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ABSTRACT: Two series of well-defined poly(urethane urea) multiblock copolymers were synthesized to
investigate the phase-separated morphology of this family of materials. Series I copolymers were
synthesized from 2000 g/mol poly(tetramethylene oxide) [PTMO], 4,4′-methylene di(p-phenyl isocyanate)
[MDI], and ethylenediamine (EDA), with hard segment contents ranging from 14 to 47 wt %. Series II
copolymers (all with hard segment concentrations of 22 wt %) were prepared from the same PTMO and
MDI and a diamine mixture of EDA and 1,4-diaminocyclohexane. The microdomain morphology was
characterized using small-angle X-ray scattering, and the scattering data were analyzed using the
approach of Bonart and Müller. The series I and II copolymers were found to have relatively low overall
degrees of phase separation [ranging from ∼20% at the lowest hard segment contents to greater than
40%], contrary to the common notion that these copolymers are well phase separated materials. The
introduction of the second diamine results in reduced phase separation, presumably as a consequence of
disruption of hard segment hydrogen bonding.

I. Introduction

Since the early work of Cooper and Tobolsky,1 it has
been established that segmented polyurethane block
copolymers generally microphase separate into high-Tg
(sometimes crystalline) “hard” domains and relatively
low-Tg “soft” domains, on cooling from the melt or
precipitation from solution. The degree to which these
copolymers phase separate significantly affects many
of the physical properties of these materials.2-10 Phase
separation has been studied using a number of tech-
niques, most notably small-angle X-ray scattering
(SAXS).3,8,11-15

In the present paper we focus on a subclass of
segmented polyurethanes, the poly(urethane urea)s
[PUU], in which diamines are used as the chain extend-
ers rather than diols. It has been found that poly-
(urethane urea) elastomers possess improved mechan-
ical properties compared to traditional polyurethane
elastomers16,17 due, in part, to the stronger hydrogen
bonding in the hard domains. The urea groups not only
provide additional hydrogen-bonding sites, but inter-
urea hydrogen bonds have a stronger, three-dimensional
nature.5,18,19 Unfortunately, the hydrogen bonding is so
strong in some cases that the materials cannot be
processed from the melt without degradation. Poly-
(urethane urea)s have become increasingly popular and
are used in a variety of applications,10 including as the
blood-contacting material in total artificial hearts and
the left ventricular assist devices.21,22

Despite the relative importance of PUUs, there has
been limited research directed toward understanding
phase separation in these materials and the role of
thermal history on the microphase separated structure.
In this paper, we present a quantitative SAXS investi-

gation of two series of well-defined poly(urethane urea)s
synthesized from 4,4′-methylene di(p-phenyl isocyanate)
(MDI), poly(tetramethylene oxide), and ethylenediamine
(and a diamine mixture).

II. Experimental Section

Materials. Two series of model poly(urethane urea)s were
synthesized via a two-step condensation reaction. They were
prepared using a 2000 g/mol poly(tetramethylene oxide)
(PTMO), end-capped with 4,4′-methylene di(p-phenyl isocy-
anate), and chain extended by ethylenediamine (EDA) or a
diamine mixture [EDA and 1,4-diaminocyclohexane (DACH)],
in a solution of N,N-dimethylacetamide (DMAc, 99+%, anhy-
drous). All of the above were purchased from Aldrich Chemical,
Co. MDI was purified by distillation and transferred to a
glovebox, which was kept under an inert argon atmosphere.
PTMO (3 wt %) was dissolved in DMAc and stirred in a flask
while MDI was added to the solution. These two reactants were
heated to 80 °C and held there for 2 h. The reaction vessel
was cooled to room temperature before the chain extender
(diamine) was added. The diamine was diluted in DMAc and
dripped into the stirring reaction, facilitating efficient distribu-
tion of the diamine throughout the reaction mixture. The
reaction was then stirred for approximately 1 h. All copolymers
remained in solution during the course of the polymerization
reaction. Finally, Santowhite powder (Solutia, Inc.), an anti-
oxidant, was added at 1 wt %.

Only EDA was used as the chain extender in the first group
of polymers, referred to in this paper as series I. The series I
copolymers are identified by “PUU” and a number denoting
the hard segment weight fraction which is calculated by
assigning all MDI and EDA units to the hard segment. All
polymers in series II have the same hard segment weight
fraction (22%), but some EDA was replaced with DACH such
that the relative molar ratio of EDA as the chain extender
varied from 1 to 0.65. The second diamine was incorporated
in an attempt to partially disrupt hydrogen bonding in the
hard phase. For the identification of the series II copolymers,
the hard segment weight fraction appears first, followed by
the percentage of total diamine that is DACH.* To whom correspondence should be addressed.

6353Macromolecules 2000, 33, 6353-6359

10.1021/ma000600i CCC: $19.00 © 2000 American Chemical Society
Published on Web 08/08/2000



Gel Permeation Chromatography. All polymers were
initially characterized using gel permeation chromatography
(GPC). Dimethylformamide (DMF) containing 0.05 M lithium
bromide was used as the mobile phase. The experiments were
conducted using a Waters model 510 pump and a model 410
refractive index detector. Samples were run at 80 °C through
two PLgel 5 µm Mixed-C columns (Polymer Laboratories). Data
analysis was performed using Waters Millennium Chroma-
tography Manager software. Calibration was performed using
narrow molecular weight distribution (Mw/Mn < 1.1) poly-
(ethylene oxide) standards (Polymer Standards Service-USA),
ranging from 10 000 to 963 000 g/mol.

The results of the GPC experiments are summarized in
Table 1. A polydispersity index around 2 is typical for
condensation polymerizations. It is clear from Table 1 that the
apparent molecular weight decreases with increasing hard
segment content. This is expected and is simply a function of
the reactant ratios.13

Sample Preparation. Samples for the small-angle X-ray
scattering experiments were prepared as follows. The as-
polymerized solutions (∼3 wt %) were poured into shallow
circular disks and placed under vacuum at room temperature
for 24 h. The oven temperature was then raised to 70 °C and
maintained at this temperature for an additional 24 h. Films
were on the order of 100 µm thick. Films of higher hard
segment copolymers were generally thinner to avoid skinning
during casting. The films were cut into 1 cm × 1 cm squares
and stacked to a thickness of approximately 1 mm. The films
have a high affinity for each other, so the squares adhered
well. Samples of all series I and II copolymers were prepared
using this approach.

Small-Angle X-ray Scattering. SAXS experiments were
conducted on the Oak Ridge National Laboratory 10 m pinhole
collimated SAXS camera using Cu KR radiation (wavelength,
λ ) 0.154 nm) and a 20 cm × 20 cm positional sensitive
proportional detector. Scattered intensities were stored in a
64 × 64 array. Instrument background corrections and detector
efficiency were determined with an 55Fe radioactive sample.
Each sample was run at two different sample-to-detector
distances, 1.119 and 5.119 m, to give a q range of q ) 0.0614-
4.595 nm-1. Here q ) (4π/λ) sin (θ/2) where θ is the scattering
angle. The two-dimensional data were azimuthally averaged
to give a one-dimensional profile. The relative scattering
intensities were converted to absolute intensities via precali-
brated secondary standards: a high-density polyethylene for
the low-q data and a vitreous carbon for the high-q data.

The 1 and 5 m data were suitably appended to yield one
data set for each sample. These data were then corrected for
background noise and thermal density fluctuations. Since
high-q data are available, a q-dependent background correction
was performed via the method of Ruland.24 This involves fitting
the high-q data (in the Porod region) to an exponential function
by adjusting constants a and b:

The background scatter [Ib(q)] is calculated over all q and then
subtracted from the raw intensities.

III. Results and Discussion

Particularly at higher hard segment contents, the
morphology of segmented polyurethane and poly(ure-
thane urea) block copolymers has sometimes been
treated as a stacked lamellar structure and the one-
dimensional correlation function used to analyze the
scattering data.25-28 It was not clear a priori that such
a model was appropriate for the series I and II PUU
copolymers, particularly since all hard segment contents
are <50 wt %. To shed some light on the hard domain
organization, atomic force microscopy (AFM) experi-
ments were conducted in a separate study on all series
I and II copolymers.29 AFM tapping mode phase images
show that the hard phases are not stacks of lamellae
but can best be described as randomly oriented cylinders
with additional spherical domains. This is illustrated
in the AFM image of the as cast “surface” of PUU 37 in
Figure 1. The hard domains appear as the bright regions
and have lateral dimensions on the order of 5-10 nm.
A similar morphology is seen for both free surfaces and
in microtomed cross sections of solution cast films and
is observed for all series I and II copolymers.29 Conse-
quently, we utilized the general approach of Bonart and
Müller2,3 for analysis of the PUU copolymer scattering
data. For a more thorough description of this method,
see refs 2 and 14.

A. Analysis. The experimental SAXS curves for the
PUU copolymers are presented in Figures 2 and 3. Both
the peak positions and total scattering intensities
provide important information about the microphase
separated structure. The peak position is related to the
interdomain spacing, d, by

Table 1. Molecular Weights of Series I and II Copolymers
from GPC

Mn g/mol Mw g/mol Mw/Mn

series I
PUU 14 31 600 50 900 1.6
PUU 17 36 500 81 400 2.2
PUU 22 24 500 47 800 2.0
PUU 30 14 600 33 300 2.3
PUU 37 13 900 37 900 2.7
PUU 43 8300 20 800 2.5
PUU 47 6300 14 200 2.3

series II
PUU 22-0 24 500 47 800 2.0
PUU 22-5 20 600 39 800 1.9
PUU 22-15 20 400 46 000 2.3
PUU 22-25 28 000 57 600 2.1
PUU 22-35 25 100 76 300 3.0

Figure 1. AFM tapping mode phase image of the as-cast
surface of PUU 37. Image was obtained with a Digital
Instruments Multimode AFM with silicon probe in air; rsp (set
point amplitude/free amplitude of oscillation) ) 0.95. Image
is 500 × 500 nm region.

Ib(q) ) aebq2
(1)

d ) 2π
qmax

(2)
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This spacing represents a three-dimensional average
over the sampled volume. For a stacked lamellar
morphology, the one-dimensional spacing is generally
obtained by defining qmax as the q value at maximum

intensity of the I(q)q2 vs q plot. Otherwise, as is the case
here, qmax is the q value at maximum intensity of the
I(q) vs q plot.18 Interdomain spacings for series I and II
copolymers are provided in Table 2.

Analysis of the scattering data involves the compari-
son of a theoretical electron density variance to two
experimentally determined variances.2,14 The theoretical
variance is calculated assuming complete phase separa-
tion of the hard and soft segments and is defined as

where φhs and φss are the volume fractions and ηhs and
ηss are the electron densities of the hard and soft
segments, respectively.

The calculation of the theoretical electron density can
significantly influence the values determined in this
analysis, and it is here that we deviate somewhat from
the original approach. Following Bonart and Müller,2,3

the hard segments would be defined as consisting of all
MDI and diamine units in the reaction. This would be
the case if all PTMO units were double end-capped with
MDI units, but MDI groups can react with two PTMO
diols, creating what we will subsequently refer to as
“lone” MDI units. These lone MDIs introduce no urea
groups and are at least 100 bonds away from another
MDI unit in the chain. Consequently, these species
would not be expected to be associated with the hard
domains but be located in the soft phase. The main
thrust of the following is to “correct” the theoretical,
completely phase separated variance for the presence
of lone MDIs in the soft phase.

By following the procedure of Peebles for a two-step
condensation polymerization,31 the distributions of hard
segment sequence lengths, from lone MDIs to hard
segments containing 21 MDI units and 20 EDA units,
were calculated for the series I copolymers. This spread
of possibilities accounts for all of the species in all but
the three highest hard segment content copolymers. For
PUU 37, PUU 43, and PUU 47 it accounts for 99.9%,
99.5%, and 98.5% of the species, respectively. All series
II mixed diamine copolymers have the same hard
segment length distribution as PUU 22 since the
distribution depends only on the concentration and
relative reactivity of the diisocyanate and is therefore
independent of the chain extender identity.31

Table 2. Electron Density Variances and Domain Parameters for PUU Copolymers

boundary size

∆ηc
2 × 103 a ∆η2′ × 103 ∆η2′′ × 103

interdomain
spacing (nm) σ (nm) E (nm)

series I
PUU 14 1.09 0.22 0.22 30 0.1 0.2
PUU 17 2.55 0.68 1.03 13.8 0.6 2.0
PUU 22 4.18 1.72 2.33 13.4 0.5 1.7
PUU 30 6.03 1.80 2.27 12.7 0.5 1.7
PUU 37 7.08 2.16 2.42 15.5 0.4 1.3
PUU 43 7.73 1.93 2.28 14.4 0.4 1.6
PUU 47 8.12 2.16 2.60 14.4 0.5 1.6

series II
PUU 22-0 4.18 1.72 2.33 13.4 0.5 1.7
PUU 22-5 4.19 1.02 1.29 12.3 0.3 1.1
PUU 22-15 4.16 1.06 1.49 11.7 0.6 2.2
PUU 22-25 4.13 1.02 1.29 12.5 0.5 1.7
PUU 22-35 4.09 0.85 1.05 13.6 0.4 1.5

annealing of PUU 43
70 °C (24 h) 7.73 1.93 2.28 14.4 0.5 1.5
100 °C (5 h) 7.73 2.15 2.77 13.6 0.6 2.0
150 °C (5 h) 7.73 2.48 2.60 14.1 0.3 0.9

a Electron variances are given in units of (mol e/cm3)2.

Figure 2. Background corrected SAXS intensities as a
function of scattering vector for PUU series I copolymers: ×,
PUU 14; 0, PUU 17; O, PUU 22; +, PUU 30; *, PUU 37; 2,
PUU 43; ], PUU 47.

Figure 3. Background corrected SAXS intensities as a
function of scattering vector for PUU series II copolymers: O,
PUU 22; ×, PUU 22-5; ], PUU 22-15; +, PUU 22-25; 0,
PUU 22-35.

∆ηc
2 ) φhsφss(ηhs - ηss)

2 (3)
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With these probabilities in hand, the theoretical
electron density contribution of the lone MDI units was
“removed” from the hard segments and “added” to that
of the soft segments. This results in a decrease in the
theoretical (completely phase separated) electron den-

sity variance, ∆ηc
2 (relative to the value calculated

without considering lone MDIs in the soft phase). These

lower values of ∆ηc
2 are closer to the experimental

variances, particularly at lower hard segment concen-
trations.

Phase densities required to calculate values for ∆ηc
2

were determined using a group contribution approach,32

assuming that the soft phase is composed of PTMO and
lone MDIs and the hard phase is composed of the
remaining MDIs and the diamines. The density of a
pure MDI-EDA-MDI hard phase was calculated to be
1.424 g/cm3, but to our knowledge there have been no
reported experimental values with which to compare our
result. However, MDI-butanediol (BDO) hard segments
are common in the literature, and several groups have
estimated the density of a pure MDI-BDO hard
phase.14,33-35 Using the group contribution method, we
calculated the density of a pure MDI-BDO hard domain
to be 1.382 g/cm3, which compares well to that deter-
mined by Leung and Koberstein (1.354 g/cm3).14 We
calculated the pure PTMO soft phase density to be 1.009
g/cm3, and this also compares well with literature
values.3

Experimental variances are determined from the
scattering data and are calculated using the Porod
invariant,36 Q, defined as

The experimental variances are related to the invariant
by a constant, c:

where

and ie is Thompson’s constant for the scattering from
one electron (7.94 × 10-26 cm2). NA is Avogadro’s
number. Note that only a constant with these units will
yield a variance with the appropriate units of (mol
e/cm3)2.

With the appropriate constant, two variances can be
calculated from the experimental data. These are il-
lustrated schematically in Figure 4. The experimental
variances are represented in parts a and b, while part
c is the case of complete phase separation. Black pixels
represent the hard segments, and white pixels represent
the soft segments (ignoring lone MDIs for the purposes
of illustration). Mixing of unlike segments (pixels)
changes the black region to a dark gray and the white
region to a light gray.

The first variance is calculated from the background
corrected intensities but leaves the influence of diffuse
phase boundaries, as seen by the gray scale gradient at

the interfaces in Figure 4a. It also includes intermixed
segments and is represented as

The second variance (eq 8) removes contributions from
diffuse boundaries, which leaves only gray regions
(illustrating intermixing), as seen in Figure 4b.

This requires the calculation of H(q), which models the
size and shape of the interfacial boundary.37 The shape
of the interface can be fit using a linear-gradient model
or a sigmoidal-gradient model. The sigmoidal shape
seems more likely to occur naturally and is supported
by the thermodynamic arguments of Koberstein et al.37

The characteristic value of the sigmoidal-gradient model,
σ, is the standard deviation of the Gaussian function
used in the model and was determined from

i.e., from the slope of a ln[I(q)q4] vs q2 plot.
In the linear model, E is defined as the distance from

phase A to phase B. The characteristic width param-
eters from the two models are related by E2 ) 12σ2.
Even though the sigmoidal model is used in our calcula-
tions, the dimension of the linear model is easier to
visualize, and both values are reported in Table 2.

By comparing the theoretical variance to the vari-
ances defined by eqs 7 and 8, it is possible to gain insight
into the overall degree of microphase separation, a
measure of boundary diffuseness, and a measure of
mixing in the microphases.2,14

The ratio of the background corrected experimental
variance to the variance calculated assuming complete
phase separation

Q ) ∫0

∞
I(q)q2 dq (4)

∆ηc
2 ) cQ ) c∫0

∞
I(q)q2 dq (5)

c ) 1
2π2ieNA

2
) 1.76 × 10-24 mol2/cm2 (6)

Figure 4. Schematic illustration of electron density differ-
ences. Hard segments are black, and soft segments are white.
(a) Including contributions from diffuse boundaries and mixing
within the domains. (b) Diffuse boundaries removed. (c) Ideal
electron density difference (no mixing between the compo-
nents). Size of the blurred region in (a) is for illustration only
and does not represent the relative dimensions of the phase
boundaries in the PUU copolymers.

∆η2′ ) c∫0

∞
[I(q) - Ib(q)]q2 dq (7)

∆η2′′ ) c∫0

∞ [I(q) - Ib(q)]q2

H(q)2
dq (8)

ln[I(q)q4] ) ln Kp - σ2q2 (9)

∆η2′/∆ηc
2 (10)
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provides a measure of overall phase separation. Note
that “overall phase separation”, as defined here, is
influenced by both diffuse phase boundaries and seg-
ment intermixing. This ratio returns a value between
0 and 1, with unity indicating complete phase separa-

tion. The ratio of ∆ηc
2 to the experimental value that

has had the influence of the interfaces removed

provides a measure of the influence of intermixed
segments on overall phase separation. (A value of 0 in
eq 11 indicates no mixing between the phases.) Note
that this value does not provide insight into the relative
amount of hard segments in the soft phase and soft
segments in the hard phase without additional informa-
tion. Finally, the ratio of the two experimental variances

provides a measure of boundary diffuseness. The various
ratios defined in eqs 10-12 are summarized in Table 3
for the series I and II copolymers. Overall phase
separation and boundary diffuseness values have an
uncertainty of approximately 3% of their value, and the
intermixing has an uncertainty on the order of 10%.

In addition to the traditional representation, the
parameters defined by eqs 10-12 are also provided in
Table 3 in a somewhat different fashion. To facilitate
an understanding of the latter, the results for PUU 22

will be described. The ratio ∆η2′/∆ηc
2 is 0.41; i.e., the

sample is 41% phase separated. Compensating for the
influence of diffuse boundaries (that is, for an ideally
sharp interface), PUU 22 would be considered 56%
phase separated. The difference, 15%, is the relative
contribution from the diffuse interface. The remainder

of the deviation from ∆ηc
2, 44%, can be attributed to

mixing within the microphases.
B. Discussion. The results in Table 3 clearly indicate

a significant degree of phase mixing in the series I and
II copolymers, contrary to the common notion that
PUUs are well phase separated materials. Longer hard
segments are less likely to be soluble in the soft phase,
and a greater degree of phase separation is therefore
expected for copolymers with higher hard segment

contents. This is in fact the general trend observed in
the work of Koberstein et al. on compression molded
segmented polyurethane block copolymers.8 For poly-
urethane hard segment (MDI-butanediol) contents
ranging from 30 to 70 wt %, a significant increase in

overall phase separation was reported (∆η2′/∆ηc
2 in-

creases from 0.22 to 0.34). This supports the authors’
idea of a critical hard segment sequence length, above
which hard segments reside in hard domains, and below
which they are dissolved in the soft phase. As hard
segment content increases, a greater portion of the
sequences is longer than the critical length, increasing
the degree of phase separation. However, for an 80 wt
% polyurethane copolymer, Koberstein et al. observed
a reduction in phase separation and proposed that this
was a consequence of constraints in packing long hard
segment sequences.

For our PUU 14, the average block length distribution
is relatively short, and two-thirds of the MDIs are
calculated to be lone MDIs. There is relatively extensive
intermixing and a comparatively low degree of phase
separation. In fact, the interdomain spacing is largest
for this material, indicating the presence of relatively
few well-defined domains.

As expected, the degree of phase separation increases
significantly upon increasing hard segment content to
17, then 22 wt %, and intermixing is reduced. This lends
credence to the idea of a critical hard segment sequence
length. Note that in Table 2 there is no systematic
change in the interfacial boundary thickness in series I
(or series II), with all values in the range of 1-2 nm.
Although the size of the interfacial regions are about
the same, their contribution to phase separation is
larger at lower hard segment concentrations in the
series I copolymers (with the exception of the relatively
well mixed PUU 14).

For higher hard segment content copolymers, overall
phase separation is similar but less than in PUU 22.
In addition, intermixing increases for PUU 30, staying
approximately constant for higher hard segment content
copolymers. This behavior is contrary to expectations,
and although the copolymers were effectively annealed
for 24 h at 70 °C, it is possible that this behavior arises
from the nonequilibrium condition of the higher hard
segment content copolymers. These copolymers are less
soluble in the DMAc and precipitate earlier in the

Table 3. Electron Density Variance Ratios for PUU Copolymers

deg of microphase
separation

∆η2′/∆ηc
2

boundary
diffuseness

∆η2′′/∆η2′ - 1

intermixing within
microphases

∆ηc
2/∆η2′′ - 1

phase
separation (%)

boundary
effect (%)

intermixing
effect (%)

series I
PUU 14 0.20 0.01 4.0 20 0 80
PUU 17 0.27 0.51 1.5 27 14 59
PUU 22 0.41 0.35 0.8 41 15 44
PUU 30 0.30 0.26 1.7 30 8 62
PUU 37 0.31 0.12 1.9 31 4 65
PUU 43 0.25 0.18 2.4 25 5 70
PUU 47 0.27 0.20 2.1 27 5 68

series II
PUU 22-0 0.41 0.35 0.8 41 15 44
PUU 22-5 0.24 0.26 2.2 24 6 69
PUU 22-15 0.25 0.41 1.8 25 10 64
PUU 22-25 0.25 0.27 2.2 25 7 69
PUU 22-35 0.21 0.23 2.9 21 5 74

annealing of PUU 43
70 °C (24 h) 0.25 0.18 2.4 25 5 70
100 °C (5 h) 0.28 0.29 1.8 28 8 64
150 °C (5 h) 0.32 0.05 2.0 32 2 66

(∆ηc
2/∆η2′′) - 1 (11)

(∆η2′′/∆η2′) - 1 (12)
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casting process, likely trapping a nonequilibrium micro-
phase separated morphology.

To investigate this possibility, we conducted further
annealing experiments on PUU 43. This copolymer was
annealed for 5 h under vacuum at 100 and 150 °C.
(Polyurethanes do not undergo degradation or trans-
urethanification at these temperatures.38) After anneal-
ing, the samples were returned to room temperature
and allowed to equilibrate for several days before being
analyzed. The scattering curves of the two annealed
samples, along with the corresponding specimen dried
at 70 °C, are seen in Figure 5. The ratios of the electron
density variances (define by eqs 10-12) of these samples
are summarized in the bottom portion of Table 3. Both
annealing temperatures are above the endothermic
transition observed near 60 °C in DSC experiments of
the series I and II copolymers. A transition in this
temperature range has been assigned to the disruption
of short-range order in polyurethanes,39,40 but its origin
has not been explored in PUUs. The annealing temper-
atures are below a broad transition near 200 °C, which
has been characterized as arising from the disruption
of long-range order in polyurethanes and as a hard
domain Tg in PUUs.4,28,41

As seen in Table 3, the degree of phase separation
does indeed increase with increasing annealing tem-
perature through a combination of consolidation of the
diffuse boundary and reduction in microdomain inter-
mixing. Increasing the annealing temperature from 70
to 100 °C may result in a small increase in boundary
size (see Table 2), but mixing in the microphases (see
Table 3) is reduced sufficiently to increase overall phase
separation. Increasing the annealing temperature fur-
ther (to 150 °C) results in little change in intermixing,
but a significant reduction in the influence of interfacial
boundaries leads to an increase in overall phase separa-
tion. Although the degree of phase separation for PUU
43 annealed at 150 °C is still below that of PUU 22, we
anticipate that it would continue to increase upon
annealing for longer times and/or higher temperatures.
Such experiments are underway at the present time.

We now turn to the series II copolymers in which a
diamine mixture (EDA and DACH) was used in the
polymerizations. The most significant difference in the
series II copolymers is the drop in phase separation and
increase in mixing within the microdomains upon
adding DACH, even for as little as 5% of the total

diamine content (see Table 3). The DACH disrupts hard
segment hydrogen bonding and reduces the driving force
for hard segment segregation. PUU 22-5, 22-15, and
22-25 exhibit similar degrees of intermixing, while
PUU 22-35 has the highest extent of mixing within the
domains and lowest phase separation of the 22 wt %
hard segment copolymers.

IV. Conclusions

Two series of poly(urethane urea) multiblock copoly-
mers were synthesized to facilitate an investigation of
their microdomain morphology via small-angle X-ray
scattering. As expected, overall phase separation in-
creased with increasing hard segment content at lower
hard segment concentrations. Average hard segment
lengths are longer as hard segment content increases,
and the longer segments are less likely to be soluble in
the soft phase. This leads to an increase in overall phase
separation and a decrease in mixing in the domains.
However, above 22 wt % hard segment, the copolymers
exhibit a drop in overall phase separation. This is likely
due to higher hard segment content copolymers being
trapped in a nonequilibrium condition. Annealing ex-
periments conducted on PUU 43 confirmed this. More
extensive annealing studies are currently underway.

The addition of as little as 5% of a second diamine,
DACH, resulted in a significant reduction in overall
phase separation. The copolymer containing the highest
DACH concentration, PUU 22-35, had the lowest
degree of phase separation of all series II copolymers.
The presence of DACH in the hard segment hinders
hydrogen bond formation and reduces the driving force
for phase separation.
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