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ABSTRACT: Structure–property relationships in poly(urethane urea)s synthesized with
ultra-low monol content poly(propylene glycol) soft segments were investigated as soft
segment molecular weight (2000, 4000, and 8000 g/mol) and hard segment content (6.3
and 9.0 wt %) were varied. Morphological features such as interdomain spacing and
interphase thickness were quantified and revealed with small-angle X-ray scattering
(SAXS) and atomic force microscopy (AFM). The thermal and mechanical behavior was
assessed with a dynamic mechanical analyzer (DMA) and by differential scanning
calorimetry (DSC) and stress-strain tests. Hard segment content, over the limited
range studied, had little effect on the morphology and soft segment thermal and
mechanical properties. The molecular weight of the soft segments had considerably
more influence on the morphology and mechanical properties. Increasing soft segment
molecular weight resulted in greater interdomain spacings, as shown by SAXS, and a
noticeable change in the structure, as shown by AFM. Additionally, as soft segment
molecular weight decreased the soft segment glass transition broadened and rose to
higher temperatures. © 2002 John Wiley & Sons, Inc. J Appl Polym Sci 84: 229–243, 2002; DOI
10.1002/app.10168
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INTRODUCTION

The role of elastomers within the field of polymer
science has been and is one of key importance.
Elastomeric materials, and particularly synthetic
elastomers, are virtually indispensable with re-
gard to their myriad industrial, medical, and con-
sumer applications. They continue to make up a
considerable portion of annual polymer produc-

tion and sales.1–4 Those elastomeric materials
based on poly(urethane) and/or poly(urethane
urea) chemistry have a rich history, both in terms
of practical application and research.1–19 Much of
the insight gained through the study of poly(ure-
thane) elastomers applies readily to poly(ure-
thane urea) elastomers as well.9,10,20

To act as an elastomer, linear segmented poly-
(urethane urea) copolymers must consist of a se-
quence of alternating blocks. One of these blocks
must possess a glass transition temperature (Tg)
below the use temperature. This first type of block
is designated the soft block or segment and is
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commonly a polyether or polyester. The second
variety of block is required to have a Tg above the
use temperature and therefore acts as a hard
glassy material and is known as the hard block or
segment. It is also possible to promote elastomer
behavior by being below the melting temperature
of the hard segments in those instances when the
hard segments are crystallizable. However,
within this study, it was seen with wide angle
X-ray scattering (WAXS) and differential scan-
ning calorimetry (DSC) that the hard segments,
and in fact the elastomer on the whole, did not
appear to possess crystallizability. In most cases,
that the soft and hard segments are chemically
incompatible and would phase separate were they
not covalently linked to one another.5,20 However,
hard and soft segments will aggregate with their
own kind, forming phases rich in hard and soft
segments, respectively.20 Phase separation be-
havior is chiefly dependent on temperature, com-
position, and segmental molecular weight. The
physical network resulting from this morphology
possesses many attributes of conventional co-
valently crosslinked rubber.

Many variables govern the behavior of physi-
cally crosslinked networks including, though not
exclusively, the volume fractions of each segment,
the chemical composition of each segment, the
molecular weight and molecular weight distribu-
tion of each segment, and many processing vari-
ables. These variables affect the morphology of
the elastomer, which in turn influences mechan-
ical properties. In terms of materials using poly-
ethers for the soft segments, there exists a formi-
dable volume of literature on the use of poly(tet-
ramethylene oxide) (PTMEG) and to a lesser
extent poly(ethylene oxide) and poly(propylene
oxide) polyols. However, the majority of previous
studies into the structure–property behavior of
elastomers using the propylene oxide-based poly-
(ether polyols) (PPG) for soft segment material
employed PPG synthesized through a base-cata-
lyzed reaction scheme for which it was found
that quality elastomers were difficult to ob-
tain.1,3,4,13,14,21–23 This difficulty arose largely
from the high monol content within the poly(pro-
pylene glycol). It is well known that not only does
the base catalyze the addition of propylene oxide
to the growing polyol molecule, but it also cata-
lyzes a side reaction involving the isomerization
of propylene oxide to allyl alcohol. Because allyl
alcohol acts as a new monofunctional starter, its
hydroxyl group is propoxylated along with the
growing polyol chain. The relatively low molecu-

lar weight propoxylated allyl alcohol is monofunc-
tional and known as “monol”.3,4 Monol acts as a
chain terminator, disrupting the chain reaction
required to build a high molecular weight poly-
mer. Thus, as the monol content increases, the
functionality of the polyol decreases. The effect of
reducing polyol functionality on limiting the the-
oretical molecular weight of an elastomer can be
estimated from the Carothers equation.24 As mo-
nol content rises, the ultimate molecular weight
of any segmented elastomer formed from the mac-
roglycol is diminished, as seen in Figure 1. Hence
the ultimate mechanical properties suffer dra-
matically.3,4 Considerable improvement in lower-
ing the monol content (Table I), narrowing of the
molecular weight distribution, and increasing the
molecular weight of the polyol was achieved with
the development and use of double metal cyanide
(DMC) catalysts.25–27 However, economically use-
ful, high-performance elastomers were still diffi-
cult to obtain. In the early 1990s , ARCO Chem-
ical developed a catalyst system allowing for the
efficient production of atactic propylene oxide-
based polyols (marketed as Acclaim� polyols),
with monol contents significantly lower than
those produced with conventional DMC catalysts.
These polyols have proven to be of greater utility
in the development of polyurethane and poly(ure-
thane urea) elastomers. A comparison of the mo-
lecular weight distributions of conventional and
ultra-low monol 4000 g/mol diols is shown in Fig-
ure 2.3,4 The gel permeation chromatography
(GPC) trace of the conventional base-catalyzed

Figure 1 Effect of polyol functionality on theoretical
elastomer MW as calculated from the Carother’s equa-
tion. The assumed composition for this calculation was
based on a MDI endcapped 4000 g/mol PPG oligomer
made with a NCO/OH ratio of 4.7. Butane diol was used
as a chain extender at a NCO/OH ratio of 1.03.
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PPG polyol exhibits a second lower molecular
peak due to monol. The rate of monol formation
increases as the concentration of hydroxyl species
in the reactor decreases.

It was the purpose of this specific report to
investigate the structure–property relationships
of a systematic series of poly(urethane urea) elas-
tomers based on this new generation of low monol
PPG polyether polyols. As alluded to earlier, most

previous investigations involving PPG, and a
number of other polyether polyols as well, have
been limited to relatively low polyol molecular
weight (e.g., �2000 g/mol), broad molecular
weight distribution polyols, or elastomers suffer-
ing from the effects of higher monol contents. The
present study stands apart from much of the pre-
vious work in this well-studied area in that it
examines higher quality elastomers based on
PPG polyols that contain little monol, have nar-
rower molecular weight distributions (1.02–1.15),
and may be of higher average molecular weight
than previously investigated. The PPG-based
poly(urethane)s and poly(urethane urea)s previ-
ously investigated were often either foams or low-
end elastomers.11,12,21,22 The elastomers pro-
duced with ultra-low monol PPGs have signifi-
cantly enhanced properties in contrast to those
based on conventional base-catalyzed PPG. This
difference allows for the fabrication and use of
PPG based poly(urethane urea)s in areas previ-
ously thought infeasible, such as higher perfor-
mance elastomers and fibers.

Particular emphasis within this study will be
devoted to the microphase separation character-
istics, morphology, mechanical and thermal prop-
erties as a function of soft segment molecular
weight, and content. Subsequent publications will
investigate the effect of polyol molecular weight
distribution, variation of the type of polyol, as
well as blends of polyols for use as soft segments.

Table I Monol Content of Conventional and Ultra-low Monol PPGa

Polyol
Unsaturation or Monol

(meq/g) Functionality Mole % Monol

1000 MW Diols
Conventional (KOH) 0.011 1.989 1.1%
Ultra-low Monol 0.004 1.996 0.4%

2000 MW Diols
Conventional (KOH) 0.03 1.94 6%
Ultra-low Monol 0.005 1.99 1%

4000 MW Diols
Conventional (KOH) 0.10 1.67 33%
Ultra-low Monol 0.005 1.98 2%

8000 MW Diols
Conventional (KOH) NA NA NA
Ultra-low Monol 0.005 1.96 4%

12000 MW Diols
Conventional (KOH) NA NA NA
Ultra-low Monol 0.005 1.92 8%

a Reference 42.

Figure 2 GPC chromatogram of a conventional, base-
catalyzed 4000 MW (hydroxyl number� 28 mg KOH/g)
diol compared with that of an ultra-low monol 4000
MW diol. The conventional diol exhibits a broad second
peak at low molecular weight (�1596) due to its high
monol (propoxylated allyl alcohol) content. The molec-
ular weights were calculated relative to the retention
times of narrow MW distribution poly(ethylene glycol)
standards. Key: (—) ultra-low monol PPG; (- - - conven-
tional PPG.
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In the present study, the molecular weight of
the PPG soft segment was varied systematically
for two different levels of hard segment content.
Several experimental techniques were used to
characterize these materials including small-an-
gle X-ray scattering (SAXS), atomic force micros-
copy (AFM), dynamic mechanical analysis (DMA),
DSC, and a variety of bulk mechanical tests. As
noted earlier, it is feasible that these poly(ure-
thane urea)s may prove useful in fiber applica-
tions, such as spandex. Therefore, although the
present work was done exclusively on film sam-
ples, much of the mechanical property evaluation
was conducted using fiber testing protocols.

EXPERIMENTAL

Materials

In this study, six different model poly(urethane
urea) elastomers were examined, three for each of
two different levels of hard segment content. The
hard segment contents were calculated on the
basis of urea content, as described by Flory (eq. 1):

% HS�
100�R� 1��Mdi�Mda�

�Mg�R�Mdi�� �R� 1��Mda��
(1)

where M is the number average molecular
weight, R is the mole ratio of isocyanate to glycol,
and subscripts g, di, and da refer to glycol, diiso-
cyanate, and diamines (mole average molecular
weight), respectively. It was felt that this method
best represents the material residing in the hard
phases.17 Equation 1 considers only the portion of
isocyanate that reacts with amine, whereas hard
segment contents are often calculated with eq. 2

to include the urethane linkages connecting the
soft and hard segments:

% HS�
100��R��Mdi�� �R� 1��Mda��

�Mg�R�Mdi�� �R� 1��Mda��
(2)

Equation 2 leads to higher values of hard segment
content. The calculated hard segment contents
obtained using both of the methods just presented
are shown in Table II. The two hard segment
levels, as calculated by eq. 1, chosen for this study
were 6.3 and 9.0 wt %. At each of these levels,
three poly(urethane urea)s based on 2000, 4000,
and 8000 g/mol PPG polyols were synthesized.
The hard segments are comprised of MDI (Mon-
dur M, from Bayer Corp.) and a blend of 80 wt %
ethylene diamine (EDA) and 20 wt % propylene
diamine (PDA). The sample nomenclature, which
contains compositional information for each elas-
tomer examined in this study, will be presented in
the following section.

Prepolymer Procedure

A description of the preparation of the poly(ure-
thane urea)s investigated in this study follows.
An Acclaim™ PPG polyol of desired molecular
weight was chosen and checked for water content.
If necessary, the polyol was dewatered by heating
at 90–100 °C under vacuum until the water level
was less than �0.01%. Excess 4,4’-MDI was
added to the polyol and reacted at 80 °C (176 °F)
in an inert atmosphere (i.e., nitrogen or argon)
until all hydroxyl groups reacted. Typical reaction
times for prepolymers made with acidified polyol
were �7–9 h.

The effects of stoichiometry and polyol molec-
ular weight on prepolymer viscosity as deter-

Table II Sample Nomenclature and Hard Segment Contents

PPG Soft
Segment

MW
NCO/OH

Ratio

Wt % Hard
Segment Content

(urea)a

Wt % Hard
Segment Content

(urea and urethane)b Sample Nomenclature

2000 1.48 6.25 16.67 {(P2K)}-2K-6.3
2000 1.71 8.98 19.09 {(P2K)}-2K-9.0
4000 1.907 6.25 11.77 {(P4K)}-4K-6.3
4000 2.342 8.98 14.34 {(P4K)}-4K-9.0
8000 2.856 6.25 9.04 {(P8K)}-8K-6.3
8000 3.713 8.98 11.62 {(P8K)}-8K-9.0

a Calculated using eq. 1.
b Calculated using eq. 2.
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mined with a concentric cylinder DV III Brook-
field viscometer, using either a 25 or 34 spindle,
are shown in Table III. The trends are similar to
those observed in previous MDI elastomer work,
however the isocyanate (NCO) contents are lower
than those typically used in making cast elas-
tomers.3,4 As expected, for a given polyol molecu-
lar weight, prepolymer viscosity decreased as the
NCO/OH ratio increased (% free NCO increased).
As is well known, many higher performance poly-
(urethane urea) elastomers and spandex fibers
have PTMEG soft segments, so it is instructive to
contrast the properties of such systems to those
currently being studied. For comparable number
average molecular weight polyols and NCO/OH
ratios, PPG-based prepolymers generally have
lower solution viscosities than PTMEG-based
prepolymers (Table III). The advantages of lower
prepolymer viscosity include easier handling and
processing.

After preparing the prepolymer, the next step
was that of chain extension with an aliphatic
diamine or a mixture of diamines to make the
final polyurethane/urea polymer. Chain extension
was carried out in a polar, aprotic solvent, typi-
cally dimethylacetamide (DMAc). The following
reagents and equipment were used in the chain
extension step: solvent, DMAc (Aldrich, 99.8%,
anhydrous); chain extenders, EDA (Aldrich,
99.5�%); redistilled 1,2 diaminopropane (PDA,
Aldrich, 99%); terminator, diethylamine (Aldrich,
99.5%, redistilled); mixer, Caframo BDC 3030 or
equivalent.

The final prepolymer NCO content was mea-
sured and the prepolymer was allowed to cool to
65 °C. Having decided on the percent polymer,

desired batch size, and stoichiometry (including
excess diamine level and terminator level), the
required amounts of DMAc and amines were
added to 8-oz. jars. Prepolymer was added to a
tared plastic syringe and placed in a 65 °C oven
until ready to use. A small piece of dry ice (�1 g
for 50 g of polymer) was added to each jar of
DMAc and amines and allowed to dissolve (solu-
tion turns milky). Then, the mixer was turned on
(�1000 rpm) and the contents of the syringe con-
taining prepolymer was injected into the DMAc
solutions. The solution then built in viscosity and,
after uniformly mixing for �15 s, the mixing was
stopped. Viscosity, which slowly increases with
time, was typically measured after letting the
solution sit at 50 °C for �1 h (this time allows
solution to warm up and for some of the entrained
air to escape).

Reaction of the aliphatic diamine chain extend-
ers with isocyanate-terminated prepolymers is
extremely rapid and, unless the mixing was very
rapid (on the same order as the rate of reaction),
the final product was sometimes inhomogeneous,
containing gels or haze, apparently due to insol-
uble oligo-ureas (e.g., MDI-EDA-MDI-EDA-, etc.).
This inhomogeneity can have a detrimental im-
pact on the mechanical properties of the final
elastomer. The solutions for this study were pro-
duced in bench scale quantities (150 g of solution
per run) in which a Caframo mixer with a Jiffy
mixer blade spinning at �1000 rpm was used for
mixing purposes. In addition to mixing, the reac-
tion itself was slowed by the addition of dry ice.
Dry ice acts as a retarding agent when added to
the solution of DMAc and amines, forming a tur-
bid carbamate solution with the amines. When

Table III Viscosities of Prepolymers Used in Poly(urethane-urea) Synthesis

Polyol
NCO
OH % NCO

Viscosity
@ 40°C

Viscosity
@ 60°C

2000 g/mol PPGa 1.7 2.24 20,100 5,290
2000 g/mol PPGa 1.85 2.73 12,580 3,430
4000 g/mol PPGb 1.7 1.22 29,540 9,698
4000 g/mol PPGb 2.35 2.28 8,140 2,780
4000 g/mol PPGb 2.6 2.79 5,740 1,960
4000 g/mol PPGb 2.85 3.15 4,400 1,520
2000 g/mol PTMEGc 1.7 2.30 194,360 54,290
2000 g/mo PTMEG w/10 wt % 4000 g/mol PPG 1.7 2.07 127,570 41,120
2000 g/mo PTMEG w/40 wt % 4000 g/mol PPG 1.7 1.80 85,540 27,470

a ACCLAIM 2200 (Bayer’s ultra-low monol PPG-2000).
b ACCLAIM 4200 (Bayer’s ultra-low monol PPG-4000).
c T-2000 � Terathane®-2000 (DuPont’s PTMEG-2000).
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complexed with the CO2, the amine reaction with
isocyanate groups is slowed down enough for the
prepolymer to be added and uniformly mixed be-
fore the polymer molecular weight (and viscosity)
build to unacceptable levels. A working time of
15–20 s was obtained versus �5 s without the
addition of dry ice. The turbidity of the solution
disappeared with evolution of CO2, and a clear,
colorless, high-viscosity polymer solution was ob-
tained. The “CO2 Method” has been utilized in
several poly(urethane urea) synthesis pat-
ents.28,29

The compositions of the materials used within
this study, as well as the sample nomenclature,
are tabulated in Table II. The polyols used in this
study had monol contents as shown in Table I,
and the prepolymers formed from them had rheo-
logical properties similar to those shown in Table
III. The nomenclature consists of two sections,
information regarding the soft segments and in-
formation regarding the hard segments. The in-
formation within the braces indicates the molec-
ular weight of the PPG polyol(s) used and, if more
than one polyol was used, the weight percent of
each. Within this study, only a single polyol was
used within a given elastomer formulation. Fol-
lowing the braces is the number average molecu-
lar weight of all the polyols used in the fabrication
of that elastomer. Within the scope of this specific
report, this aspect of the nomenclature will be
redundant because, as already mentioned, only a
single polyol is used within each elastomer formu-
lation. Subsequent publications in preparation
will further justify the redundant nature of this
aspect of the nomenclature. The final number in
the sample nomenclature is the weight percent
hard segment content as defined in eq. 1.

Solutions of 22 wt % solids in DMAc were pre-
pared for polymers formulated from 2000 and
4000 g/mol PPG polyols. At this concentration,
polymers formulated from 8000 g/mol PPG poly-
ols could undergo an association process in which
a gel-like material was formed that was not con-
ducive to film preparation. For this reason, the
formulations based on 8000 g/mol PPG polyols
were provided at lower (18 and 15%) weight per-
cent solids for hard segment content levels of 6.3
and 9.0%, respectively. Films were cast from the
polymer–DMAc solutions on glass plates using a
doctor blade to achieve final (post-drying) film
thickness ranging from 0.1 to 0.30 mm. Immedi-
ately on casting, the coated glass plates were
placed within a circulating hot air oven heated to
80 °C for a period �2 h. A similar procedure was

used to coat thin films on glass Fischer brand
microscope slides for purposes of AFM analysis.

Methods

SAXS was performed for each of the six materials
to ascertain characteristics of the microphase sep-
aration; specifically, the average spacing between
hard domains and a relative measure of the thick-
ness of the interphase between the soft and hard
phases. A Phillips model PW1729 generator was
operated at 40 kV and 20 mA in conjunction with
a slit-collimated Kratky camera (0.03 � 5 mm)
with nickel filtered CuK� radiation (wavelength
� 1.542 Å). A Braun OED 50-position sensitive
platinum wire detector was employed with this
system. Slit-smeared data were obtained and
were not desmeared; the interdomain spacings
reported are therefore somewhat greater than in
actuality. Data normalization with a Lupolen
standard and correction for parasitic scattering
were performed according to Kratky’s procedure.
Thermal fluctuations were addressed by the pro-
cedure of Vonk, and the interphase thickness pa-
rameter, �, was obtained by a graphical approach
using the methods of Bonart and Koberstein as
described by Tyagi.30–38 Both methods evaluate
negative deviations from the perfectly phase-sep-
arated state described by Porod’s law and, in both
cases, assume that the form of the diffuse inter-
phase region has sigmoidal character. Graphi-
cally, a measure of the interphase thickness is
obtained from the slope of the linear region (high
s region) of a plot of ln(s3Icorr) versus the scatter-
ing vector, s, raised to an exponent. The exponent
is either 2.0 or 1.81, respectively, for Bonart’s and
Koberstein’s methods.

Confirmation of trends seen with SAXS was
obtained from AFM results. A Digital Instru-
ments Scanning Probe Dimension 3000 Micro-
scope with a Nanoscope IIIa controller was used
for the purpose of analysis. Nanosensors, TESP
(Tapping Etched Silicon Probe)-type single beam
cantilevers, were used in this instrument in the
tapping mode to obtain phase images of the free
surfaces of the poly(urethane urea) films cast on
Fischer brand glass microscope slides. The canti-
levers were �125 �m in length, with force con-
stants of 35 � 7 N/m, and were operated at a
frequency of 290 kHz. It is recognized that the
ratio of setpoint amplitude to free amplitude of
oscillation (rsp) may influence AFM results.39 For
this study, a single rsp of �0.6 was employed and
other operating conditions were held constant.
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A Seiko model 210 dynamic mechanical ana-
lyzer operated in tensile mode was used to obtain
DMA data for the materials. In all cases, data
were taken at a heating rate of 1 °C/min at 1 Hz.
Materials of cross-sectional area between 0.7 and
2.0 mm2 and with length �20 mm were mounted
with a grip-to-grip distance of 10 mm and initially
cooled to about 	100 °C with a liquid nitrogen
cooling system.

Thermal properties were assessed by DSC with
a Seiko model 220 differential scanning calorim-
eter. Sample loading varied between �7 and �15
mg. In all cases, samples were cooled to about
	100 °C and heated to 100 °C at a rate of 10
°C/min, cooled again to 	100 °C, and heated
again to 100 °C at a rate of 10 °C/min, employing
a nitrogen purge gas. Results of the second heat-
ing run were normalized on a weight basis. Anal-
ysis and plotting of SAXS, DMA, and DSC results
were done with Origin 4.1 from Microcal Soft-
ware.

For mechanical property testing, the films
were dried in air at 80°C for 2.5 h and cut with a
die into 6.35-mm (0.25”) wide strips. Elastic prop-
erties of films were measured in general accord
with the procedures described in ASTM D 2731-
72. This method was designed mainly for the test-
ing of elastic threads and yarns rather than films.
However, the parameters tested by this method
are those commonly used to evaluate the elastic
properties of spandex. Tests were run on a con-
stant-rate-of-crosshead speed type tensile testing
machine, with a load capacity of 50 N (11.2 lb).
The samples were gripped with pneumatically
operated clamps. To avoid tearing at the grips,
films were sandwiched between two pieces of self-
fusing Okonite No. 35 Jacketing Tape (The Oko-
nite Company, Ramsey, NJ). Sample strips of
6.35-mm (0.25”) width, �0.0762-mm (0.003”)
thickness, and 63.5-mm (2.5”) gauge length were
cycled five times at 508 mm/min (20 in./min or

800%/min) between the limits 0–300% elonga-
tion. The load curve decreases during the first few
stretch and relax cycles. By the fifth cycle, the
system approaches steady state equilibrium and
the cycling curve is then considered to correlate
with spandex behavior in fabrics. On the fifth
cycle, the specimen was held in the extended state
for 30 s before returning the crosshead. On this
return cycle, the forces were obtained at 300, 200,
and 100% elongation were recorded. By dividing
the force at each of these points by the initial
cross-sectional area, the unload power (i.e., re-
turn modulus or retractive power) was calculated
for each of these points. To calculate percent set,
after completion of the fifth cycle, we waited 30 s
and then slowly lowered the crosshead until slack
was just removed from the film. The extension
was recorded to the nearest 0.254 mm (0.01”). Set,
as calculated from the following formula, is de-
fined as the difference between the original and
final length, expressed as a percentage of the
original length.

Set �%�� 
�Final length

� Initial Length�/Initial Length� � 100 (3)

(Note: This mechanical set differs from the per-
manent set test in which a film or fiber is elon-
gated at 400% for 24 h and then allowed to relax
for 10 min. Set is then also calculated based on
the difference between the initial and final
lengths according to eq. 3.)

Tensile strength and elongation of the films
were also recorded by extending the sample until
a break occurred or until the crosshead reached
the limit of travel.

RESULTS

The interdomain spacings and interphase thick-
ness parameters obtained by SAXS are tabulated

Table IV Interdomain Spacings and Interphase Thicknesses of PPG-Based Poly(urethane-urea)s

Sample
Designation

Inter-domain
Spacing, d (Å)

Interphase Thickness,
� Koberstein (Å)

Interphase Thickness,
� Bonart (Å)

{(P2K)}-2K-6.3 120 4.30 6.03
{(P2K)}-2K-9.0 120 3.74 4.97
{(P4K)}-4K-6.3 140 5.45 5.45
{(P4K)}-4K-9.0 145 3.91 5.63
{(P8K)}-8K-6.3 160 4.34 6.09
{(P8K)}-8K-9.0 175–180 4.17 4.77
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Figure 3 SAXS curves for (A) 6.3% and (B) 9.0% hard segment content poly(urethane-
urea)s.
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in Table IV, and the scattering curves are shown
in Figures 3A and B. Recall again that the inten-
sity data presented are slit-smeared. It is clearly
seen from the two sets of scattering curves in
Figures 3a and 3b that the estimated spacing
between hard domains increases with increasing
soft segment length as expected, though there is
little change in the spacing when comparing ma-
terials with differing amounts of hard segment
content. It is intuitive that as the length of the
soft segment increases, the distance between the
hard domains should also increase; these results
reflect those obtained for other segmented poly-
(urethane urea)s.12,34,38 What is less intuitive is
how hard segment content affects the interdo-
main spacing, for in only one case, that of the
8000 g/mol polyols, does the interdomain spacing
significantly change as hard segment content is
increased. The relatively minor increase in inter-
domain spacing seen for this case of hard segment
content variation was from 160 Å (6.3% HS) to
�175 Å (9.0% HS). Further investigation is re-

quired to ascertain the source of this change,
though it may reflect the onset of significant
change in morphology, such as formation of cylin-
drical hard domains instead of a more spherical
shape. In brief, for the range of hard segment
contents in this study, when the hard segment
content was increased, there was generally no
appreciable change in the interdomain spacing.
Another feature of the scattering results is that
there is an increase in the intensity of the scat-
tering curves as the molecular weight of the soft
segment increases, which implies better phase
separation between hard and soft phases. The
intensity also rises as the hard segment content
increases, as expected in the range studied. How-
ever, due to changes in the electron density of the
elastomer, the interpretation is not as straight-
forward as when soft segment length increases for
fixed hard segment content. The one exception to
this observed trend is the case of the material
based on the 8000 g/mol polyol and 9.0% hard
segment content, which will be discussed in more
detail shortly. It should be noted that the in-
creases in the intensity of the peaks in the scat-
tering curves are not dramatic.

Estimation of the interfacial thickness param-
eter, �, shown in Figures 4a and 4b, which pro-
vides a relative measure of the interphase region
between hard and soft domains, shows little sta-
tistically appreciable change in the interfacial
thickness as soft segment length is varied or as
the hard segment content is varied. This result
implies that regardless of hard segment content
or soft segment length, the interphase is essen-
tially of constant thickness; it may be further
hypothesized that for any given PPG polyol, a
nearly constant portion of its length will be incor-
porated in the interphase. It should be noted, that
the interfacial area is not directly measurable,
therefore the amount of interfacial material could
indeed be changing as soft segment length is var-
ied. Certainly, as the polyol molecular weight is
increased, one would expect that there is a de-
creasing percentage of this segment to be mixed
with hard segments in the interphase between
hard and soft domains. Thus it would appear that
there would be better phase separation as polyol
molecular weight increased, which is indeed sug-
gested by the results in Figures 3a and 3b.

It was noted during film sample preparation
that sample {(P8K)}-8K-9.0 was somewhat turbid,
suggesting that there may be some “gelled” ma-
terial in this specific formulation of higher soft
segment molecular weight. This phenomenon has

Figure 4 Interphase thicknesses using (A) Kober-
stein’s method of analysis and (B) Bonart’s method of
analysis.
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Figure 5 AFM micrographs as function of HS content and SS length.
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been observed in other poly(urethane urea) mate-
rials investigated outside of this study and has
been attributed to association of longer hard seg-
ments in solution.40 This subject will be discussed
further with the AFM results.

AFM phase images of the surfaces of the six
formulations are shown in Figure 5, where the
darker areas are indicative of softer material and
the lighter areas are indicative of harder materi-
al.39,41,42 The images support the trends observed
and commented on during the SAXS analysis.
Specifically, as the hard segment content in-
creases, there is a discernable, albeit not dra-
matic, increase in the amount of light-colored re-
gion seen in the images, bearing in mind that the
increase in the hard segment content was only 3
wt %. Also, as the hard segment content in-
creases, the distinction between light and dark
regions appears more clear, which may support
findings of both the interfacial thickness analysis
and peak intensity increases seen in the SAXS
experiments. Furthermore, as molecular weight
of the polyol increases, there distinctly exists a
larger spacing between the light-colored or hard
regions, confirming the trend seen with SAXS
with regard to interdomain spacing. An interest-
ing feature is again found in the image of the
{(P8K)}-8K-9.0 material. In that image, there ap-
pear to be oblong regions of hard material that
are not observed to any great extent in the other
images. This result is reminiscent of AFM im-
ages, shown in Figure 6, of a material of compa-
rable composition that was strongly suspected of
having formed a hard-segment-based gel phase
within solution. In this image, there exist “string-
like” hard regions, which are believed to be the
hard-segment-based “gelled” material, as well as
the grain-like pattern present in AFM images of
films cast from solution not suspected of having

any “gelled” material. It is a reasonable supposi-
tion that when reflecting on thermodynamic and
solubility considerations and the effects of in-
creasing molecular weight on the length distribu-
tion of hard segments, it will be those of longer
length that will be more apt to form into the
string-like superstructures. If large amounts of
longer hard segment material are isolated in
these string-like superstructures, by necessity
there will be shorter, hard segments for the re-
maining nonstring-like or “typical” hard domains,
which are more commonly encountered in this
study. With a lower hard segment concentration
and shorter hard segments from which to draw,
the circular-appearing hard domains may be
fewer and/or smaller. If there are fewer circular-
appearing hard domains and if they are of the size
seen when there are no string-like hard segment
superstructures present, they by necessity would
be further apart, which is in agreement with the
slightly increased spacings observed with SAXS
for the gel-containing materials. It was also ob-
served that these domains, when compared with
AFM results where there are few or no string-like
hard domains, show less tendency to be linked to
one another with hard segment material. The
results and conclusions regarding these string-
like hard segment superstructures were further
verified by examining a set of materials fabri-
cated in a manner to intentionally include
“gelled” material. These materials, not shown
here, were designed to facilitate hard segment
association and strikingly exhibited string-like
superstructures when examined by AFM.

The two methods, SAXS and AFM, lead to mu-
tually supportive conclusions regarding the mi-
crophase separation characteristics. It should
again be recalled that the SAXS results presented
here are slit-smeared data. Hence, the interdo-
main spacings obtained from SAXS are slightly
larger than in reality and will not correlate di-
rectly to visual inspection of the corresponding
AFM images.

DMA and DSC were both used to follow the
behavior of the soft segment glass transition as
the soft segment length and hard segment con-
tent were varied. The breadth of the glass transi-
tion can provide insight into the phase separation
behavior of segmented poly(urethane urea)s, and
the location of the glass transition may indicate
how the hard domains restrict soft segment mo-
bility. The DMA results shown in Figures 7a and
7b indicate that a decrease in the molecular
weight of the soft segment leads to both increases

Figure 6 Height and phase AFM images of hard seg-
ment gelled material {(P8K)}-8K-9.0.
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Figure 7 DMA of (A) 6.3% and (B) 9.0% HS poly(urethane urea) elastomers.
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in and broadening of the soft segment glass tran-
sition temperature. The broadening of the glass
transition implies greater restriction of the soft
segments by the hard phase as soft segment mo-
lecular weight decreases and supports the conclu-
sions already put forth in the discussion of the
SAXS and AFM results. As soft segment molecu-
lar weight decreases, the percentage of the soft
segment being restricted by the hard domain will
increase, even though the actual length of that
restricted portion of the chains will be essentially
unchanged. To reiterate, as soft segment molecu-
lar weight was lowered, the intensity of the scat-
tering peaks decreased, which is an indication of
less complete phase separation. It was seen that
the interfacial thickness parameter did not vary
significantly as a function of soft segment molec-
ular weight, implying that regardless of soft seg-
ment length, there is a relatively constant inter-
face in terms of thickness, again with the possi-
bility of more interfacial area or volume. Within
this interfacial region, the soft segments will be
more restricted in their ability to move due to a
tethering action of the hard domains. For smaller
segments (e.g., 2000 g/mol), a greater percentage
of their overall length will be thus influenced or
tethered, leading to the observed rise in the soft
segment Tg as soft segment molecular weight de-
creases. Similarly, as a greater percentage of a
given soft segment experiences restricted mobil-
ity, that soft segment will promote less damping,
as shown by the peak height of the tan 	 curves. It
is readily seen that, as soft segment molecular
weight is decreased, there is a corresponding
broadening of and decrease of height in the tan 	
curves, which reflects on the soft segment damp-
ing characteristics. There are only minor in-
creases in the Tg as hard segment content in-
creases and the expected increases in modulus
are also observed. It has been seen that over the
range of hard segment content studied, changes
in microphase separation characteristics are rel-
atively minor though observable. DMA tests ap-
peared insensitive to anomalies associated with
those formulations that potentially contained
gelled material.

DSC, like DMA, is a useful tool for investigat-
ing the influence of soft segment length and hard
segment content on the soft segment glass tran-
sition and its breadth, and as such was used to
confirm the trends observed in the DMA studies.
The results in Figure 8 clearly show that as the
soft segment molecular decreases, there is broad-
ening of the glass transition as well as a shift to

higher temperatures, in accordance with the ar-
guments put forth in the DMA discussion. Again,
the broadening of the glass transition may sug-
gest increased phase mixing or an increase in the
amount of interphase material, which supports
those results put forth in the SAXS, AFM, and
DMA discussions. Increasing hard segment con-
tent from 6.3 to 9.0 wt % does not appear to have
a significant effect on the breadth of the glass
transition or its location, but again it should be
noted that the range of hard segment contents
was in itself rather small. Studies by Petrovic on
PPG- and PTMEG-based polyurethanes have
shown over a much greater range of hard segment
content (30–70 wt %) that the soft segment glass
transition is only nominally affected by changes
in hard segment content.1,2 Sung and co-workers
similarly found that through a hard segment con-
tent range of �25–55%, the soft segment glass
transition in poly(urethane urea)s based on PT-
MEG soft segments was independent of hard seg-
ment content.15–17

Addressing the mechanical behavior, we ob-
served for materials with less hard segment con-
tent that the percent elongation was greater and
tenacity was lower. It was also seen that for most
cases that the percent elongation tended to in-
crease as the soft segment molecular weight in-
creased. These results, shown in Table V, are in
agreement with a number of the arguments al-
ready put forth, particularly that as soft segment
molecular weight increased, the hard domains
influence a lower percent of the soft segment ma-
terial (e.g., less interphase area or volume).

Figure 8 DSC of 6.3 and 9.0% HS poly(urethane
urea) elastomers.
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Therefore, longer soft segments will be better able
to respond to deformations and will lead to higher
elongations. Similar arguments may be made for
the decrease in percent elongation observed as
hard segment content increased.

Analysis of the mechanical set behavior of the
materials is still ongoing, but two conclusions
may be readily drawn from the 30 s set experi-
ments (Table VI). First, over the range studied,
hard segment content had very little effect on the
30 s set as defined in eq. 3. Second, set decreased
as a function of increasing soft segment molecular
weight, which is in accordance with the conclu-
sions drawn from the structural, thermal, and
mechanical characterization. Simply put, longer
soft segments are less influenced by the restrict-
ing behavior of the hard domains and will be
accordingly more capable of accommodating de-
formation without breaking and will retract more
readily, resisting set.

In all cases, the unload power (Table VI) was
seen to increase as the hard segment content was
increased, though no clear trend due to variation
in soft segment molecular weight was seen. In-

creasing hard segment contents over the range
studied can be considered to be increasing the
number and/or size of the physical crosslinks.
Hence, the network nature of the poly(urethane
urea) would be enhanced, leading to the observed
increased retractive power.

The stress–strain behavior of poly(urethane)
elastomers fabricated with 4000 g/mol conven-
tional base-catalyzed, DMC-catalyzed, and Ac-
claim PPG is shown in Figure 9, where it is seen
that the ultimate tensile properties of the Ac-
claim-based elastomer are superior. In each case,
the poly(urethane)s are made with PPG–MDI
prepolymers and extended with butane diol. The
improvement over formulations using the base-
catalyzed PPG is dramatic.

CONCLUSIONS

A series of model poly(urethane urea) compounds
based on a narrow molecular weight distribution

Table V Soft Segment Glass Transition
Temperatures of PPG-Based
Poly(urethane-urea)s

Soft
Segment

MW
(g/mol)

DMAa DSCb

6.3% HS 9.0% HS 6.3% HS 9.0% HS

2000 	47.9°C 	48.1°C 	48.9°C 	49.7°C
4000 	59.2°C 	58.0°C 	58.4°C 	59.1°C
8000 	65.9°C 	63.4°C 	62.3°C 	62.3°C

a Determined from the peaks of the DMA tan delta curves.
b Determined from inflection points of the Tg region of the

DSC curves.

Table VI Mechanical Properties of PPG-Based Poly(urethane-urea)s

Sample
ULP @ 100%

(MPa)
ULP @ 200%

(MPa)
ULP @ 300%

(MPa)
Tenacity

(MPa)
%

Elongation
30-s

Set (%)

{(P2K)}-2K-6.3 0.553 1.31 2.71 14.0 1686 33.3
{(P2K)}-2K-9.0 0.815 2.03 4.69 45.1 1115 33.8
{(P4K)}-4K-6.3 0.529 1.19 2.52 6.8a 1301a 26.4
{(P4K)}-4K-9.0 0.655 1.51 3.38 20.4 1816 28.1
{(P8K)}-8K-6.3 0.666 1.28 2.48 15.6a 1869a 13.9
{(P8K)}-8K-9.0 0.798 1.56 3.34 23.7 1602 13.6

a Sample did not break at limit of crosshead travel.

Figure 9 Stress–strain curves of different poly(ure-
thane) elastomers with 4000 g/mol PPG-based MDI-
endcapped prepolymers, cured with BDO, as stated in
Figure 1.
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PPG polyol were developed and investigated with
regards to their microphase separation, morphol-
ogy, and mechanical characteristics. Increases in
the molecular weight of the PPG soft segment led
to increased phase separation that, in part, re-
sulted in greater soft segment mobility and lower
Tg of the soft segments. Furthermore, the pres-
ence of gelled hard segments was implied by an
unexpected increase of the interdomain spacing,
as determined by SAXS and clearly seen by AFM.
The effect of varying the hard segment content
was seen to be minor in much of the structural
analysis, yet discernable, in comparison to the
effect of varying the soft segment molecular
weight. However, the mechanical properties, par-
ticularly the unload power, were dependent on
the hard segment content. It is apparent from the
results and discussion presented that developing
useful elastomers from the ultra-low monol
poly(propylene glycol)s will require careful con-
sideration of the influence of chemical variables
on the morphology of the materials.

Bayer Corporation is acknowledged for the financial
support making this study possible.
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