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ABSTRACT: The aim of this study was to investigate the
structure and morphology of polyurethane (PU) foams at
the interface with a thermoplastic material. Fourier trans-
form infrared/attenuated total reflectance spectroscopy was
used to study the reaction of 4,4�-diphenylmethane diisocya-
nate (MDI) with polyether-based polyols with water as a
blowing agent via the absorption intensity of the �(NCO,
2265 cm�1) vibrational band of MDI in three different PU
foam systems. The data revealed that MDI reacted simulta-
neously with two different species in the reaction mixture
having different reaction rates. These were the reactions of
isocyanate functional groups with water (fast reaction) and
polyol (slow reaction). A structure analysis at the PU foam
interface (i.e., PU formed a compact film 110 � 30 �m thick
at the interface) with a thermoplastic material plate was
carried out with small-angle X-ray scattering (SAXS), trans-

mission electron microscopy (TEM), and neutron reflection
(NR) techniques. From SAXS measurements, a typical hard-
segment–segment distance of 10 � 0.3 nm was observed.
The TEM and NR data of the compact PU film revealed an
internal layered structure (parallel to the surface) with a
typical layer thickness of 260–400 nm. The formation of a
layered morphology (macrophase-separated structures) was
assumed to be due to the difference in the polarities of the
hard and soft segments. Furthermore, the layer thickness
increased when D2O was used as the blowing agent instead
of H2O. © 2005 Wiley Periodicals, Inc. J Appl Polym Sci 98:
1280–1289, 2005
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INTRODUCTION

Polyurethane (PU) foams are cellular or expanded
materials synthesized by the reaction of diisocyanate
with polyol in the presence of a blowing agent. Ac-
cording to the mechanical properties, PU foams are
categorized as flexible, rigid, or semirigid materials.
PU foams are multiblock copolymers considered to
consist of alternating hard and soft segments.1 The soft
segments are composed of long-chain polyethers or
polyesters, which exhibit flexibility [low glass-transi-
tion temperature (Tg) part] and elastomeric properties
at room temperature. The reaction of hydroxyl groups
with isocyanate groups forms linkages based on ure-
thane structures (high Tg part). Additionally, water
present in a typical PU foam formulation will react
with isocyanate to produce CO2 and urea-based hard
segments. The heat evolved from the exothermic reac-
tions along with the CO2 generation helps to blow the
foaming mixture and gives the foam its cellular char-
acter. The long hard-segment structures segregate to-
gether because of similarities in polarity and hydrogen
bonding to form a pseudocrosslinked network struc-

ture.2 These segregated structures provide substantial
stability to the foam material.3

Because of the complex nature of the PU foam struc-
ture and morphology development, the use of model
systems has been very important for the study of the
different aspects of PU foams, especially at interfaces.
The reactivity and concentration of the reactants in PU
foam formulations have a strong influence on the devel-
opment of PU foam morphology. Many authors have
employed Fourier transform infrared (FTIR) spectros-
copy to investigate both the reaction kinetics and the
morphology development during the foaming pro-
cess.4–6 The phase separation of polyurea segments can
be monitored through hydrogen-bonding studies during
the PU foam reaction process.7 By using FTIR spectros-
copy, Rossmy et al.8,9 showed that in the initial stages of
the reaction process, the formed urea hard segments stay
in solution, but at a certain level of the reaction, they
separate as a second phase because of their concentration
and molecular weight development. The adhesion of a
PU foam on a thermoplastic (TP) material depends sig-
nificantly on the interfacial structures of both materials.
Kim et al.10 showed by X-ray scattering on an interface
between a rigid PU foam and zinc phosphated steel
some crystallite structures, and they found that these
crystallites contribute to the interface strength. The same
authors also claimed that the number of these crystalline
structures is much more important than their size.11

Other authors believe that the hard segments contribute
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to the hydrogen bonding/chemical bonding at an inter-
face according to the nature of the substrate material.12,13

In this article, we present the results for the struc-
ture analysis of the interface between three different
PU foam systems and a TP material plate. The TP
material plate was a blend composed of polycarbon-
ate, acrylonitrile butadiene styrene, and styrene maleic
anhydride. The PU foams were prepared directly on a
horizontally fixed TP material plate with 4,4�-diphe-
nylmethane diisocyanate (MDI), polyether-based
polyols, and water and deuterium oxide as blowing
agents. The reaction in the PU foam systems was
monitored with the Fourier transform infrared/atten-
uated total reflectance (FTIR–ATR) technique via the
absorption intensity of the �(NCO) vibrational band
due to asymmetric stretching vibrations of the isocya-
nate group at 2265 cm�1. Small-angle X-ray scattering
(SAXS), neutron reflection (NR), and transmission
electron microscopy (TEM) techniques were em-
ployed for the structure analysis. At the interface be-
tween the PU foam and TP, a compact PU film, 110
� 30 �m thick, was formed (see Fig. 1). Investigating
the inner structure of this PU film, we found a layered
morphology parallel to the surface with a typical
thickness of 260–400 nm for each layer. It is assumed
that a phase separation between hydrophilic poly(eth-
ylene oxide) (PEO) and hydrophobic polypropylene
(PPO) blocks of the polyol in an early stage of reaction
is the origin of this structure.

EXPERIMENTAL

Materials

All the chemicals for the PU foam and the TP material
plates were used as obtained. MDI with an isocyanate
index of 88 (the isocyanate index is the molar ratio of
isocyanate groups to active hydrogen-bearing groups,
i.e., hydroxyl and amino groups) was used. The poly-
ether polyols were PPO- and PEO-based with a weight
ratio of 80 : 20 PPO/PEO. Different catalysts and
crosslinkers were added to the mixtures.14–16 Three
different PU formulation were used (PU-a, PU-b, and
PU-c), and their details are reported in Table I. To
differentiate between the usage of H2O and D2O as
blowing agents, either an “h” or a “d” was added to
the name (e.g., d-PU-a for a deuterated PU foam of
formulation “a”). When a climate treatment was also

performed, this was indicated by an additional “-T” in
the name (e.g., h-PU-a-T).

Preparation of the PU foam samples

To prepare the samples with PU foam adhering to TP
material plate, an appropriate amount of polyol was
mixed with MDI and mechanically stirred for some
seconds. Finally, the reacting mixture was transferred
to a foaming tool, which already contained the TP
material plate. The tool was then closed to allow the
process to proceed for 10 min at 40°C. After that time,
the foamed plate was removed from the foaming tool.
The foam samples with deuterium oxide were pre-
pared with D2O as an indirect blowing agent instead
of H2O.

To reduce the adhesion of the PU foam samples on
the TP material plate, a climate treatment was per-
formed by the placement of some samples in a climate
chamber (model Excal 2221 HA, Climats/Sapratin, St.
Médard d’Eyrans, France). The details about the cli-
mate cycle are explained in Figure 2. The foam sam-
ples were separated from the interface, and then the
compact PU film was removed from the bulk foam
surface. A thickness of 110 � 30 �m for this PU film
was measured with a micrometer screw.

FTIR spectroscopy

FTIR measurements were carried out on a PerkinElmer
S2000 FTIR spectrometer (Wellesley, MA) equipped with
a Golden Gate diamond single attenuated total reflec-
tance (ATR) cell heatable up to 200°C from LOT Oriel
(Darmstadt, Germany). A small portion of the PU foam
reaction mixture was placed on a preheated (40°C) ATR
cell, and spectra were recorded with 50-s intervals. The
change in the intensity of the isocyanate band was used

Figure 1 Schematic representation of a PU foam layer on a TP material surface.

TABLE I
Formulation Details of PU Foam Systems

Foaming
system

Polyol
(g)

Isocyanate
(g) H2O/D2O (g)

PU-a 100 45 2.6
PU-b 100 44 2.8
PU-c 100 54 3.1
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to calculate the reaction time for each reacting foam
mixture.

SAXS

The compact PU film was powdered after cooling in
liquid nitrogen. The powdered samples were filled in
glass capillaries for measurements. SAXS intensities
were detected with a Siemens Hi-Star two-dimen-
sional area detector (Siemens, Berlin, Germany) and
integrated. Cu K� radiation with a wavelength of �
� 0.154 nm was used. The scattering vector (q) is
defined by q � (4�/�)sin �.

TEM

The TEM images were obtained on a LEO 912 transmis-
sion electron microscope (LEO/Zeiss, Oberkochen,

Germany) with an accelerating voltage of 120 kV. The
compact PU film from the interface was microtomed
perpendicularly to the surface after cooling in liquid
nitrogen. TEM micrographs were acquired from thin
samples after staining in RuO4, which is sensitive for
hard segments.25

NR

The foam samples were separated from the interface,
as schematically shown in Figure 3, and the flat PU
foam surface was exposed to the NR instrument (HA-
DAS) at the Jülich Research Centre (Germany). These
experiments were carried out with a two-dimensional
position-sensitive detector and neutrons with a wave-
length of 4.52 Å.

Figure 2 Schematic representation of a single climate cycle. Each cycle takes 11 h and is carried out 24 times (RT � room
temperature).

Figure 3 Schematic representation of the separation of a PU foam/TP material interface: a flexible PU foam layer is removed
from a TP material in a way similar to a peel test. The flat PU foam surface is exposed to NR reflection studies.
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RESULTS AND DISCUSSION

FTIR spectroscopy

Representative infrared (IR) spectra for the reaction
process of the isocyanate part of MDI with polyether
polyols and water are shown in Figure 4. This region
is useful for studying the reaction process, as the band
at 2265 cm�1 includes the isocyanate asymmetric
stretching vibrations. The decrease in the intensity of
this band was used to monitor the conversion of iso-
cyanate functional groups as a function of the reaction

process with polyol and water in three different PU
foam systems.

The first measurement after the reaction mixture
was placed on an ATR cell shows for the integrated
area of the 2265-cm�1 peak the highest value, which
decreases continuously with time. Representative re-
sults for the h-PU-a foam system at 40°C are shown in
Figure 5. The curve depicted in Figure 5 can be fitted
by biexponential decay functions [eq. (1)], and the
obtained parameters are given in Table II:

y � y0 � A1e�t/t1 � A2e�t/t2 (1)

Figure 4 FTIR–ATR spectra of the isocyanate absorption band (2265 cm�1) during the reaction process with polyol and
water in the h-PU-a foam system at 40°C at different times after the mixing of the components.

Figure 5 Integrated peak area of the isocyanate absorption band (2265 cm�1) as a function of time. The data are fitted to a
biexponential decay function.
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In this equation, y is the measured peak area at time
t, with constant background y0, amplitudes A1 and A2,
and decay times t1 and t2. The assumption of a biex-
ponential decay is the simplest one for these kinds of
reactions, excluding initialization and termination.17

The observed timescales indicate that the isocyanate
in the reaction mixture is following two different re-
action kinetics, that is, reacting with two different
species. Accordingly, t1 and t2 represent fast and slow

reactions of the isocyanate, respectively. Rossmy et al.8

reported that water is more reactive in PU foam for-
mulations than polyether polyol and aromatic amines.
Therefore, t1 should correspond to the reaction of iso-
cyanate with water, and t2 should correspond to the
reaction of isocyanate with polyols.

The three foam formulations differ not only in the
water content but also in the additives. These addi-
tives strongly influence the isocyanate conversion. The
three foam formulations can be described as slow,
intermediate, and fast foams. These observed differ-
ences in the three foam systems are ordered as ex-
pected according to the chosen additives. Finally, for-
mulation PU-c shows the fastest reaction with water
and polyol, whereas PU-a shows the slowest.

Figure 6 demonstrates the influence of the formula-
tion differences and reaction rate on the structure/
morphology development. Observing the time depen-
dence of the absorption bands between 1730 and 1630
cm�1, we can follow the formation of urethane, hy-

TABLE II
Reaction Times (s) Obtained by the Fitting of a Bi-
Exponential Decay Function to the Peak Area of the

Isocyanate Absorption Band (2265 cm�1)

Reaction
time

Foam system

h-PU-a h-PU-b h-PU-c

t1 146 � 10 73 � 7 72 � 7
t2 850 � 100 600 � 70 350 � 40

Figure 6 FTIR–ATR spectra in the carbonyl region at different times during the reaction process of isocyanate with polyol
and water in three different PU foam systems at 40°C: (A) h-PU-a, (B) h-PU-b, and (C) h-PU-c. The absorbance bands
associated with urethane (1730 cm�1), soluble urea and hydrogen-bonded urethane (1700–1715 cm�1), and hydrogen-bonded
urea (1650–1680 cm�1) groups are labeled on the respective absorption bands.
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drogen-bonded urethane and urea, and nonbonded
urea. According to Elwell et al.,18 the formation of
non-hydrogen-bonded urethane (1730 cm�1) and non-
bonded urea (1715 cm�1) evolves early in the reaction.
The formation of these two structures takes place si-
multaneously, not sequentially, as early research had
suggested.8,19,20 Both signals (1730 and 1715 cm�1) can
be seen clearly in the figure, but the slowest foam with
less water [h-PU-a; Fig. 6(A)] has a weak urea signal at
1715 cm�1. Foam h-PU-b [Fig. 6(B)], with a faster
urea-forming process, has an increased urea signal,
whereas foam h-PU-c [Fig. 6(C)], with the highest
amount of water, also has the most intense urea signal.
It is also apparent from the figure that there is an
induction time before the formation of hydrogen-
bonded urea; that is, microphase separation of urea
hard segments occurs in all the investigated foam
systems (indicated by the 1650–1680-cm�1 band). The
intensity of the broad band linked with hydrogen-
bonded urea (1650–1680 cm�1) in each foam system is
also related to the extent of phase separation.

SAXS

The SAXS measurements were carried out to study the
hard-segment distances21–24 in compact PU films at
the interface. These studies were performed on deu-
terated and nondeuterated samples, respectively. The
determined SAXS profiles for compact PU films of
nondeuterated samples are shown in Figure 7. The
intensity (I) values have been rescaled and Lorentz-

corrected (Iq2), and a Porod background (I�q�4) has
been subtracted. The bulk samples were also mea-
sured (the results are not given here), and the peak
was at the same position found for the compact film
samples.

A significant peak was observed in each measure-
ment, and it corresponds to a typical hard-segment
distance in the sample. The hard-domain distance was
calculated with Bragg’s law: d � 2�/qmax. qmax is the
position of the peak, estimated by the subtraction of a
monotonic background (Porod) and then fitting with a
Gaussian. The hard-domain distances do not differ in
h-PU-a and h-PU-b, but differences exist between h-
PU-c and the other two samples (Table III). In the low
q range, the curves differ from each other, and that is
due to the inner surface effect.

The SAXS profiles for partially deuterated samples
are shown in Figure 8, and the results for these sam-
ples are given in Table IV. For the d-PU-a and d-PU-b
samples, the peak is nearly at the same position. How-
ever, in the d-PU-c sample, the peak position is shifted
to low q values.

Figure 7 Lorentz- and background-corrected SAXS traces for powders of compact PU film in three different foam systems
with water as an indirect blowing agent. The peaks correspond to the average hard-segment distance in the sample.

TABLE III
Results of SAXS Measurements with H2O as an Indirect

Blowing Agent

Parameter h-PU-a h-PU-b h-PU-c

q (nm�1) 0.65 � 0.02 0.65 � 0.02 0.58 � 0.02
d (nm) 9.7 � 0.3 9.7 � 0.3 10.8 � 0.3
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These SAXS measurements show that the hard-seg-
ment distances remain nearly unchanged at the inter-
face with the change of the blowing agent from H2O to
D2O. These hard segments are embedded in a typical
microphase-segregated structure, and according to
Armisted et al.,25 their size does not change with the
water content in PU foam formulations. Therefore, it
seems that there are also secondary parameters such
as crosslinkers that also contribute to the formation of
these structures. The used additives also have a strong
influence on the formation of urea hard segments. Li
et al.26 studied the effects of chain extenders (addi-
tives) on morphology development in flexible PU
foams, and they found that with additives the onset of
microphase separation was delayed and the interdo-
main spacing was increased. Our results indicate sim-
ilar behavior. Hence, the observed difference in the
hard-segment distance in the h-PU-c film sample in
comparison with the other two systems (h-PU-a and
h-PU-b) is due to the formulation difference. A faster
reaction with polyol leads to an increased hard-seg-
ment distance.

TEM

The TEM images acquired from compact PU film
formed at the interface are displayed in Figures 9 and

10 for deuterated and nondeuterated samples, respec-
tively. Elongated structures (arranged in layered
form) parallel to the surface in the range of �400 nm
can be seen in the image of the deuterated sample (Fig.
9).

Similar but slightly thinner structures can be ob-
served in a nondeuterated sample of a typical thick-
ness in the range of 260 nm (Fig. 10). The formation of
these layered structures at the interface in compact PU

Figure 8 Lorentz- and background-corrected SAXS traces for powders of compact PU film in three different foam systems
with D2O as an indirect blowing agent. The peaks correspond to the average hard-segment distance in the sample.

TABLE IV
Results of SAXS Measurements with D2O as an Indirect

Blowing Agent

Parameter d-PU-a d-PU-b d-PU-c

q (nm�1) 0.65 � 0.02 0.66 � 0.02 0.57 � 0.02
d (nm) 9.7 � 0.3 9.5 � 0.3 11.0 � 0.4

Figure 9 TEM image of a compact PU film sample (d-PU-a)
after staining with RuO4. The elongated structures are par-
allel to the film surface. A typical layer thickness is 400 nm.
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film takes place during the polymerization process
through the mechanism of liquid–liquid phase sepa-
ration. Because of the difference in the hydrophobicity
of PPO and PEO, phase separation between a PEO-
based polyol and an H2O-rich phase and a PPO-based
polyol and an H2O-poor phase will start. The more
hydrophobic phase with the PPO-based polyol will
preferentially cover the surface of the hydrophobic TP
material at the interface. As a result of the concentra-
tion gradient, the process of phase separation will
form a second layer consisting of a PEO-based polyol
and an H2O-rich phase. Finally, an arrangement of
layers with different compositions, leading to alternat-
ing regions with higher and lower hard-segment den-
sities (elongated structures parallel to the surface in
TEM images), is formed at the interface.

The differences in the sizes of elongated structures
in deuterated and nondeuterated samples could be
due to the reaction process. Rossmy et al.8,9 showed,
using IR spectroscopy of polyethers with different
reactivities, that the urea hard segments initially
formed stay in solution, but at a certain point they
separate as a second phase because of their concentra-
tion and molar mass buildup. Therefore, the reactivity
will be higher and the time will be less to separate the
mixture into equilibrium phases.

The typical hard-segment distance in the range of
10–20 nm, as detected by the previously discussed
SAXS measurements, could not be observed in these
TEM images. The same effect was described by Neff et

al.27 Their TEM studies in bulk PU foams showed
diffuse urea aggregates with a size between 50 and 200
nm, but the internal hard-segment distances were only
visible after degradation of the soft segments.

NR

After determining the specular and nonspecular re-
flection regimes from the measured data, we evalu-
ated q with eq. (2), and the representative NR profile
for one of the investigated samples (h-PU-a-T) is de-
picted in Figure 11:

q � 4�/�*sin [(�i��f)/2] (2)

where �i and �f are the initial and final angles between
the sample surface and flight direction of neutrons,
respectively, and � is the neutron wavelength.

In the q range of 0.014–0.04 A�1, fluctuations (Kies-
sig fringes) in the reflection signal can be observed
(indicated by vertical lines in Fig. 11). These fluctua-
tions can be fitted by a layered structure of parts with
higher (	1) and lower (	2) scattering length densities.
From TEM results, we know that two phases with
nearly the same thickness and a regular elongated
structural arrangement perpendicular to the surface
exist in compact PU film. Using the parratt32 program
from Christian Braun, HMI,28 for fitting the results, we
obtained the thicknesses for both phases. The differ-
ences between the fit and the data above q � 0.03 A�1

are due to the underlying background from the hard-
segment Braggs reflection. In the case of H2O samples,
all layers are in the range of 300 nm. If the thickness of
both layers is not in the same range (i.e., the thickness

Figure 10 TEM image of a compact PU film sample (h-
PU-a) after staining in RuO4. The elongated structures are
parallel to the film surface. A typical layer thickness is 260
nm.

Figure 11 Neutron reflectivity as function of q for a PU
foam sample (h-PU-a-T). The differences between the fit and
the data above q � 0.03 A�1 is due to the underlying
background from the hard-segment Braggs reflection. The
vertical lines indicate the significant fluctuations of the mea-
surement.
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or the volume fraction differs more than 10%), the
significance of the fluctuations decrease, and this is
observed in the h-PU-c-T sample with d1 � 270 nm
and d2 � 360 nm. In the q range above 0.04 A�1, which
is not depicted in Figure 11, the scattering of the hard
segments can be observed. The observed hard-seg-
ment distances coincide with the SAXS measurements
discussed previously.

Only one of the deuterated samples (d-PU-b-T)
shows significant fluctuations, which were fitted with
a 400-nm-thick layer system, which is at the limit of
the resolution of the instrument. There are several
possible reasons that the other samples will show no
proper fluctuations: (1) they have thicker layers, as
observed in TEM images, and are therefore above the
resolution of the instrument; (2) the volume fraction of
each phase is not near 50%; and (3) the layer thickness
is not homogeneous in the sample.

The NR measurements have shown that the com-
pact PU film at the interface is internally ordered in
layered structures. On this basis, we can assign two
phases with different (scattering length) densities.
These phases do not correspond to hard and soft
segments, as the typical hard-segment distances are
�10 nm and the phases have a thickness of �300 nm.
As we observed different scattering length densities,
which cannot be assigned to hard and soft segments,
and there is no other possibility that the material is
macrophase-separated,29 it can be concluded that the
formation of two regions of different scattering length

densities is due to the aggregation (formed through a
phase-separation mechanism) of hard-segment do-
mains.

For more detail, the difference in the hard-segment
distances and the aggregated structures is explained
schematically in Figure 12. The hydrophobic TP sur-
face should be covered by a layer of hydrophobic
components of the PU foam mixture, that is, with a
larger amount of PPO and less water. Depending on
the reaction time, the layer thickness may vary, but
because of the phase separation of hydrophilic and
hydrophobic parts, a second PEO- and water-rich
layer will be formed in the next step. Depending on
the volume fraction and mobility of the phases, this
layered structure can be repeated several times. These
layers were observed in TEM and NR measurements.
Within each phase, the formation of urea hard seg-
ments takes place, preferentially in the PEO- and wa-
ter-rich phase, as the water is a reaction partner of
MDI to finally form urea. In the next step, a mi-
crophase separation between hard and soft segments
occurs. The hard segments unite through hydrogen
bonding and form big aggregates30 with a typical dis-
tance of 10 nm between them, as detected by SAXS.

CONCLUSIONS

From the reaction process of isocyanate, the observed
reaction times t1 and t2 correspond to the reactions of

Figure 12 Schematic representation of hard segments and a layered arrangement of aggregate structures in a compact PU
film formed at the interface with a TP material plate. The hard-segment distance (10 nm) is detected by SAXS, and the layered
arrangement of aggregate structures (260–400 nm) is observed by TEM and NR measurements.
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water and polyol with isocyanate groups (NCO), re-
spectively. The observed dependence of t1 and t2 is in
good order according to the formulation differences
among three different foam systems. The h-PU-c sys-
tem shows the fastest reaction with water and polyol,
whereas h-PU-a is the slowest formulation. The influ-
ence of formulation differences on the morphology
development (i.e., the formation of urethane and hy-
drogen-bonded urethane and urea) was observed by
the interpretation of IR spectra in the carbonyl region.
The formation of nonbonded urea (1715 cm�1) was
lowest in the less reactive foam system in comparison
with the other two.

A thin compact PU film at the interface (PU
foam/TP material interface), 110 � 30 �m thick, was
found. From the SAXS investigations, the hard-seg-
ment distances were observed in PU film samples at
the interface. The same segment–segment distance,
that is, on the order of d � 9.7 � 0.3 nm, was observed
in h(d)-PU-a and h(d)-PU-b for deuterated and non-
deuterated PU film samples. However, in h(d)-PU-c, it
was 11.0 � 0.4 nm and 10.8 � 0.3 nm for deuterated
and nondeuterated PU film samples, respectively.
These differences in the hard-segment distances in the
three foam systems are due to the different reaction
rates. The reaction rate has an influence on the mi-
crophase-separation process of hard segments.

TEM and NR measurements showed that the PU
film at the interface is internally ordered in a layered
morphology. The thickness of the layers ranges from
260 nm for H2O samples up to 400 nm for D2O sam-
ples. It is concluded that the origin of these layers is
phase separation in an early stage of the reaction
process (i.e., macrophase separation of hydrophilic
and hydrophobic parts). On this basis, we can assign
two phases with different (scattering length) densities,
and these phases mainly correspond to the macroseg-
regated structures, as is clear from TEM images.

The authors gratefully acknowledge R. Thomann for the
transmission electron microscopy measurements. U. Rücker
and A. Wutzler are thanked for their help with the neutron
reflection and Fourier transform infrared measurements, re-
spectively.
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