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ABSTRACT: Small-angle X-ray scattering (SAXS) and differential scattering calorime-
try (DSC) were used to demonstrate distinct differences in domain size, phase separa-
tion, and hydrogen bonding in a series of segmented urethaneurea elastomers prepared
from isocyanate-terminated prepolymers and aromatic diamine chain extenders. Two
types of prepolymers were studied. The first contained a broadly polydisperse high
molecular mass oligomer with relatively high levels of free isocyanate monomer. The
second type of prepolymer contained low levels of high molecular mass oligomers with
mass fractions greater than 90% of the two-to-one adduct of toluene diisocyanate (TDI)
to polytetramethylene glycol (PTMEG). The mass fraction of the residual unreacted
diisocyanate was less than 0.1% in the second type. Two chain extenders, 4,49-methyl-
ene bis-(2-chloroaniline)(Mboca) and 4,49-methylene bis-(3-chloro-2,6-diethylaniline)
(MCDEA), were used to convert the prepolymers to poly(urethaneurea) elastomers.
Materials prepared from the prepolymers with low oligomer polydispersity exhibited
smaller hard segment domains with more ordered morphology, greater phase separa-
tion, and more hydrogen bonding than those prepared from prepolymers with high
oligomer polydispersity. These tendencies were enhanced in those elastomers prepared
by chain extension with MCDEA compared to those made with Mboca. © 1999 John Wiley
& Sons, Inc. J Polym Sci B: Polym Phys 37: 2586–2600, 1999
Keywords: small-angle scattering; differential scanning calorimetry; microstructure;
urethaneurea; elastomer
INTRODUCTION

The term polyurethane elastomer is commonly
used to describe both poly(urethaneurea) and
polyurethane elastomers because they share
many physical and mechanical characteristics.1

The properties of polyurethane elastomers de-
pend on the phase separated block structure cre-
ated by the rubbery soft blocks and the glassy
hard blocks. The soft block is generally composed
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of urethane segments derived from polyether or
polyester diols ranging in molecular mass from
500 g/mol to 5000 g/mol, while the hard block is
usually composed of the reaction products of di-
isocyanates with a chain extender or crosslinker.
In poly(urethaneurea) elastomers, the chain ex-
tender is usually an aromatic diamine, while a
low molecular mass diol is utilized in polyure-
thane elastomers. In thermoset polyurethane or
poly(urethaneurea) elastomers, the hard domain
often contains chemical crosslinks from allopho-
nate or biuret formation as well as so-called phys-
ical crosslinks derived from phase separation, hy-
drogen bonding, and/or crystallinity.
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This study attempted to determine whether
morphological characteristics extracted from
SAXS and DSC experiments could be correlated
with reported improvements in physical and me-
chanical properties of polyurethane elastomers2,3

prepared from a relatively new class of prepoly-
mers.4

Thermoset polyurethane elastomers are often
prepared in a two-step process. First, a prepoly-
mer is formed by the reaction of the high molec-
ular mass diol with the diisocyanate to form an
isocyanate-terminated polyurethane prepolymer.
In the second step, the prepolymer in the molten
state is mixed with a diamine or diol for chain
extension and crosslinking.

The conventional synthesis of the prepolymer
involves adding a stoichiometric excess (usually
2:1) of diisocyanate to polyol. The desired product
is the 2:1 adduct of isocyanate to the polyol. How-
ever, this 2:1 ratio of isocyanate to polyol results
in the formation of a statistical distribution of
isocyanate functional species, which includes
high molecular mass oligomers where the diiso-
cyanate reacts with two polyols. Significant resid-
ual diisocyanate monomer remains when reaction
is complete. Because of the high molecular mass
oligomers, the prepolymers are quite viscous and,
for practical commercial handling and processing,
the residual diisocyanate monomer is left in the
prepolymer as a reactive diluent to lower the vis-
cosity. Unfortunately, this is not desirable from
the viewpoint of end user health and safety be-
cause exposure to diisocyanate monomer can re-
sult in respiratory sensitization. The prepolymers
prepared by this method will be referred to as
statistical prepolymers.

The present process uses a large excess of the
diisocyanate to control the formation of high mo-
lecular mass oligomer; therefore, the residual
monomer is no longer needed to reduce viscosity
and can be distilled off to a mass fraction of less
than 0.1% (Fig. 1).4 The prepolymer resulting
from this process has lower polydispersity as well
as a reduced potential for hazard during handling
because of the reduced concentration of diisocya-
nate monomer. These are described as “regular”
prepolymers in later sections of this paper.

Improvements in the physical and mechanical
properties of elastomers chain extended with 4,49-
methylene bis-(2-chloroaniline) (Mboca) have
been reported2,3 when using this method to con-
trol the molecular mass distribution of TDI ter-
minated prepolymers. It is suspected that differ-
ences in the morphology of the elastomers due to
the more regular structure of the prepolymer are
a likely cause of the improved properties. The use
of 4,49-methylene bis-(3-chloro-2,6-diethylaniline)
(MCDEA) as a chain extender was shown to re-
sult in further improvements in physical and me-
chanical properties in these types of elastomers.
The properties were further optimized by use of
an extended cure time and higher cure tempera-
ture.5

There has been a great deal of work examining
the morphology of both thermoplastic and ther-
moset polyurethane elastomers.6 Koberstein and
co-workers7–9 investigated domain size and the
diffuse boundary thickness of crosslinked poly-
urethanes using small-angle X-ray scattering
(SAXS). More recently, Koberstein et al.10–13 in-
vestigated the kinetics and thermodynamics of
crystallization and phase separation using differ-
ential scanning calorimetry (DSC) in addition to
SAXS. The effects of variations in soft or hard
segment length and type14–20 and differences in
diisocyanates21–24 on the morphology of polyure-
thanes have been investigated using a variety of
techniques including SAXS, DSC, dynamic me-
chanical thermal analysis (DMTA), wide-angle X-
ray diffraction (WAXD), Fourier transform infra-
red spectroscopy (FTIR), and tensile testing.

The present study compared prepolymers pro-
duced with a broad oligomer polydispersity and
those produced with controlled, narrow oligomer
polydispersity to determine if differences in ten-
sile, compression, and thermal properties were
correlated with differences in morphology. The
prepolymers were made from polytetramethylene
glycol (PTMEG) and TDI (pure 2,4 TDI and iso-

Figure 1. Prepolymer synthesis to produce a regular
prepolymer (R) and a statistical prepolymer (S). The
excess isocyanate of the regular prepolymer is distilled
off to less than 0.1% free monomer.
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mer mixture of 2,4/2,6 TDI) with Mboca and
MCDEA as chain extenders. Differences in the
interdomain spacing, size of the phases, volume
fraction of the phases, and sharpness and amount
of interphase were characterized by SAXS. DSC
analysis was used to determine the thermal prop-
erties of the elastomers, the purity of the phases,
the volume fraction of each phase and differences
in the hydrogen bonding of the hard domain.

SAXS DATA TREATMENT

SAXS provides quantitative and qualitative infor-
mation on the morphology of a two-phase system
when the domain sizes are on the order of nano-
meters and the electron densities of the two
phases differ sufficiently.25–30 Under the assump-
tion of a lamellar microstructure, and given the
limited q range of the measurements, the graph-
ical correlation function approach pioneered by
Strobl and Schneider30 was chosen to analyze the
SAXS data presented here.

The method relies on applying a numerical
Fourier transform to the scattering data to pro-
duce the function

g~r! 5
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`

q2IL~q!cos~qr! dq
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`

q2IL~q! dq

(1)

Figure 2. Schematic representation of parameters
extracted from correlation function analysis.
where the notation IL(q) specifically refers to the
scattered intensity arising from the lamellar mi-
crostructure. This must be separated from the
total observed scattering (i.e.,

Iobs~q! 5 IL~q! 1 Ibkg~q! (2)

where “obs” designates the experimental func-
tion, L designates the lamellar scattering, and
“bkg” stands for “background.” In the present
work, the background contribution is assumed to
be a constant, independent of q, arising from liq-
uid-like density fluctuations. The method used to
estimate the background contribution is de-
scribed below. The scattering vector, q, is defined
as

q 5
4p sin u

l
(3)

where u is one half of the scattering angle and l is
the wavelength of the radiation. With reference to
Figure 2, the function g(r) can be interpreted as
the average degree of contrast between the scat-
tering length densities at two ends of a rod of
length r where the average is taken over all pos-
sible starting points for the rod within the volume
of the material (Fig. 3). For small values of r, it is
most likely that the two ends of the rod are in the
same environment, hence the value of 1 for g(0).
The likelihood that the two ends of the rod are in
contrasting environments increases as r in-
creases, which drives g(r) toward negative values.
In quasi-periodic microstructures like the ones

Figure 3. Lamellar structure: L is the interdomain
spacing, H is the hard segment thickness, and A is the
soft segment thickness. If all of the hard segments were
organized ideally, the left side of the diagram would
model the lamellae. Real systems with phase mixing
more nearly resemble the right side.
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Figure 4. Plots of I(q) q2 vs. q for determination of the interlamellar Bragg spacing.
Error bars (see text) for the data in these plots are approximately the size of the labels
for the data points.
being considered here, the degree of similarity
increases again as r becomes comparable to the
spacing between similar elements. As r becomes
very large the correlation between the contrast at
the ends of the rod vanishes, which leads to a
limiting value of zero for g(r).

In order to carry out the integration in eq. (1),
one must recall that the experimental data are
necessarily truncated by the beam stop at low
scattering angles and by the boundary of the de-
tector’s image area at high angles. Extrapolation
functions must be provided for the data in the low
q and high q ranges in order to avoid truncation
effects when carrying out the integration.

The estimate for the background contribution
used in this work uses the procedure of Bonart
and Miller,32 in which the slope of q4Iobs(q) plotted
vs. q4 at large q is measured as an estimator for
Ibkg, which is treated as a constant.

Once this constant background is accounted
for, Porod’s Law,31,32

Lim
q3`

IL~q! 5
Kp

q4 (4)

is used as an extrapolating function to extend the
data to high q. The extrapolating function for low
q is 2(Rg/q)2, which is to be interpreted as a
strictly empirical function with no significance
ascribed to the parameter values.
The correlation function analysis therefore
consists of four parts: (1) estimating the back-
ground contributions, (2) determining proper ex-
trapolating functions for the lamellar scattering,
(3) integrating over the lamellar component of the
scattering, and (4) graphically assigning values to
the characteristic features of the resulting corre-
lation function. An example is shown in Figure 2.

The experience of other workers33–36 in apply-
ing this method to similar data demonstrates that
the parameters extracted in this way are suitable
for interpreting differences between related ma-
terials. There are, however, no standard methods
for assessing either the precision or the accuracy
of the extracted values.

The procedures used to extract the parameters
used in the discussion of the SAXS results dis-
cussed later in this paper are as follows. In anal-
ogy with Bragg’s law the interdomain spacing,
sometimes called the “long period” (L in Fig. 3), is
obtained from

L1 5 2p/qmax, (5)

where qmax denotes the value of q at the peak of
the I(q)q2 vs. q plot (Fig. 4). With reference to the
example correlation function plot in Figure 2, L2
denotes the position of the first peak maximum
following the minimum in the correlation function
and represents another estimator for the long



2590 MUSSELMAN ET AL.
Figure 5. Porod law behavior for selected datasets. See text for description of mean-
ing of error bars.
period. The value of r at the first zero (r0) in g(r)
is defined to be H(1-Vh), where H is the thickness
of the hard domain and Vh is the volume fraction
of hard domains. H is the length of the base of the
right triangle whose hypotenuse passes through g
5 1 and g 5 0 and whose base line is tangent to
the g(r) curve at its minimum. The significance of
the curvature in g(r) in the range 0 , r , H(1-Vh)
remains unclear at this time. Combining the re-
sults for r0 and H yields Vh 5 1- (r0/H). The soft
domain thickness is H-L2. Finally, Kp is obtained
by inspecting the Porod plot for each data set to
locate its high q asymptote (an example is shown
in Fig. 5).
EXPERIMENTAL

Prepolymer Synthesis

Altogether 12 different kinds of polyurethanes
were prepared. The reagents and curing condi-
tions are summarized in Table I.

Four prepolymers were synthesized. Commer-
cial 2,4 TDI, 80/20 2,4/2,6 TDI isomer mixtures
(Olin37) and 2,4/2,6 TDI isomer mixtures (APCI)
were used with PTMEG 1000 molecular mass
polyol (Dupont Terathanes). The degassed polyol
was added to the TDI in a reactor.

Two of the prepolymers used a TDI to polyol
ratio of 2:1 to produce a statistical prepolymer (S)
Table I. Specimen Preparation Conditions

Prepolymer
Ratio of

2,4/2,6 TDI
Mboca

(100°C, 16 h)
MCDEA

(100°C, 16 h)
MCDEA

(130°C, 48 h)

Statistical 80/20 SM1 SM2 SM3
Statistical 100/0 SP1 SP2 SP3
Regular 80/20 RM1 RM2 RM3
Regular 100/0 RP1 RP2 RP3
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Figure 6. Molecular structures of curatives Mboca and MCDEA.
containing mass fractions of approximately 60%
high molecular mass oligomers and 2–3% resid-
ual isocyanate. Pure 2,4 TDI was used to produce
one S prepolymer (S(2,4)) while an 80/20 TDI
isomer mixture was used for the other (S(2,4/
2,6)). The other two prepolymers were synthe-
sized with an excess TDI to polyol ratio of 8:1 to
produce a more regular (R) prepolymer contain-
ing less than 10% high molecular mass oligomer.
The residual isocyanate monomer was removed
by a wiped film distillation technique4 to a mass
fraction of less than 0.1%. One R prepolymer con-
tained pure 2,4 TDI (R(2,4)) while the other was
made with a TDI isomer mixture which, after
reaction and distillation, results in an 80/20 2,4/
2,6 TDI incorporation into the prepolymer (R(2,4/
2,6)).4 The chemical differences between these
species are depicted schematically in Figure 1.

Elastomer Preparation

Twelve elastomers were prepared from the four
prepolymers using hand-casting techniques. Two
different curatives or chain extenders were used,
4,49-methylene bis-(2-chloroaniline) (Mboca) and
4,49-methylene bis-(3-chloro-2,6-diethylaniline
(MCDEA) (see Fig. 6). An additional set of four
MCDEA cured elastomers was subjected to a
longer curing time.

The prepolymers were stored at all times under
a dry nitrogen blanket. The prepolymer was
heated to 70°C and degassed under vacuum. The
nitrogen was reapplied and the prepolymer re-
heated to 70°C. Prepolymer S(2,4/2,6) was heated
to 90°C for processing with Mboca due to prob-
lems with crystallization of the Mboca with the
residual 2,6 TDI. For processing the curatives
(chain extenders) in the melt, the solid Mboca was
heated to 120°C and the MCDEA was heated to
100°C. The prepolymer was present in 5% stoichi-
ometric excess in order to allow formation of a
mole fraction of 5% biuret for chemical crosslink-
ing. After mixing well with a spatula, the formu-
lation was again degassed under vacuum. The
formulations were poured into heated (30 3 30
3 0.16) cm and (10 3 10 3 1.3) cm glass molds
with steel spacers. The molds and spacers were
sprayed with a silicone-based mold release
(George Mann Formulated Products). For the
Mboca formulations and one set of the MCDEA
formulations, the molds were at 100°C and the
elastomers were cured for 16 h at 100°C. For the
other set of MCDEA formulations, the molds were
at 130°C and cured for 48 h at 130°C.

The resulting Mboca cured elastomers contain
mass fractions of 39% TDI-Mboca-TDI triad hard
segments and 61% PTMEG soft segments. The
MCDEA elastomers contain mass fractions of
43% TDI-MCDEA-TDI triad hard segments and
57% soft segment.

Physical Characterization

All elastomers were aged 2 weeks at 23°C and
50% relative humidity before testing. Tensile
testing following ASTM D412-9237 utilized an In-
stron model 1122 mechanical tester. An XL exten-
someter was used with a 2.5-cm gage, and Instron
grip to grip distance was 6.35 cm. Dumbbell-
shaped samples were pressed from the 0.16-cm
thick castings using Die C. Samples were tested
at a crosshead speed of 51 cm/min. Hardness was
measured following ASTM D224037 using Shore
Durometers type D on 1.3-cm thick samples.
Compression set was measured following ASTM
D395 Method B.38 Cylinders with a 2.5-cm diam-
eter were cut from the 1.3-cm casting and then
compressed 25% for 22 h at 70°C. The samples
were allowed to recover for 0.5 h and the percent
of compression that did not recover was reported.
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DSC

Differential scanning calorimetry (DSC) was run
on a TA Instruments MDSC 2929 with Thermal
Analyst 3200 Software for data analysis. The
samples were cooled below 2130°C with liquid
nitrogen and ramped 10°C/min to 250°C for
Mboca samples and 300°C for the MCDEA sam-
ples. For modulated testing, the modulation was
6 1°C/min and the ramp rate was 5°C/min.

SAXS

The data for this study were collected using the
NIST Digital SAXS Camera, which is an adapta-
tion of the camera built by Hendricks at Oak
Ridge National laboratory.39 It uses a multiwire
gas proportional area detector to capture a two-
dimensional image of the SAXS pattern. The X-
rays are monochromatic Cu Ka (l 5 0.154 nm)
radiation from a graphite monochromator at-
tached to a 12 kW rotating anode X-ray generator.
Pinhole collimation provides a beam divergence of
approximately 1 mrad. The collimation and detec-
tor paths are evacuated, with Kapton windows for
the specimen chamber. The specimen to detector
distance for these experiments was chosen to be
approximately 3 m, yielding scattering vectors in
the range 0.1 , q , 2.5 nm21.

Computer controls provide data collection in a
batch mode according to a user-specified experi-
mental design. Samples for three of the 12 prep-
aration conditions were replicated to check the
repeatability of the SAXS measurements, giving a
total of 15 samples. The experimental design used
to collect the SAXS data used here comprised four
series, each consisting of data collection steps
from the 15 elastomer samples, an empty beam,
and a secondary standard sample. Data from the
four series were pooled for each specimen. This
procedure helps to average out the effects of in-
strumental drifts, thus facilitating comparisons of
data on all specimens in the series.

The transmission coefficients of the specimens
were measured directly by strongly attenuating
the X-ray beam, moving the primary beam away
from the beam stop, and determining the ratio
between the intensity of the direct beam with a
specimen in place to the intensity measured with
no specimen in the beam.

The measured values of the transmission coef-
ficients were then used to correct for the contri-
butions from the unscattered primary beam and
the detector dark current. Scattering data from
the secondary standard, the transmission coeffi-
cients, and the measured sample thickness were
then combined to scale the data to absolute inten-
sity units.

It was observed that all specimens in these
experiments scattered isotropically, so that all of
the available information from the scattering ex-
periment can be summarized by carrying out a
circular average over the detector image using an
appropriate value for the beam center.

RESULTS

The samples of poly(urethaneurea) prepared
above were subjected to both basic physical and
mechanical studies, as well as the more intensive
DSC and SAXS studies. Because the differences
between the elastomers prepared with pure 2,4
TDI and those prepared with the 2,4/2,6 isomer
mixture were generally minor the discussion of
the scattering data focuses on the elastomers pre-
pared with the 2,4/2,6 TDI mixtures.

Mechanical Properties

The results from tests on the mechanical proper-
ties are shown in Table II. The standard devia-
tions given in the last row of the table are derived
using the procedures specified in the respective
ASTM methods. The Shore D hardness of the
MCDEA elastomers is about 6–7 points harder
than that of the Mboca elastomers. The rebound
is higher for the MCDEA elastomer series com-
pared to the Mboca series. The R prepolymer elas-
tomers exhibit a small increase in rebound com-
pared to the elastomers from the S prepolymers,
this difference being more prominent for the
Mboca elastomers.

The compression set shows the ability of the
elastomer to recover after being compressed at
high temperature. The lower the value the better
the recovery or elasticity of the elastomer. The
Mboca elastomer series has lower compression set
than the MCDEA elastomer series. For the MC-
DEA elastomers, the increased cure time and
temperature show an improvement in compres-
sion set.

The tensile “modulus” (stress at particular
strain) values for the elastomers from the R pre-
polymers are higher than those of the elastomers
from the S prepolymers. The MCDEA elastomer
series has higher tensile modulus than the Mboca
cured elastomers.
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Table II. Summary of Results from Physical Testing

ID (Table I)
Hardness
Shore D

Compression
Set
(%)

100%
Modulus

(MPa)

300%
Modulus

(MPa)

Ultimate
Tensile
(MPa)

Tensile
Elongation

(%)

Bashore
Rebound

(%)

SM1 50 24 14 28 43 371 49
SP1 51 28 14 31 46 356 48
RM1 51 26 16 35 45 337 53
RP1 53 31 15 35 51 353 51
SM2 57 41 15 38 53 362 57
SP2 57 39 17 38 48 347 57
RM2 58 37 18 53 66 337 58
RP2 59 40 18 53 65 332 58
SM3 57 29 16 41 74 408 57
SP3 57 30 17 38 60 380 58
RM3 57 34 17 44 66 375 58
RP3 58 37 17 41 67 394 58
SD (see text) 2 2 0.1 0.8 1.2 4.4 1
DSC

The DSC data displayed in Table III shows that
the glass-transition temperatures (Tg) of all of the
Mboca cured elastomer series are the same at
about 255°C. For the MCDEA elastomer series
there was also no effect from the variation in the
prepolymer, with the Tg averaging 265°C. Also,
the additional cure at high temperatures did not
affect the Tg for the MCDEA elastomers. The
consistency of the Tg within a curative series in-
dicates that the percent of phase separation is the
same for all the elastomers within each curative
series.

The Tg for the MCDEA cured elastomers was
consistently 10°C lower than the Mboca cured
elastomers (Fig. 7). A shift in glass-transition
temperature is indicative of differences in the
phase mixing. The greater the amount of hard
segment dissolved in the soft domains the higher
the expected glass-transition temperature of the
soft domains. Since the composition of the soft
segment is very similar to that of the Mboca elas-
Table III. Summary of DSC Results—Thermal Property and Heat of Dissociation
(Hd)a

Sample ID
(Table I)

Hd

(J/g Elastomer)b
Hd (kJ/mol Hard

Segment)c
Tg Soft Segment

(°C)

SM1 11 17 255
SP1 13 21 257
RM1 30 47 255
RP1 31 49 258
SM2 9 15 263
SP2 17 29 268
RM2 25 42 267
RP2 35 59 264
SM3 16 27 264
SP3 20 34 265
RM3 34 57 265
RP3 36 61 262

a Non-NIST data, uncertainties not specified.
b Heat of dissociation for the entire mass.
c Heat of dissociation based on mass fraction of hard segment in elastomer.
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Figure 7. DSC scans of representative Mboca and MCDEA elastomers showing a
10°C difference in soft phase low temperature Tg (see Table III).
tomers, the lower Tg indicates that the purity of
the soft segment is greater for the MCDEA sys-
tems.

When comparing samples in the high temper-
ature region (Fig. 8), it can be seen that the heat
of dissociation for the R prepolymers is two to
three times greater than the S prepolymers for
both the Mboca and the MCDEA elastomers. The
heats of dissociation in Table III are corrected for
the percent of hard segment in the elastomer to
Figure 8. (A) Comparison of the heat of dissociation of an elastomer from a S
prepolymer to a R prepolymer cured with Mboca. (B) Cured with MCDEA for 16 h. The
energy of dissociation is much larger for regular systems than statistical. The dissoci-
ation for MCDEA cured elastomers occurs about 30°C higher than for Mboca cured
elastomers (see Table III).
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Figure 9. Comparison of the Mboca cured elastomer to MCDEA elastomer heat of
dissociation and hard segment Tg. For Mboca cured elastomers, there is a drop in
baseline suggesting Tg of hard segment occurs in same temperature range as dissoci-
ation, while for MCDEA cured elastomers, the baseline is level and a transition occurs
immediately after the dissociation followed by degradation of the elastomer (see Table
III).
determine the energy per mol of hard segment.
The temperature of dissociation for the MCDEA
elastomers is about 240°C compared to 210°C for
the Mboca elastomers.

The glass-transition temperature for the hard
domain was difficult to determine. For the Mboca
elastomer series, it appears to be occurring in the
same temperature range as the dissociation of the
hydrogen bonding. The baseline is lower after the
dissociation. For the MCDEA elastomer series,
there appears to be a glass transition immedi-
ately following the dissociation. The baseline be-
fore and after the dissociation is constant (Fig. 9).
When the elastomers are heated through the re-
gion, quenched, and then reheated there is a
small glass transition occurring at 210°C for
Mboca cured elastomers and one at 260°C for
MCDEA cured elastomers. When running modu-
lated DSC on these samples, there is a reversible
and nonreversible transition in these tempera-
ture ranges (Fig. 10), interpreted as a nonrevers-
ible dissociation of the hydrogen bonding and a
reversible glass-transition temperature.

Quantitatively, the mass fraction of hard seg-
ment mixed in the soft domains can be approxi-
mated by application of the Fox equation,40

1
Tg

5
w1

Tg1
1

w2

Tg2
(6)
where w1 is the mass fraction of the soft segment
and w2 is the mass fraction hard segment in the
soft domains and w1 1 w2 5 1. The Tg of pure
PTMEG is approximately 285°C. The transition
temperature is increased about 10°C because the
chains are anchored at each end,41 so that the
glass-transition temperature for a pure PTMEG
soft domain would be 275°C.18

The density of all of the polyurethanes studied
was approximately 1.10 7 .002 g/cm3. As a zeroth
approximation in the following, the densities of
both the hard domains and the soft domains will
be considered equal, even though the hard do-
mains actually have slightly higher densities. The
mass fraction of the hard segment in the soft
domains was calculated using the DSC values for
the average glass-transition temperatures for the
hard and soft domains. For the Mboca cured elas-
tomer, w1 5 0.85. If the total mass of the material
is divided into 100 parts then it can be assumed
that 61 of those parts consist of PTMEG in the
soft domains. However, this accounts for only 85%
of the mass of the soft segments. The soft segment
must therefore comprise 72 parts of the total (61/
0.85). This means that 28 parts are pure hard
segment (TDI/Mboca). The 11 parts not yet ac-
counted for can be assigned to hard segment (TDI/
Mboca) monomers dissolved in the soft domains.
This is consistent with the value of 0.15 for w2.
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Figure 10. Modulated DSC scan of R(2,4/2,6) Mboca showing the reversible hard
segment Tg and the nonreversible dissociation of the hydrogen bonding. The composite
DSC scan is shown in Figure 9.
The mass fraction hard domains (Vh) for the
Mboca cured elastomers is therefore about 0.28.
Following the same procedure for the MCDEA
cured elastomers, for which w1 5 0.92, yields a
value of 0.38 for Vh, with five parts of the hard
segment dissolved in the soft domain.

SAXS

The important features of the SAXS data are
shown in Figures 4 and 5. The distinctions be-
tween the R and S samples as well as the distinc-
tions between treatments for the two series are
evident. The data from the q2I(q) sets were con-
verted into correlation functions using a program
supplied by Dr. Richard Goddard. The error bars
shown in the plots presented here are twice the
standard deviations of the mean intensity values
as computed for each value of q in the circular
averaging process used to reduce the area detec-
tor data to tables of I(q). For Figure 4, the relative
error bars amount to less than 2% of the plotted
value, so that their size is comparable to that of
the plotting symbols for large values of q. In Fig-
ure 5, the error bars at large values of q are
amplified by the factor of q4 used to generate the
transformation for viewing the Porod law behav-
ior. The data in Figure 5 suggest that these sys-
tems obey Porod’s law in an approximate sense.
However, data is needed at larger values of q in
order to assess departures from ideal Porod Law
behavior.
A representative sample of the correlation
functions derived from the data is shown in Fig-
ure 11. Table IV summarizes the morphology data
derived from all of the SAXS and DSC experi-
ments. The values in this table should be viewed
as comparative estimates only. There are cur-
rently no standard methods for deriving confi-
dence intervals for these parameters based on the
noise in the experimental data. The analysis of
data from replicate specimens for selected prepa-
rations show that the estimates are repeatable to
within 5% of the mean for identically prepared
samples within this series of data collection runs.
Standard samples that might be used to judge the
accuracy of distance estimates derived from cor-
relation function analyses do not exist at this
time.

The values for L1 range from 7.6 nm to 4.5 nm.
Within a curative set, the elastomers from the R
prepolymers have a smaller value of L than the
elastomers from the S prepolymers. The MCDEA
cured elastomers have a smaller value of L than
the Mboca cured elastomers from the same pre-
polymer. Additional annealing of the MCDEA
elastomers appeared to have little effect on L. The
long period estimators L1 and L2 show similar
trends and their values are in excellent agree-
ment, except in the case of specimen 1A. The
breadth and the skewed character of the scatter-
ing peak for this sample suggest considerable ran-
domness in the microstructure of this material.
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Figure 11. One-dimensional correlation functions for selected poly(urethaneurea)
samples.
The hard domain thickness (H) can be deter-
mined from the one-dimensional correlation func-
tion or from the Vh determined by DSC and the
H(1-Vh) value from the correlation function. The
values for H using either determination show
that hard domain lamellae are thinner for elas-
Table IV. Morphology Data-SAXS and DSC Derived

Sample ID
(Table I)

Interdomain Spacing-
L (nm) H (nm)

A
(nm)d

Vh

KpBragga 1-D C.F.b SAXSb DSCc DSCe SAXSf

SM1 7.6 9.2 1.78 1.94 7.42 0.28 0.22 0.86
SP1 6.8 7.0 1.72 1.87 5.28 0.28 0.23 0.93
RM1 5.1 5.0 1.61 1.69 3.39 0.28 0.25 1.11
RP1 5.2 5.2 1.64 1.69 3.56 0.28 0.27 1.01
SM2 5.3 5.2 1.47 1.84 3.73 0.38 0.24 1.02
SP2 5.2 4.9 1.38 1.69 3.52 0.38 0.25 0.98
RM2 4.5 4.5 1.22 1.51 3.28 0.38 0.25 1.51
RP2 4.5 4.5 1.28 1.59 3.22 0.38 0.24 1.35
SM3 5.2 5.7 1.31 1.67 4.39 0.38 0.22 0.77
SP3 5.1 5.2 1.30 1.64 3.90 0.38 0.24 1.02
RM3 4.5 4.5 1.19 1.47 3.31 0.38 0.24 1.39
RP3 4.5 4.5 1.18 1.49 3.32 0.38 0.23 1.25

a Iq
2 vs. q plot.

b 1-d correlation function.
c Correlation function modified by DSC-Vh (DSC) and H(1-Vh) (SAXS).
d A 5 L 2 H from correlation function.
e DSC/Fox equation.
f Correlation function—H(1 2 Vh) and H.
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tomers from the R prepolymers as compared with
those from the S prepolymers. The MCDEA cured
elastomers have even smaller hard segment
thickness than Mboca cured elastomers and the
longer cure at higher temperature leads to an
even smaller hard segment thickness. Since the
soft segment domain thickness, A, is obtained by
subtracting H from L the values follow the same
trend as H and L where the R elastomers cured
with MCDEA have the smallest soft segment
thickness.

The Vh was determined from the one-dimen-
sional correlation function and also from DSC by
application of the Fox equation. The SAXS and
DSC show a similar pattern, where the Vh is
relatively constant within each curative set. The
Vh for the MCDEA cured elastomers is, however,
significantly lower for SAXS derived values than
for the DSC values.

DISCUSSION

The data consistently show a difference between
elastomers from the S prepolymers and the R
prepolymers as well as differences between the
MCDEA and Mboca chain extenders. The moduli
and tensile strengths are higher for the R elas-
tomers and the MCDEA cured elastomers. The
DSC shows larger heats of dissociation for the R
elastomers compared to the S elastomers. The
MCDEA cured elastomers show lower soft seg-
ment Tg and higher dissociation temperatures for
the hard segments than the Mboca cured elas-
tomers. The SAXS data show the R elastomers to
have smaller but better organized phase domains
than the S elastomer.

When comparing the plots of I(q)q2 vs. q (Fig. 4)
the qmax values are larger (smaller L1), the peak
is much narrower, and the shape is more symmet-
rical for the elastomers from the R prepolymers as
compared to elastomers from the S prepolymers
within all cure conditions. Curing with MCDEA
rather than with Mboca makes the peak shape
even more symmetrical. These features suggest
that domains are more ordered for the elastomers
from the R prepolymers compared to the elas-
tomers from the S prepolymers and that curing
with MCDEA allows for even more regular, better
ordered domains.

Figure 12 illustrates the positions of the hard
and soft segments, and the sites for hydrogen
bonding between the N–H moieties and the oxy-
gens. A likely interpretation is that the more or-
dered elastomers from the R prepolymers have
more sites for the hard segments to align, creat-
ing improved sites for hydrogen bonding. When
there are higher molecular mass oligomers there
are fewer locations for hydrogen bonding. The
heat of dissociation is related to the hydrogen
bonding between adjacent hard segments. The
bond dissociation energy for a hydrogen bond is
about 21 kJ/mol. The heat of dissociation for the S
systems corresponds to about one hydrogen bond
per mole of hard segment while the R systems
have two to three hydrogen bonds per mole of
hard segment. This increase in hydrogen bonding
is presumably related to the increased order of
the R- based materials. Thus, the DSC data show
that elastomers from the R prepolymer have the
same quantitative level of phase separation as the
S elastomers but have better order, presumably
due to more sites for hydrogen bonding. Similarly,
the MCDEA elastomers have better phase sepa-
ration than the Mboca elastomers.

A result of the better organization of the hard
segment and the increased hydrogen bonding is
the higher modulus of the elastomers from the R
prepolymers as shown in Table II. The even better
organization or regularity of the hard domains for
the MCDEA cured elastomers results in elas-
tomers with even higher modulus. The differences
in tensile modulus between the R prepolymers
and the S prepolymers cured with MCDEA ap-
pear to be less significant than for curing with
Mboca. The difference between the interdomain
spacings for the S and R prepolymers cured with
Mboca is much larger and its effects are more
obvious in the tensile modulus behavior.

Figure 12. Model of alignment of hard segment to
allow hydrogen bonding. In elastomers with a large
percentage of high molecular weight oligomers, there
are more hard segments without curative and the
amount of hydrogen bonding is significantly decreased.
When both X and Y are found in the hard segment,
hydrogen bonding can occur.
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The limiting power law behavior of the scattering
data provides important insights into the character
of the interfacial region. Porod’s law predicts that
the product of I(q)q4 reaches a constant, Kp, as q3
` for sharp boundaries in a two-phase material.
When the data are plotted as in Figure 5, a positive
slope in the high q region can be attributed to liq-
uid-like scattering from the disordered material or
phase mixing of the hard/soft segments. A negative
slope indicates diffuseness in the boundaries be-
tween phases.8,17,28,29,33–36 The plots in Figure 5 do
not extend to large enough values of q to permit an
estimate of either interfacial thickness or phase
mixing based on deviations from Porod’s Law. The
values of Kp in Table IV are therefore to be taken as
relative estimates only.

Tyagi et al.34 and Ophir and Wilkes17 state
that comparisons of interfacial characteristics are
most meaningful between materials of similar
composition. In this case, within each curative
set, the materials are the same, the only differ-
ence being the organization of prepolymer. The
constant is related to the surface area to volume
ratios of the microdomains.9 Since the volume
fraction of each phase is relatively constant as
seen in DSC and SAXS data, differences in Kp
must be attributed to differences in the surface
area. The data for Kp as shown in Table IV show
that elastomers from the R prepolymers have
higher Kp values and therefore must have greater
interfacial area. Since the sizes of the domains
are smaller for the R elastomers, the greater in-
terfacial area indicates that there may be more of
the smaller domains. Figure 5 suggests a diminu-
tion of the interfacial specific surface area on an-
nealing of the MCDEA cured materials.

CONCLUSIONS

The tensile moduli and other mechanical proper-
ties of the R elastomers were higher than those of
the S elastomers. In addition, there were higher
values overall for mechanical properties with
MCDEA rather than Mboca as the curative.
These improvements can be correlated with in-
creased hydrogen bonding, smaller domains, and
greater interfacial area.

For the prepolymers in this study, those with a
more controlled, reduced molecular mass polydis-
persity are estimated to have two to three times
more sites for hydrogen bonding of the hard do-
mains, as shown by the larger heats of dissocia-
tion for the R elastomers. However, within a cur-
ative set there are no significant differences in Tg
and dissociation temperatures, suggesting that
the volume fraction of each phase is the same for
the two types of prepolymers. However, the elas-
tomers from the R prepolymers have better-orga-
nized phases due to increased hydrogen bonding.
The DSC data also show a lower Tg and higher
dissociation temperature for the MCDEA cured
elastomers, indicating greater phase separation
compared to the Mboca cured elastomers.

The SAXS data indicate that the volume frac-
tions of each phase are constant within a curative
set. The sizes of the phases, however, are signifi-
cantly smaller for elastomers from the R prepoly-
mers and even smaller when the prepolymers are
cured with MCDEA. In addition, the Porod’s con-
stant Kp, a ratio of interface area to volume,
shows that the R elastomers have greater inter-
facial area than the S elastomers, which suggests
a larger number of smaller domains for the R
elastomers.

The current results strongly suggest that an
elastomer produced from a prepolymer with a
narrower molecular mass polydispersity yields
improved mechanical properties as a result of
smaller, more ordered domains, and greater in-
terfacial area. The domains are made still smaller
and better organized by the use of MCDEA as a
curative/chain extender, as compared to those
prepared with Mboca.
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