC). Their segmental motions and relaxations related morphology are
investigated using dielectric relaxation spectrometer (DRS). The hydrogen bonding
was observed at carbonyl C=O and N-H regions. High hard segment concentration
polyurethanes exhibit high hydrogen bonding. The glass transition temperature and
endothermic transition temperatures of polyurethanes increase with hard segment
concentration. The images show spherulite (in POM) and cylindrical forms (in AFM)
and the amount of spherulites and cylindrical structures increase with hard segment
concentration. These results imply that the spherulites (in 2D) are stacked up to
cylindrical form (in three dimensions) in hard domains. However, WAXD shows
only amorphous halo, suggesting in bulk hard domain is not crystalline and the
endothermic transitions in DSC are not crystalline melting temperatures. In SAXS,
microphase separation between the soft and hard segments is observed. The degree of
microphase separation depends on hard segment concentration, resulting from
increasing hard sequence length. The α-relaxation and β-relaxation are different only
in the amount of methylene units involved.
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1. Introduction

Segmented polyurethane block copolymers find uses in biomedical
applications [1-3], specifically in blood-contacting materials in artificial organs [4-6]
(such as blood sacs in the PSU-total artificial heart and cardiac assist devices).
Although there have been volumes of research published on polyurethanes chainextended with diols, there is a deficiency in understanding of segmental motion and
secondary dynamics correlated with phase separation and morphology. This research
has been constructed to develop a fundamental and quantitative understanding of
phase separation and segmental motions of well-defined segmented polyurethane
block copolymers with poly (propylene oxide) and varying hard segment
concentrations.

1.1 Phase Separation and Morphology

Segmented polyurethane block copolymers (containing urethane linkages
within the polymer backbone) are composed of rigid hard segment blocks connected
together with flexible soft segment blocks.

The hard segment (HS) consists of

diisocyanates with diol chain-extenders, and the soft segment (SS) is normally
polyols. The incompatibility of the hard- and soft- segment is a driving force for
phase separation.

The microdomain size and the hard segment length play an

important role in controlling polyurethane properties.

As illustrated in Wilkes’s

model [7], the covalent linkage between these segment blocks limits the phase
separation into microphases or microdomains. The degree of the hard and soft blocks
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phase separated into the microdomain determines the solid-state properties of the
polyurethane [8]. The extent of this segregation mainly depends on temperature and
the hard-segment concentration [9-10] because the block composition can influence
the polarity of the hard segment as well as the strong hydrogen bonding among them.
Koberstein and Stein [11] proposed that as the weight fraction of hard segments
increases, a greater portion of the hard segments is longer than the critical length,
therefore increasing the degree of an overall phase separation. However, the proposed
critical length was not consistent with the experimental scattering behavior of the poly
(urethane urea) [12] with poly (tetramethylene oxide) soft segments and 4-4’methylene diisocyanates/ethylenediamine at hard segment contents ≥ 30 wt%. Since
an increase in hydrogen bonding at these higher hard segment contents presumably
restricts the mobility, many hard segments apparently become trapped in the soft
segment phase. Furthermore, such chain mobile restriction (via the HS dissolved by
soft phases and the mobile SS attached to the HS), where neighboring segments are
anchored [3] can cause an elevation of the glass transition temperature (Tg) [7, 9, 1213]. The ability of the HS dissolved into soft phase primarily controls the hard
domain thickness and can provide microphase intermixing and coexisting
microphases.

1.2 Segmental Motions and Relaxations

Segmented polyurethane block copolymers generally exhibit α- and βrelaxations in order of decreasing temperature [14-16]. The segmental α-relaxation is
a cooperative long-range motion related to the dynamic glass transition and can be
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used to determine a temperature range [17] where the polymer can be used. The αrelaxation of the polyurethane is mainly associated with segmental motions of the
main chain in amorphous soft-phases due to conformational changes. The segmental
motion shifts toward lower temperatures with increasing the sequence length of the
polyether methylene (-CH2-)n repeating-units in the chain skeleton [18]. Secondary
relaxations of chain segments involving partial reorientation of dipoles lead to a broad
dielectric β-relaxation at T < Tg.

The secondary relaxation can give important

information in a diffusion of residuals and the dissipation of impact energy. The βrelaxation of the polyurethane mainly involves a few methylene (-CH2-) repeating
sequences [15-16] as well as the ether oxygen in the main chain.

2. Experimental Section

2.1 Materials

Materials were purchased from Sigma-Aldrich.

Anhydrous N, N’-

dimethylacetamide (DMAc, 99+%) was used as a solvent. The soft segment poly
(propylene oxide) (PPO, 2000g/mol) was dehydrated and degassed under vacuum
dried at 70 °C for 24 h and stored under dried nitrogen. Prior to the synthesis, the
hard segment, 4, 4’-diphynylmethyl diisocyanate (MDI) was vacuum distilled at 200220 °C and stored in a dried cool air. The chain extender, 1, 4—butanediol (BDO,
99%) was dehydrated under vacuum and store under dried nitrogen. The end-capping
n-butanol (BtOH, 99.8%) was used to end the polymerization.
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The weight percent of the hard segment concentration (wt% HS) was
calculated, based on a fixed amount of MDI, and an equivalent mole of diisocyanate
and diols. The diisocyanate including the butanediol was considered as a contribution
to the hard segment domain. The hard segment content was determined using the
following equations:

nMDI = mBDO + (n − m) PPO

% wtHS =

M MDI + M BDO
M MDI + M BDO + M PPO

, where n and m are moles of MDI and BDO, respectively and Mi is weight
(grams) of MDI, BDO, and PPO, respectively.

2.2 Polymer Synthesis

The segmented polyurethane block copolymers were synthesized using twostep condensation polymerization. The polymerization was carried out in a manner to
minimize side reactions with water.
nitrogen flow.

The entire reaction was performed under

The amount of PPO was calculated depending on varying hard

segment contents. The hard segment weight fraction was varied (0, 22, 30, 35, 43, 55,
63 and 100 wt%) and the polymers were named as PUx, where x is the weight percent
of the hard segment. The PPO was dissolved in 100 ml of DMAc, added to the threeneck flask, and continuously stirred. A fixed amount of MDI (2.50 g) was dissolved
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in 50 ml of DMAc and gradually added to the reaction flask. The reaction mixture
was then stirred while the temperature was maintained at ~ 70 °C for 4 h.

The pre-polymer was subsequently chain extended by the BDO (dissolved in
50 ml of DMAc) to form a high molecular weight polymer, and stirred for another 4 h
to complete the reaction. The reaction was cooled to room temperature before the
chain extender was added. By gradually dripping the dilute BDO solution into the
reactor, the efficient distribution of BDO can be yielded throughout the mixture. In
theory, MDI adds to each end chain of PPO during pre-polymerization (Figure 1 a),
and the chain extender BDO adds to MDI in the hard segment (Figure 1 b). Finally,
the PU was end-capped with n-butanol (dissolved in 50 ml of DMAc) to inhibit
further reaction, and stirred continuously overnight at room temperature.

After

cooling the PU solution to room temperature, a small amount (1 wt% of polymer) of
an antioxidant ANOX PP18 was added, and stirred for 4 h. The obtained PU solution
was then stored in a dark cabinet at room temperature.

The disappearance of diisocyanates (~2260 cm-1) was confirmed by the
Fourier transform infrared (FTIR) spectrometer.

The number average molecular

weight (Mn) of the synthesized polyurethanes is ~ 10,000 g/mol equivalent to
polystyrene standard using gel permeation chromatography and dimethylformamide
solvent.

155
2.3 Fourier Transform Infrared Spectroscopy (FTIR)

Infrared spectra of each polyurethane film were recorded on a Biorad FTS 6
Fourier transform infrared (FTIR) spectrometer at a resolution of 2 cm-1. The spectral
scans were signal averaged at a minimum of 256 scans under nitrogen flow (20
cm3/min) within a wavelength of 400 – 4000 cm-1. The thickness of polymer films
was carefully adjusted to allow their absorbance within ~ 0.6.

2.3.1 Sample Preparation

The polyurethane solution (3wt% in DMAc) was gradually dropped on a
polished potassium bromide (KBr) window, and then dried for 24 h at room
temperature to form a polymer thin film. The amount of the solution droplet was
adjusted to yield a thin film with a thickness that obeys Beer’s law (i.e. the maximum
absorbance < 0.6). The obtained polymer film was then dried in a vacuum oven for
another 24 h at 70 °C under vacuum (30 inch Hg) and nitrogen flow.

2.4 Differential Scanning Calorimetry (DSC)

Thermal analysis of each sample was performed on a TA Instruments DSC
Q100 differential scanning calorimeter equipped with a liquid nitrogen cooling tank.
All sample films were first cooled to –100 ˚C then heated to 150 °C with a heating
rate of 10˚C/min. The samples were isothermal at 150 ˚C for 2 min [19] to dry
residual volatiles[20] before the samples were heated to 220 °C and kept at this
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temperature for 2 min to erase all previous thermal histories (in the first run). The
samples were then cooled again to –100 °C and finally heated to 250 °C at the same
heating rate of 10 ˚C/min. The flow rate of the liquid nitrogen was controlled at 100
ml/min. The sample film was controlled within a weight range of 4 - 6 mg using
aluminum pans. The weight of an empty aluminum pan was measured before and
after DSC experiments to ensure that there was no loss resulting from degradation.
Two point calibration of temperature was obtained using Zinc and Indium standards.
The Indium standard was used to calibrate the heat capacity and the baseline was
determined by running an empty pan under the same conditions as the samples to use
in the baseline subtraction.

Transitions were recorded and analyzed from the second heating and cooling
scans. The thermogram of all samples was normalized by weight of the samples. The
glass transition temperature (Tg) and the endothermic temperatures were determined
using an Universal TA analysis program. The reported glass transition temperature
was taken at the midpoint of the heat capacity change, and the endothermic transitions
were analyzed at the peak maximum of the endotherms.

2.4.1 Sample Preparation

The polyurethane film was prepared from solution casting. The polyurethane
solution was gradually dropped (3-5 droplets) onto a Teflon mold (2 mm x 2 mm x 1
mm). The amount of solution droplets were adjusted for each polyurethane sample to
yield a thin film. To obtain a thin film with a proper thickness (~ 1 mm), the polymer
solution was repeatedly dropped onto the mold in every 3-4 hours for 3-4 days. The
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polymer solution was left in the mold or until the sample film was formed and then
dried at ambient temperature for another 3-4 days.

To remove solvent and all

residues, the film was dried in a vacuum oven at 70˚C, under pressure (30 inch Hg)
and nitrogen flow for 24 hours.

2.5 Thermogravimetric Analysis (TGA)

To determine the highest temperature that each sample can maintain its
characteristics without degradation, the stability of polyurethane films was
investigated in an inert nitrogen atmosphere on a TA Instruments thermalgravimetric
analysis (, where the weight loss of each sample was measured as a function of
temperature) using platinum crucibles.

At the beginning of the experiment, the

sample chamber was heated to 1000 °C and held for 5 min to clean off any remaining
polymer residues. Each polyurethane film was held at room temperature for at least
an hour while the sample cell was purged by nitrogen gas. The polyurethane film was
then heated from ambient temperature to 1000 °C at a rate of 10° C/min. The
percentage weight loss was monitored in all runs. At the end of the given heating run,
the polyurethane film was removed before the sample chamber was again heated to
1000 °C and held for 5 min to burn off any remaining polymers from the crucible.
The sample preparation can be found in the section 2.4.1.
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2.6 Polarized Optical Microscopy

Images of polyurethane thin films (≤ 100 µm) were carried out by an Olympus
BX51 polarized optical microscope in a transmission mode with cross-polarized light.
The image was captured using a magnification of 5x10 and 20x10. The domain size
was characterized by average values taken over readings comparable to a standard for
all measurements.

The polyurethane film was prepared by solution casting onto a glass slide. To
yield a polymer thin film ≤ 100 µm, the polymer droplet was adjusted. The sample
preparation can be found in the section 2.4.1.

2.7 Wide Angle X-Ray Diffraction (WAXD)

The measurement for all samples was carried out on a Scintag I Wide Angle
X-Ray Diffractometer, a Rigaku Geigerflex with a Dmax-B controller and vertical
Goniometer using the copper - alpha potassium (CuKα) radiation (λ = 0.154 nm) and
a graphite monochromator to filter out the Kβ radiation.

The polyurethane film

sample (PU0, PU22, PU30, PU35, PU43, PU55, and PU63) was mounted onto a
quartz sample holder. The scanning rate is at two degrees 2θ per minute with the 2θ
range of 5° - 40°. The dried pure hard segment polyurethane fine powder (PU100)
was grinded and palletized on a quartz window. The quartz sample holder helps
remove any background scattering associated with the glassy amorphous. The sample
was prepared using the solution casting found in the section 2.4.1.
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2.8 Small Angle X-Ray Scattering (SXAS)

The experiments were conducted on Molecular Metrology Small Angle X-ray
Scattering Instrument with a three-pinhole collimated SAXS camera, using CuKα
radiation (λ = 0.154 nm) and a two-dimensional area proportional multiwire detector.
Instrument background corrections and detector efficiency were determined and
scattering vector was calibrated with the standard silver behenate. The sample-todetector distance was 1.5 m. The data were acquired for 3 hours and azimuthally
averaged to yield a one-dimensional profile of intensity I(q) vs scattering vector q
(q =

4π sin θ

λ

, where θ is one half of the scattering angle and λ is a wavelength of the

radiation). The relative scattering intensities were converted to absolute intensities
(cm-1) via calibrated with the standard high-density polyethylene (Lupolen).
Integration of the scattering peak was determined at q = 0 - 1.5 nm-1.

The sample film was prepared by solution casting found in the section 2.4.1.
The dried polyurethane film (1mm) was cut into 1 cm × 1 cm × 1 mm.

2.8.1 Data Analysis

Small Angle X-Ray Scattering (SAXS) can provide quantitative and
qualitative information on the morphology of the two-phase PU when the electron
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densities between two microphases are sufficiently different [21-22].

Electrons

resonating with the X-ray frequency can be interfered by electrons emitting coherent
secondary waves [23-24]. The proper calibration to yield the absolute scattering
intensity and the scattering position can then provide quantitative determinations of
microphase structures on the degree of phase separation, the amount of interdomain
mixing, and the phase boundary diffuseness. The scattering intensity [I(q)] arising
from the microstructure must be separated from the total observed scattering Io(q) by
background subtraction from Io(q) = I(q) + Ib(q), where Ib(q) is the background noise
and q is the scattering vector. The scattering peak position can be related to the
interdomain spacing (d) following Bragg’s law as:

d =

2π
q max

The interdomain spacing d represents a three-dimensional average over the
sample volume. The one dimensional spacing [25] is generally obtained by defining
qmax as the q at the maximum intensity of the I(q) vs. q plot.

2.8.2 Hard Segment Length Distribution

The hard segment length distribution was statistical probabilities [26-27]
based on the relative reactivity of the diisocyanate, the initial concentration of the
reactants and the procedure used to mix the reacting components. From the original
approach of Bonart and Müller [28], the hard segment was defined as consisting of all
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MDI and diol units in the reaction. However, to be more accurate, the lone MDIs
have to be considered. If all MDI and BDO are in the hard segment, all PPO units
would be double endcapped with MDI units. However, the MDIs can react with two
PPO diols subsequently creating a “lone” MDI unit. These lone MDIs introduce no
urethane groups and are at least 100 bonds [27] away from another MDI unit in the
chain. Consequently, these species would not be expected to be associated with the
hard domains, but these lone MDIs would be located in the soft phase.

The distributions of hard segment sequence lengths, from lone MDIs to hard
segments containing MDI and BDO units can be calculated from Peebles [28-29]. To
take into account of the electron density contribution of the lone MDI units, the lone
MDI units [8] were defined as single MDI groups joining two soft segments in the
absence of the chain extender. In the analysis, each sequence length was designated
as an “m-mer,” where m is the number of BDO units and m + 1 is the number of MDI
units. Sequence lengths from 0-mer (i.e. lone MDIs) to 20-mer were included in the
distribution for all possible sequence lengths. Assuming stoichiometric conditions,
the probabilities of each m-mer (Pi) can be calculated based upon the initial
concentrations of the MDI (A1), PPO (B1), and BDO (C1), and is represented by:

p m = C1 (1 − p ) p m −1
2
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, where p = X 10 / C1 X 10 is the total concentration of the remaining MDI
residues after PPO was reacted completely. The X 10 can be derived from the relation
of:

µ ( X 10 / A1 )1 / 2 µ + (µ − 1)( X 10 / A1 ) = (2µ − 1)( A1 − B1 ) / A1

, where μ is the relative reactivity between the MDI and PPO (assumed to be

3.0 based on similar species [23-24, 26-27]).

The sum of all probabilities of m-mers is a unity.

n

1 ≈ X 1int + Σ Pm
m

The calculated probabilities of the hard segment sequence length were then
integrated into the calculations of η hs and η ss for the theoretical electron density
variant.

The probabilities of the hard segment length distribution depend only on the
concentration and relative reactivity of the diisocyanate and are independent of the
chain extender identity. With these probabilities, the theoretical electron density
contribution of the lone MDI units was excluded from the hard segments and included
to that of the soft segments. Therefore, the calculated ideal electron density variance
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∆η i2 (completed phase separation) is decreases relative to the variance without
considering the lone MDI in the soft phases. The lower values of electron variance
( ∆η i2 ) are closer to the experimental variances [27], particularly at lower hard
segment concentrations. Therefore, the ideal electron density of the hard segments
( η hs ) without the contribution of lone MDIs is the sum of all electron density
contributions of the m-mers, excluding the 0-mer, divided by the sum of all their
corresponding probabilities as:

n

η hs =

∑η

hs , m

1

n

∑P

m

1

The individual contribution of an m-mer to the electron density of the hard
phase is calculated by:

η hs =

(m + 1)(e − / mol MDI ) + (m)(e − / mol BDO )
M hs ,m

ρ hs ,m

, where (e − / mol MDI ) and (e − / mol BDO ) are the total number of electrons per
mole in MDI and BDO units, respectively. The M hs ,m is the average molecular
weight of the m-mer:
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M hs ,m = (m + 1) M MDI + (m) M BDO

Using the group contribution [29], a density of the pure MDI-BDO hard
domain (ρhs,m) can be estimated by assuming that the hard phase is composed of the
remaining MDI and BDO residues and the soft phases is composed of PPO and the
lone MDIs. The densities for the m-mers were calculated to be ~ 1.364 g/cc similar to
the hard segment density [30-32] of several groups.

The electron density of the soft segments ( η ss ) with a contribution of the lone
MDIs is:

η ss =

(e − / mol PPO ) + X 1int (e − / mol MDI )
M ss

ρ ss

, where (e − / mol PPO ) is the total number of electrons for all monomer units in
PPO ( M n = 2000 g/mol), and X 1int is the probability of the lone MDI. M ss is the
average molecular weight of the PPO soft segments with the lone MDIs can be
expressed by:

M ss = M PPO + X 1int M MDI
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, where the densities of the pure soft phase ( ρ PPO ) and the lone MDI hard
phase ( ρ MDI ) were calculated using the group contribution method.

2.8.3 Phase Separation

The theoretical electron densities can significantly influence the determined
degree of phase separation and the analysis deviates from the original approach of
Bonart and Müller [32]. If a microphase of the hard and soft segment is assumed to
be an ideal complete phase separation, the theoretical electron density variance ( ∆η 2 )
[28] can be defined as:

∆η 2 = φ hsφ ss (η hs − η ss )

2

, where φhs and φss are the volume fractions and η hs and η ss are the electron
densities of the hard and soft segments, respectively.

The experimental variances ( ∆η e2 ; both ∆η 2 ' and ∆η 2 " ) can be related to the
invariant (Q) by a constant c:

∞

∆η = cQ = c ∫ I (q )q 2 dq
2
e

0

, where c is defined as:
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c=

1
= 1.76 ×10 − 24 mol 2 cm 2
2π i e N A2
2

, and ie is Thompson’s constant of the scattering of one electron (7.94 × 10-26
cm2). The NA is Avogadro’s number. A constant with these units will yield an
electron variance with the unit of (mol e/cm3)2. With the appropriate constant, two
variances ( ∆η 2 ' and ∆η 2 " ) can be calculated from the experimental data.

The electron density variance ( ∆η 2 ' ) in the phase mixing (where the interface
gradient of the phase mixing in the microdomains and the diffuse phase boundaries
are incorporated) can be simplified by background corrected intensity as:

∞

∆η 2 ' = c ∫ [I (q) − Ib (q)]q 2 dq
0

In partially phase intermixing, the electron density variance ( ∆η 2 " ) can be
simplified by removing the contributions from the diffuse boundaries and then leaves
only the intermixing phase as:

∞

∆η '' = c ∫
2

0

[I(q) − Ib (q)]q2 dq
H (q)

2

The calculation of H(q) from the size and shape of the interfacial boundary
[33] can be formulated by fitting the shape of the interface using the sigmoidalgradient models supported by the thermodynamic arguments [33-38] of Koberstein et
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al [34]. The characteristic value (σ) of the sigmoidal-gradient model is the standard
deviation of the Gaussian function used in the model and is determined from:

[

]

ln I (q )q 4 = LnK p − σ 2 q 2

The σ and the Porod constant (Kp) can then be determined from the slope of a
ln[I(q)q4] vs. q2 plot (a Porod plot). The H(q) (a smoothing function [24]) can
therefore be calculated by:

(

H (q ) = exp − 1 2σ 2 q 2

)

To simplify, the dimension of the linear model is used to visualize even
though the sigmoidal model is used in calculation. The E in the linear model is
defined as the distance from phase A to phase B. The characteristic width parameters
from the sigmoidal and the linear models can be related by E2 = 12σ2.

Comparison of the theoretical electron density variance ( ∆η 2 derived from an
ideal complete phase separation) with the experimental data ( ∆η 2 ' and ∆η 2 " derived
from the experimental invariant [7, 32]) can give insight into the overall degree of
microphase separation, a measure of boundary diffussness, and the amount of mixing
in the microdomain.

168
The variance ratio of the electron variance (from the background corrected
experimental variance) to the ideal variance (from the theoretical calculation
assuming a complete phase separation):

∆η 2 ' ∆η 2

The ratio can provide a degree of the overall phase separation. The overall
phase separation is influenced by both diffuse phase boundaries and the segment
intermixing in the microdomains. The ratio gives a value between 0 and 1 where the
unity indicates a complete phase separation with infinitely sharp phase boundaries.
The ratio of the ideal electron variance ( ∆η 2 ) to the experimental variance ( ∆η 2 " )
that the interfaces have been removed as:

(∆η

2

)

∆η 2 ' ' − 1

The ratio provides a degree of intermixing in the microdomains on overall
phase separation. A value of 0 indicates no mixing between the phases. However,
this value cannot provide details into the relative amount of the hard segments in the
soft phase and the amount of the soft segments in the hard phase without additional
information.

(

)

Finally, the ratio of the two experimental variances ∆η 2 ' ' ∆η 2 ' − 1 provides
a measure of the contribution of the boundary diffuseness.
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The hard and soft segment can be located in one of the three environments: (1)
in a domain rich in its respective component, (2) in the interfacial region, or (3) in a
phase rich in the other component. If the hard segment resides in a hard domain, it
contributes to the overall phase separation. The hard segment residing at the interface
increases the boundary contribution, and all remaining hard segments are located in
the soft phase, and consequently contribute to the microphase intermixing. This is
also the case for the soft segment.

The influence of the diffuse boundary and

intermixed segments are both present in ∆η 2 ' . Therefore, by comparing this value to
the ideal variance calculated from the case of complete phase separation with sharp
phase boundaries, the overall degree of phase separation can be obtained.

This

calculation can now be quantitatively represented in a percentage form. This also can
be considered as the fraction of the hard and soft segments residing in their respective
microdomains.

The variance ∆η 2 " where the influence of the interfaces was

removed, and the difference between ∆η 2 ' and ∆η 2 " , divided by ∆η 2 , provides a
measure of the fraction of hard and soft segments in interfacial regions. Since ∆η 2 "
is reduced from ∆η 2 only by contributions from unlike segments mixed in the

(

)

microdomain, the ( ∆η 2 "−∆η 2 ' ∆η 2 ) therefore represents the fraction of
intermixing segments in the microphases.

The hard or soft segments can be located in one of three environments: in a
domain rich in its respective component, in the interfacial region, or in a domain rich
in the other component. Each case contributes to the overall phase separation, diffuse
boundary effect, or phases intermixing, respectively. Additionally, the ratios of those
variances can provide a quantitative measure of the degree of phase separation, the
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amount of phase intermixing, and boundary diffusion for segmented polyurethane
block copolymers.

2.9 Dielectric Relaxation Spectroscopy (DRS)

The dielectric data were collected using a NovoControl GmbH 40 broadband
dielectric spectrometer. The experimental temperature was well controlled from –140
°C to 180 °C with a frequency range of 10-2 to 107 Hz. The experimental conditions
were controlled under a full vacuum (at 2.5 bars) with liquid nitrogen flow. The
temperature stability was controlled within ± 0.2 °C. The measurement was taken
isothermally at every 10 °C increment with a frequency factor of 1.5.

2.9.1 Sample Preparation

The polyurethane film was prepared using solution casting found in the
section 3.2.4.1. Each polymer film was sandwiched between two circular brasselectrodes (3cm diameter) covered with Teflon sheet (0.011 inch thick) and then died
in a vacuum oven for 24 h at 70 °C under pressure (30.0 inch Hg). To prevent the
electrode polarization (charging-discharging of the two double layer capacitance), the
sample film thickness was controlled to 200 µm.
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2.9.2 Data Analysis

Above Tg, the dielectric strength ( ∆ε = ε 0 − ε ∞ ) can be related to the dipole
concentration and conformational properties of the flexible polymer chains at
amorphous state.

The ε0 and ε∞ are the permittivity limits at low and high

frequencies, respectively, with respect to the entire dielectric dispersion region. The
total complex relative permittivity (ε*) is generally written as following:

ε * (ω ) = ε ' (ω ) − iε " (ω ) + i

σ
εv
ω

, where ω is an angular frequency (ω = 2πf and f is frequency, Hz); ε ' and ε ' '
are the real dielectric permittivity and the dielectric loss, respectively; σ is the
frequency-independent dc conductivity (arising from motions of charge carriers); and

εv is the permittivity at vacuum (εv = 8.85 x 10-12 Fm-1).

Above Tg, the dc conduction from ion movements can create the dielectric
loss. The complex conductivity [39-40] ( σ * = σ '+σ " ) is related to the complex
permittivity ( ε * (ω ) = ε ' (ω ) − iε " (ω ) ) by ε "= σ ' ω and ε ' = σ " ω . Therefore, the
ionic conductivity (σdc) can be qualified by assessing the plateau regime of the real
part ( σ ' ) in conduction spectra [40-42]. The dc conduction in the dielectric loss can
be distinguished from the relaxation by considering a plot of (log ε ' ' ) vs. (log f),
where the dc conduction is a process at the slope = -1. Similar to the relaxation time
(τmax), the σdc exhibits the non-Arrhenius behavior [36] and is well described by the
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Vogel-Fulcher-Tammann (VFT) relation [37]. The dc-resistivity of polyurethanes is
generally at 1014 Ω ⋅ cm [38] reciprocal to the dc conduction at 10-14 S/cm.

The electrode polarization (EP) arising from impurities can influence the
capacitance and the dielectric loss. The dielectric loss spectra (very strong responses)
at lower frequencies often originate from the electrode polarization. The EP is often
an undesirable effect in dielectric measurement because it hampers the proper analysis
of a slow dipolar relaxation. The EP partially blocks the charge exchange at the
sample-electrode interfaces causing the formation of two double layers and then
giving rise to large capacitances and manifesting themselves in a high apparent
dielectric constant (typically in the range of 102–106).

Since the EP involves

charging-discharging of the two double layer capacitance, the sample film thickness
was optimized to 200 µm.

2.9.3 Havriliak-Negami Equation

The relaxation time (τ) and the dielectric relaxation strength were determined
by fitting isothermal dielectric loss curves ( ε ' ' (f)) with the Havriliak-Negami (HN)
[39-40] equation. The contribution of the dc conductivity (σdc) was also determined.
A general expression of the HN equation was given as following:

ε * (ω ) = ε ' (ω ) − iε " (ω )

ε * (ω ) = ε ∞ +

∆ε
[1 + (iωτ 0 )

1− a b

]

−i

σ dc
ε 0ω s
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, where ε*, ε ' and ε ' ' are the complex, real and imaginary dielectric
permittivity, respectively; ∆ε is the dielectric strength (∆ε = ε∞ – ε0, where ε∞ and ε0
can be obtained from a plot of ε ' vs. f at limiting high and low frequencies,
respectively); a and b are shape parameters; ω is the angular frequency; τ0 is the
characteristic relaxation time; σdc is the dc conductivity (S/cm); and the exponent s (in
the dc conduction contribution) is a characteristic of the nature of the conduction
process. The shape factor a indicates a breadth of the relaxation, where a =

∂ log ε "
,
∂ log f

at f << f0, and the characteristic frequency (f) related to the relaxation time (τ). The b
parameter represents asymmetry of the dielectric curve as ab =

∂ log ε "
, at f >> f0.
∂ log f

The maximum relaxation frequency (fm) at the maximum dielectric loss ( ε ' ' )
at different experimental temperatures was determined directly from the plot of loss
data vs. frequency. A relationship between fm and the effective relaxation time (τ) is
2πfmτ = 1 [41]. In general, the τ decreases with temperature while the fm increases as
a function of the temperature. For polymers, the temperature dependent τ normally
can be derived from two different processes: thermally activated processes (Arrhenius
relationship [42]) and freezing transition processes (non-Arrhenius behavior [43-44]
of the Vogel-Fulcher-Tammann (VFT) equation). The relaxation time (τm) from the
VFT equation can be obtained as the following expression:

 −B
 T − T0

τ m = τ 0 exp
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, where τ0 and B parameters are temperature-independent empirical fitting
constant and B is associated with apparent activation energy [45]. The T0 is the VFT
temperature, where the segmental motions below T0 become immobile because the
free volume approaches zero and hence τ becomes infinite.

To verify data analysis, the loss spectra were plotted against temperature to
determine the temperature at the maximum loss (Tm).

The frequency at the

maximum loss (fm) at different experimental temperatures was then calculated,
consequently yielding the initial value of the τ0 in the curve fitting. The τ0 in this
analysis was fixed constant at 10-14 s.

2.9.4 Kramers-Kronig Transform

The ion conduction (σdc) often shows up above Tg and obscures loss peaks of
the dipolar origin, particularly at low frequencies. The ionic conduction can be
eliminated to elucidate the low-frequency relaxation. The numerical Kramers-Kronig
transform [46] is an elegant way to remove the ionic conduction (i.e. frequency
independent ohmic conduction) from the measured loss spectra. In the KK transform,
the ε ' and ε ' ' are interrelated (i.e. the real part ε ' can be transformed into an
''
imaginary part ε KK
) solely based on relaxation phenomena without the ionic

conduction term. The KK integral forms of a real and an imaginary part of the
dielectric relaxation can be represented by the following equations:
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ε KK ' (ω 0 ) = ε ∞ +

2

∞

ε " (ω )
π∫
ω

ω
2

0

− ω 02

dω

∞
σ dc
ω
2
ε KK " (ω 0 ) =
dω
+ ∫ ε ' (ω ) 2
ε vω 0 π 0
ω − ω 02

, where ω0 is an angular frequency of the electric field, and εv is a vacuum
permittivity. The KK transform in this analysis uses an eight-point numerical method
and the coefficients developed by Steeman and van Turnhout [47]. The KK transform
is helpful particularly for identifying the dipole relaxation in the region of the
dielectric loss spectra that has high conduction losses.

176

3. Result and Discussion

3.1 Chemical Composition and Hydrogen Bonding

The Fourier transform infrared (FTIR) spectra of all samples (PU0, PU22,
PU30, PU35, PU43, PU55, PU63 and PU100) were similar. The C-C stretching was
found at 1412 cm-1 [48-50] and the C-H bending was located at 821 cm-1 [51-52].
The hydrogen bond forms in each urethane linkage [26-27, 36] through an amine
hydrogen (N-H, as a donor) and a carbonyl (C=O, as a suitable acceptor).

3.1.1 C=O stretching region

The carbonyl (C=O) stretching at ~1703-1709 cm-1 refers to the carbonyl
hydrogen-bonded to the N-H of the urethane linkage. The absorption band [55-57] at
~1729-1735 cm-1 belongs to the non-hydrogen bonded C=O. In Figure 2, the ratio of
the absorbance at 1709 cm-1 to at 1729 cm-1 (A = A1709/A1729) can give an indication
of the hydrogen bond. The A ratio of PU55 was significantly higher than of PU22,
implying that the PU with higher %HS exhibits hydrogen bonded carbonyls in
adjacent urethanes relatively higher than PU with lower %HS. The relative degree of
microphase separation can then be determined by the degree of hydrogen bonded
carbonyl. The extent of phase separation should also increase [55] with increasing
absorbance of the hydrogen bonded C=O. The PU55 exhibited intensity at 1709 cm-1
higher than of PU22, implying that PU55 should have the extent of the phase
separation comparatively higher than of PU22.
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3.1.2 N-H stretching region

The strong absorption peak at ~3320 cm-1 is assigned [57] to the N-H groups
hydrogen bonded to carbonyls (C=O) (Figure 3). Normalized the peak area (at 3320
cm-1) by the peak area of the aromatic ring (at 1412 cm-1) can give the relative extent
of the hydrogen bonded NH. PU55 exhibits a bigger peak area than PU22, indicating
that the higher hard segment content polyurethane tends to have more hydrogen
bonding than the lower hard segment content polymers. This analysis agrees with the
data from carbonyl (C=O) region.

3.2 Transition Temperatures

3.2.1 Glass Transition Temperature (Tg)

The differential scanning calorimetry (DSC) investigations show similar
trends of thermal characteristics of all polyurethanes. A single Tg appears at lower
temperatures for PU with higher SS concentration (Table 1). The Tg of amorphous
soft phases for all compositions was elevated with %HS, indicating that the soft
microphase contains a certain degree of dissolved hard segments and the restriction of
mobility arises from the soft phases attached to the dissolved hard segments.
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3.2.2 Endothermic Transition Temperature

The multiple endotherms are found in high-HS PU (PU43 to PU100). The
melting temperature gradually increases with increasing %HS due to hard segments
being organized into some ordered microdomain structures [53, 58-59]. The apparent
enthalpy at constant pressure can be estimated by the experimental heat flow. In
Table 1, the apparent enthalpy was normalized by weight of HS. The PU with higher
hard segment content exhibits higher enthalpy change. The heat of fusion (∆H) of
phase separated PU with high %HS was reported [39, 49] to be ~ 41-54 J/g HS. Here,
the heat of fusion (∆H) is ~ 34-50 J/g HS.

This can be explained by mobile

restriction. The soft phases are restricted by being attached to adjacent hard segments
when %HS increases. The mobility in the soft phase decreases as the hard segments
increase, accordingly improving ordered parts in hydrogen bonded microphases. The
result reveals the multiple endotherms in polyurethanes [54-56], similar to others [39].
Even though the origin of the multiple endotherm in the microphase separation
remains unclear, it is possible that they result from transitions between two separated
microphases from partially through completely intermixing.

3.3 Thermal Stability

There is no substantial weight loss of PU in thermogravimetric analysis (TGA)
below 300 °C and mostly complete by 400 °C (Figure 4). Apparently, there are two
mechanisms of degradation, with the first weight loss taking place at ~330 – 350 °C
and the second at ~380 – 400 °C. The higher hard segment content polyurethanes
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exhibit greater weight loss during the first degradation (330 – 350 °C), while those
with lower hard segment contents exhibit more rapid and significant weight loss
during the second degradation (380 – 400 °C). This bimodal weight loss mechanism
is consistent with others [57-58] even though poly (urethane urea)s of poly
(tetramethylene oxide) soft segment exhibited slightly lower degradation temperatures
(~ 225 – 350 °C). The mechanism has been proposed that the two processes result
from degradation of the urethane linkages, followed by degradation [59] of the ether
soft segment. Without oxygen, the thermal degradation of PU at high temperature
(>380°C) depends on depolymerization [13] of polyether and the soft segment
degradation can be accelerated with the presence of oxygen [3].

3.4 Phase Separation and Morphology

Images from cross-polarized optical microscope showed that thin films of high
hard segment content polyurethanes (PU43, PU55, PU63 and PU100) exhibited
spherulitic crystal structures (Figure 4 b). The average size of spherulites varied
from 44 nm to 189 nm and increased with increasing hard segment concentration.
The result was consistent with the image acquired from Digital Instruments
Nanoscope IIIA Multimode Atomic Force Microscope using tapping mode. With
various rsp (from 0.90 to 0.75) [60], high hard segment content polyurethane films
(~120 µm thick with an RMS roughness < 0.5 nm) exhibited cylindrical crystalline in
nanoscale structures. The average distance between the two phases in PU63 was ~12
nm (Figure 4 c). Even though these results seem to be consistent with the DSC
result, the multiple endothermic transitions cannot be assumed to be crystalline
melting temperatures yet.
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All polyurethane films (PU0, PU22, PU30, PU35, PU43, PU55 and PU63)
exhibited similar broad spectra in wide angle X-ray diffraction (WAXD) (Figure 5 a)
with the maximum 2θ angle of an amorphous halo at 20°. The WAXD scattering of
crystalline structures is generally unobservable experimentally [26-27, 36] because
the inhomogeneous distribution of hard phases was dominated by amorphous soft
phases. Although generally the top 100 µm [54] of thin film surfaces can be observed
by WAXD experiments, mostly the data can represent structures on bulk rather than
on nanoscale level. Similar to literatures [53], the pure hard segment polyurethane
(PU100) exhibited crystalline scattering patterns. Blackwell and Borne [26-27, 36]
estimated the dimension of the crystalline structure of the pure hard segment PU (~
4.98 x 4.56 x 37.74 Angstroms). With different SS in other WAXD studies [52-54],
the scattering spectra of MDI/BDO -based- hard segment polyurethanes showed
similar patterns, implying that the similarity in the structure of the hard segment
cannot be affected by the difference in the soft segment.

The small angle X-ray scattering (SAXS) can provide both quantitative and
qualitative information on morphology of the two-phase system when the electron
densities [24-25] between two phases are sufficiently different. There is a phase
separation in polyurethanes (PU22, PU30, PU35, PU43, PU55 and PU63) with an
average scattering (q) of 0.5 – 0.65 nm-1 corresponding to interdomain spacing of 13 –
15 nm (Figure 6 a). The result was comparable to Koberstein [39] (the average q ~
0.45 - 0.5 nm-1 with the interdomain spacing ~ 10-14 nm). The interdomain spacing
decreases with increasing the hard segment concentration because the high hard
segment concentration equivalent to the high average hard-segment sequence [27, 49]
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tends to stay close together by hydrogen bonds. In pure soft segment polyurethane
(PU0), there is no significant phase separation.

3.4.1 Hard Segment Length Distribution

The calculated average amount of MDI per hard segment ( MDI / HS ) (in
Table 2) increases with concentration of the hard segment.

Additionally, the

MDI / HS in this study (, where the amorphous PPO soft segment was used) was
higher than the MDI / HS in Koberstein et al. (, where the semicrystalline EO-PPOEO soft segment was used).

Note that at the high hard segment concentration,

polyurethanes with the amorphous hard segment (MDI - methyl propane diol in Saiani
et al [61]) showed much higher MDI / HS than the semicrystalline hard segment
(MDI-BDO in Koberstein et al [34]).

3.4.2 Phase Separation

Phase separation of the hard- and soft- segment in polyurethanes is driven by
solubility parameters between the two microphases. Based on experimental data [6265] the solubility parameter (δ) of PPO (δPPO ~11.5 (cal/ml)1/2) is close to that of
urethane linkages [66] (δPU ~9.3-10.3 (cal/ml)1/2) and PPO can undergo hydrogen
bonding with the urethane linkages.

The phase separation of all PU samples increases with increasing the hard
segment concentration (Figure 10). With low hard segment concentrations (PU22,
PU30 and PU35), the phase separation is slightly increased with the amount of hard
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segments. The phase separation between PU35 and PU43 is significant different due
to an increase in the amount of hard segments (, where Koberstein et al. suggested as
a critical amount of the hard segment).

3.5 Segmental Relaxation and Secondary Dynamics

3.5.1 α-Relaxation at T > Tg

Using dielectric relaxation spectroscopy (DRS), the α-relaxation at
temperatures above Tg of all hard segment composition polyurethanes (PU0, PU22,
PU30, PU35, PU43, PU55 and PU63) exhibits similar characteristics [43, 55-57]
(Figures 5 a and b) attributed to long range motions [18] of conformational changes
in the main chain of soft phases.

The strength ε″ of PU55 (Figure 6 a) drastically decreases compared to that of
PU30 due to better hydrogen bonding in high hard segment PU and motion inhibiting
by anchoring of HS in soft phases that inhibit conformational rotation of the main
chain. The dc conduction (Figure 6 b) exhibits lower values with increasing HS
content because an increase in hydrogen bonded urethanes surrounded by soft phases
attached to HS confines the degree of freedom.

The α relaxation of high hard segment PU55 exhibits segmental motions at
higher frequencies than of PU22 (Table 2). An incorporation of hard phases shifts
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the frequency of relaxation toward a higher value. With increasing %HS, the large
surrounding of neighboring hard segments retards the relaxation.

Hence, the α

process requires more energy and exhibits conformational changes at higher
frequency or temperature with increasing activation energy.

The relaxation strength (∆ε) decreases with increasing wt% HS but exhibits
similar strength with increasing %mol fraction SS, in Figure 7 a. The ∆ε can be used
as an initial tool to roughly estimate the dipole moment. When the concentration of
hard segments increases, the rotation of dipoles attached perpendicularly to the chain
skeleton is restricted by neighboring HS. The relaxation strength becomes lower with
increasing wt% HS. However, the ∆ε exhibits similar values when compared to
different %mol fractions of SS due to the inhomogeneous distribution of HS.

Above Tg, the mobile fraction, χd, is equivalent to the ratio of relaxation
strength (∆ε) to the ∆ε of the pure amorphous sample at the same specific
temperature. Therefore, if ∆εs is the relaxation strength of the considered sample at a
certain temperature and ∆εa is the relaxation strength of the amorphous sample at the
same temperature, the mobile fractions is χd(T) = ∆εs(T) / ∆εa(T).

This initial

estimation of mobile fraction, in Figure 7 b, can help further interpret the boundary of
phases such as the degree of phase mixing. The presence of hard segments reduces
the degree of relaxing amorphous phases because the part of the micro-structure
incorporated with hard segments cannot contribute to the α-relaxation.
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3.5.2 β-relaxation at T < Tg

The β-relaxation below Tg of polyurethane (Figure 8 a) is derived from local
motions of the main chain [15, 36]. Early mechanisms for the β-relaxation proposed
by Schatzki originated from the hindered rotations of methylene repeating units, [–
CH2-]n, of diols in the main chain of amorphous soft phases. These methylene units
(Me-) are co-linear with end-units and, therefore, remain fixed. The Me- units in
crystal hard phases cannot rotate because their structures are in trans-conformation at
0° rotational angle [15] and, consequently, cannot arrange co-linearly with the endunits. However, as proposed by Wetton [68], the β-relaxation corresponds to a small
portion [69] of relaxing ether oxygens in the main chain with an activation energy of
~37 kJ/mol. The apparent activation energy, Ea, calculated from the slope of the
Arrhenius plot in Figure 8 b is ~32.7 kJ/mol for PU22 and 33.5 kJ/mol for PU63.
The difference between Ea of PU22 and that of PU63 is insignificant because the
enormous amounts of Me- units in the amorphous soft-phases render β-relaxation
simply independent of HS content. The β-relaxation of PU63 is slightly shifted
toward higher frequency when the temperature increases so as to have more time to
relax due to high hard segment PU content which retards β-relaxation.

3.5.3 Kramers-Kronig Transform

Considering the KK transform, there is no significant dc conduction in all
polyurethanes with different hard segment concentrations.
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4. Summary

The segmented block polyurethane with eight different hard segment contents
was polymerized by two-step condensation. The hydrogen bonding between N-H and
C=O increases with increasing hard segment concentration. The N-H is hydrogen
bonded to C=O carbonyls as interhydrogen bonding between urethane linkages. The
ability to exhibit better hydrogen bonding of PU with high %HS facilitates a better
degree of phase separation. The Tg of PU increases with HS concentration. The
increasing Tg with %HS is attributed not only to the dissolved HS in soft phases but
also to the attachment between them.

The PU exhibits elevated endothermic

temperatures with increasing %HS, implying that the restricted movement by the HS
attached to soft phases may generate microdomains that require high enthalpy. The
microphase morphology of PU with high HS exhibits crystal structures on a nanoscale
surface in AFM and POM but not in WAXD. The size of spherulite structures in PU
with high HS is in the range of 44-189 nm using POM and increases with increasing
HS concentration.

Only pure hard segment PU100 exhibits crystalline X-ray

diffraction patterns. The distance between two separated microphases ranges from 13
to 15 nm by SAXS and is ~12 nm by tapping mode AFM. Only in pure soft segment
PU0, there is no significant phase separation (based on electron density differences
between the two phases in SAXS). The segmental motion above Tg is derived from
α-relaxation of polyether methylene in amorphous phases.

The conformational

rotation is confined by the ordered, hydrogen-bonded hard phases surrounded by soft
phases with anchoring HS when hard segment concentration increases.

The

secondary motion at T < Tg is attributed to β-relaxation of a few methylene repeating
units and ether-oxygens in the main chain.
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Tables:

Table 1: Transition temperatures and the estimated heat of fusion (∆H) per
gram of the Hard Segment
Table 2: Calculated average MDI per hard segment, degree of phase
separation
Table 3: Fitting parameters by HN, VFT for α-relaxation and dc conduction
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Table 1

Table 1: Transition temperatures and the estimated heat of fusion (∆H) per gram of
the Hard Segment

194
Table 2

Table 2: Calculated average MDI per hard segment ( MDI / HS ), overall degree of
phase separation ( ∆η 2 ' / ∆η 2 )
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Table 3

Table 3: Fitting parameters by HN, VFT for α-relaxation and dc conduction

196
Figure Caption:

Figure 1: The segmented polyurethane block copolymers:
(a) soft segment repeating units yielded from pre-polymerization
(b) hard segment repeating units yielded after chain extension by
butanediols
Figure 2: Number average molecular weight of polyurethanes with hard
segment concentration of 0, 22, 30, 35, 43, 55, 63 and 100 wt%
Figure 3: C=O stretching at 1709 and 1729 cm-1 of polyurethanes with hard
segment concentration of 22, 30, 43, and 55 wt%
Figure 4: Hydrogen bonded N-H at 3320 cm-1 of polyurethanes with different
hard segment concentrations (22, 30, 43, and 55 wt%)
Figure 5: Thermal stability (using TGA) of segmented poly (propylene oxide)based-polyurethane block copolymers
Figure 6: Polarized light optical images (20 x 10) from polarized optical
microscope of segmented polyurethane block copolymers with
different hard segment concentrations (wt %)
(a) PU43, (b) PU55, (c) PU63 and (d) PU100
Figure 7: Wide angle X-ray diffraction data of segmented polyurethane block
copolymers with 0, 22, 35, 43, 55 and 63 wt% hard segment
concentrations
Figure 8: Wide angle X-ray diffraction data of segmented polyurethane block
copolymers with 100 wt% hard segment concentration
Figure 9: Small angle X-ray scattering data of segmented polyurethane block
copolymers with different hard segment concentrations
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Figure 10: Hard segment distribution considered with repeating BDO units at
different hard segment concentrations of poly (propylene oxide)based polyurethanes
Figure 11: Calculated degree of phase separation ( ∆η 2 ' / ∆η 2 ) with wt% hard
segment concentration (from this study in purple dots (SP)
compared with the result from Koberstein et al, 1985 (JK) in pink
dots)
Figure 12: Dielectric relaxation of segmented polyurethane block copolymers
with 22 wt% hard segment concentration
Figure 13: Dielectric relaxation of segmented polyurethane block copolymers
with 22 wt% hard segment concentration
Figure 14: Dielectric relaxation of segmented polyurethane block copolymers
with 30, 35, 43, and 55 wt% hard segment concentration at T = 30
°C
Figure 15: Dielectric relaxation of segmented polyurethane block copolymers
with 30, 35, 43, and 55 wt% hard segment concentration at T = 10°C
Figure 16: dc conduction of segmented polyurethane block copolymers with
all wt% hard segment concentrations at constant ∆T = 20 °C;
(∆T=T–Tg)
Figure 17: The β-relaxation at T < Tg of segmented polyurethane block
copolymers with 22 wt% hard segment concentration
Figure 18: Kramers-Kronig transform of PU22 at T = -40 °C and PU43 at T =
-20 °C (noted that in the plot the eps'', m is a measured ε'' and the
eps'', kk is a KK transformed ε''.)
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Figure 1: The segmented polyurethane block copolymers:

(a) soft segment repeating units yielded from pre-polymerization

(b) hard segment repeating units yielded after chain extension by butane diols
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Figure 2

Figure 2: Number average molecular weight of polyurethanes with hard
segment concentration of 0, 22, 30, 35, 43, 55, 63 and 100 wt%
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Figure 3

Figure 3: C=O stretching at 1709 and 1729 cm-1 of polyurethanes with hard
segment concentration of 22, 30, 43, and 55 wt%
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Figure 4

Figure 4: Hydrogen bonded N-H at 3320 cm-1 of polyurethanes with different
hard segment concentrations (22, 30, 43, and 55 wt%)
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Figure 5

Figure 5: Thermal stability (using TGA) of segmented poly (propylene
oxide)-based-polyurethane block copolymers
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Figure 6

(a)

(b)

(c)

(d)

Figure 6: Polarized light optical images (20 x 10) from polarized optical
microscope of segmented polyurethane block copolymers with
different hard segment concentrations (wt%)
(a) PU43, (b) PU55, (c) PU63 and (d) PU100
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Figure 7

Figure 7: Wide angle X-ray diffraction data of segmented polyurethane block
copolymers with 0, 22, 35, 43, 55 and 63 wt% hard segment concentrations
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Figure 8

Figure 8: Wide angle X-ray diffraction data of segmented polyurethane block
copolymers with 100 wt% hard segment concentration
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Figure 9

Figure 9: Small angle X-ray scattering data of segmented polyurethane block
copolymers with different hard segment concentrations
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Figure 10

Figure 10: Hard segment distribution considered with repeating BDO units at
different hard segment concentrations of poly (propylene oxide)-based
polyurethanes
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Figure 11: Calculated degree of phase separation ( ∆η 2 ' / ∆η 2 ) with wt% hard
segment concentration (from this study in purple dots (SP) compared with the
result from Koberstein et al, 1985 (JK) in pink dots)
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Figure 12

Figure 12: Dielectric relaxation of segmented polyurethane block copolymers
with 22 wt% hard segment concentration
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Figure 13

Figure 13: Dielectric relaxation of segmented polyurethane block copolymers
with 22 wt% hard segment concentration
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Figure 14

Figure 14: Dielectric relaxation of segmented polyurethane block copolymers
with 30, 35, 43, and 55 wt% hard segment concentration at T = 30 °C
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Figure 15

Figure 15: Dielectric relaxation of segmented polyurethane block copolymers
with 30, 35, 43, and 55 wt% hard segment concentration at T = -10 °C
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Figure 16
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Figure 16: dc conduction of segmented polyurethane block copolymers with
all wt% hard segment concentrations at constant ∆T = 20 °C; (∆T = T – Tg)
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Figure 17

Figure 17: The β-relaxation at T < Tg of segmented polyurethane block
copolymers with 22 wt% hard segment concentration
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Figure 18
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Figure 18: Kramers-Kronig transform of PU22 at T = -40 °C and PU43 at T =
-20 °C (noted that in the plot the eps'', m is a measured ε'' and the eps'', kk is a
KK transformed ε''.)

