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ABSTRACT: Aqueous emulsions of anionic polyurethane
ionomers, based on polypropylene glycol as soft segment,
isophorone diisocyanate as diisocyanate, dimethylolpropi-
onic acid as chain extender and potential ionic center, and
triethylamine as neutralizer, were synthesized. They were
mixed with styrene monomers to prepare polystyrene–poly-
urethane (PS/PU) nanocomposites by an evocator. The sizes
and distributions of the particles were measured by dynamic
light scattering, and the microstructure of the nanocompos-
ites was observed by transmission electron microscope. X-
ray photoelectron spectroscopy (XPS) was used to study the
surface characterization of anionic PU and PS/PU nanocom-

posites. It could be found that the nanoparticles of PU could
encapsulate the styrene monomers effectively and the leak-
age type of every element in PU was not affected by the
introduction of Ps. There were more hard segments on the
surface of crosslinking PS/PU nanocomposites because of
the formation of crosslinking structure and interpenetrating
polymer network between PU and PS. © 2006 Wiley Periodi-
cals, Inc. J Appl Polym Sci 100: 3889–3894, 2006
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INTRODUCTION

Polyurethanes (PUs) are a versatile group of multi-
phase segmented polymers that have excellent me-
chanical properties, good hardness, high abrasion, and
chemical resistance.1,2 Morphologic studies of seg-
mented PUs have shown that these polymers separate
into two phases, leading to domains composed of hard
segments and domains composed mostly of soft seg-
ments.3,4 It has also been reported that not only does
the segregation take place in the bulk, but on the basis
of the studies using surface analysis techniques such
as X-ray photoelectron spectroscopy (XPS), the surface
of these PU is enriched in the soft segments with
respect to the bulk composition of the polymers.5–10

According to the conclusion suggested by
Lorenz,11,12 anionic PU ionomers in water are stabi-
lized because of electric double layer and solvent ef-
fect. Because the soft segment of anionic PU is hydro-
phobic and hard segment with COO�- is hydrophilic,
the molecule chains of anionic PU can self-organize to
micelles when it is dispersed in water. The hydrophilic
groups in the micelles are on the surfaces of particles
and hydrophobic groups are crimped into the parti-

cles as showed in Figure 1.13 The micelles make a
Brownian motion and negative charges are simulta-
neous with positive ones, and so an electric double
layer is formed on the surface of the particles and
there is a voltage between them. The voltage blocks
the gathering of particles and makes them act as a
surfactant. At the same time, there are hydrogen
bonds between the hydrophilic groups and water mol-
ecules, and then the particles are surrounded by a
layer of water molecules. The solvent effect can also
hinder the gathering of particles. In this study, parti-
cles with a dimension in the 10–100 nm range were
used to encapsulate styrene monomers, and polysty-
rene was synthesized by an evocator. At last, anionic
polystyrene/polyurethane (PS/PU) nanocomposite
dispersions of core-shell-type were prepared in situ.

The surface analysis of polymers can now rely on
many spectroscopic techniques,14–19 some of them be-
ing well established. XPS is probably one of the most
popular and accessible methods to analyze the surface
chemistry of materials. To the best knowledge of
present authors, there is little information about sur-
face analysis of anionic PU ionomers and their nano-
composites by XPS.

In this work, uncrosslinking and crosslinking
PS/PU nanocomposites were prepared. The exact dis-
tribution of soft and hard segments of PU near the
very top surface was precisely known by XPS analysis.
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EXPERIMENT

Materials

Polypropylene glycol (PPG, Mn � 1000) (Tianjin chem-
ical company, China), isophorone diisocyanate (IPDI)
(Nuodex Inc, Japan), dimethylolpropionic acid,
(DMPA) (Tianjin chemical company, China). Prior to
use, IPDI was used vacuum distilled at 70°C and 0.025
mmHg. PPG was degassed at 40°C and 0.5 mmHg.

Preparation of aqueous emulsion of anionic PU
ionomers

A 250 mL round-bottomed, four-necked separable
flask with a mechanical stirrer, thermometer, and con-
denser with drying tube was used as a reactor. The
reaction was carried out in a thermostat. IPDI (7.33 g)
and PPG (10 g) were dissolved in HEA solvent, and
then the whole solution was heated to 85°C for 3 h
with stirring to form a prepolymer. Then, 2.38 g of
DMPA was added to the prepolymer and kept at 85°C
for 0.5 h, followed by end capping with isopropanol at
60°C for 15 min. Finally, 1.0 g triethylamine and 80 mL
distilled water were added to form aqueous emulsion,
after which HEA was removed by reduced pressure
distillation at 45°C. The final concentration of PU in
water was about 20% by weight.

Preparation of PS/PU nanocomposites

When aqueous emulsion of anionic PU ionomers was
finished as described in the previous section, certain
amount of styrene monomer with styrene/PU ratio of
1:1 by weight was gradually dropped into PU aqueous
emulsion at 80°C for 0.5 h, followed by the addtion of
hydrogen peroxide. Then the polymerization of sty-
rene was carried out at 80°C for 4 h. At last, the
aqueous emulsion of uncrosslinking PS/PU nanocom-
posites was formed.

When little amount of 2-butene-1,4-diol is used to
replace the same amount of PPG during the prepara-
tion of aqueous emulsion of anionic PU ionomers,

crosslinking PS/PU nanocomposites could be pre-
pared.

Film preparation

The aqueous emulsions were cast onto a clean alumi-
num pan and allowed to evaporate overnight in an
oven at 50°C. All films were about 1.0 mm thick.

Measurement

The morphology of the PS/PU nanocomposite parti-
cles was observed by a transmission electron micro-
scope of Philips EM400ST. The sample was prepared
by depositing the emulsion on a copper net after being
stained by Phospho-wolframic acid.

Average sizes and size distributions of the particles
in aqueous emulsions were measured by dynamic
light scattering (BI9000AL), where an Ar-type laser
with wavelength 514.5 nm was used. The samples
were firstly diluted with deionized water to 0.5%,
followed by ultrasonic wave treatment to homogenize
the emulsions.

XPS was performed on a PHI1600 (PE CO. US) with
a hemisphere analyzer and a position sensitive detec-
tor. The spectrometer was equipped with a Mg/
K�(1253.6 eV) achromatic X-ray source operated at a
power of 250 W. The spot size used was 1 � 3 mm2.
Survey scans were taken in the range of 0–1100 eV.
Any significant peaks in the survey scan were then
subjected to narrow scans in the appropriate ranges
for atomic concentration analysis. Photopeaks were
curve-fitted using Origin 6.1 software to obtain infor-
mation on the bonding state of the elements. Binding
energies were referenced to the carbon–carbon bond
that was assigned a binding energy of 285.0 eV. The
spectrometer was typically run at the 5 � 10�9 Torr
vacuum range.

RESULTS AND DISCUSSIONS

Figure 2 is the TEM micrographs of pure PU and
PS/PU nanocomposites colored by phospho-wol-
framic acid. We could see clearly that the particles of
pure PU were approximately round with a diameter of
about 30–40 nm and size distribution was narrow,
and PS/PU nanocomposites were 60–80 nm and
wider. Because the colored degree of PU was different
from that of PS, the core-shell structure of PS/PU
nanocomposites could be seen clearly. However, the
particles of crosslinking PS/PU nanocomposites devi-
ated from round and gathered in bulk. This was be-
cause 2-butene-1,4-diol existing in soft segments could
react with styrene monomers, and then the crosslink-
ing structure and interpenetrating polymer network
were formed between core and shell or particles.
These could also be proved in Figure 3, measured by

Figure 1 Micelles of anionic PU.
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dynamic light scattering. The particle size of PS/PU
nanocomposites was larger than that of PU, and the
distribution was wider. The size actually doubled go-
ing from PU to uncrosslinking PS/PU nanoparticles.

This is because PU micelles could encapsulate styrene
monomers effectively and supplied micro-reactors for
the polymerization. The electric double layer and sol-
vent effect would block the gathering of particles.
However, because the nanoparticles were of a loose
structure, existence of PS within PU nanocapsules
caused the increasing particles in the diameter. As to
crosslinking PS/PU nanocomposites, the crosslinking
structure and interpenetrating polymer network
caused gathering of particles, and then the particle
size got larger and distribution wider.

The chemical structure of anionic PU’s components
and the marks corresponding to different functional
groups were shown in Figure 4. The XPS survey spec-
trum of anionic PU, corresponding to carbon, nitro-
gen, and oxygen atoms, was detected as presented in
Figure 5.

The patterns of the fitting peak treatment for the
XPS spectra of C1s, O1s, and N1s in anionic PU were
presented in Figure 6. High resolution spectra of sig-
nal showed an envelope that could be curve fitted into
a series of peaks corresponding to different functional
groups. The peak usually at the lowest binding energy

Figure 2 TEM images of PS/PU nanocomposites (100,000
times). (A) Pure PU, (B) uncrosslinking PS/PU nanocompos-
ites, and (C) crosslinking PS/PU nanocomposites.

Figure 3 The sizes and distributions of PU and PS/PU
nanocomposites. (1) Pure PU, (2) uncrosslinking PS/PU
nanocomposites, and (3) crosslinking PS/PU nanocompos-
ites.

Figure 4 Chemical structure of anionic PU’s components
and the marks corresponding to different functional group.

Figure 5 XPS survey spectrum of anionic PU showing the
peaks corresponding to oxygen, nitrogen, and carbon atoms.
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(285.0 eV) was assigned to carbon atoms that were
linked only to carbon (COC*) and hydrogen atoms
(C*OH). The peak shifted by �1.4 eV was correspond-
ing to carbon atom linked to one carbon or hydrogen
atom and one oxygen atom via a single bond (C*OO).
Carbon peaks corresponding to carbonyl OOC*AO
and NOC*AO functions appeared shifted by about
4.2 eV, respectively, from the C*OC peak. We ignored
secondary neighbor effects and considered C*OO and
C*ON as having a similar chemical shift with respect
to the C*OC peak. Similarly, the oxygen peak corre-
sponding to carbonyl O*ACON and O*ACOO was
at 531.5 eV, and the peak shifted to 533.0 eV was
corresponding to COO*. The peak corresponding to
nitrogen atoms linked to carbonyl N*OCAO was at
399.9 eV. Because the carbonyls and nitrogen atoms
only existed in the hard segments of anionic PU as
shown in Figure 3, the exact distribution of soft and
hard segments of PU near the very top surface of
PS/PU nanocomposites could be determined from
them.

Table I and Figure 7 showed the results and patterns
of the fitting peak treatment for the XPS spectra of
uncrosslinking and crosslinking PS/PU nanocompos-
ites. Quite similar spectrums were obtained for them
but with slightly different peak intensities. However,
the relative areas (%) of C1s peak at 289.2 eV and O1s
peak at 531.5 eV of PS/PU nanocomposites were
higher than those of PU, and the absolute area of N1s
peak of crosslinking PS/PU nanocomposites (9440)
was larger than that of PU (8428.5) and uncrosslinking
PS/PU nanocomposites (8611.3). We can say that the
chemical environment of various elements in PU was
not changed by the introduction of PS as well as the
formation of crosslinking structure and interpenetrat-
ing polymer network between core and shell. At the
same time, the enrichment of hard segments on the
surface of PU and PS/PU nanocomposites was very
obvious, which was contrary to the conclusion of other
researchers.5–10 Because of the existence of PS, the
amount of the hard segments on the surface of nano-
composites increased, and the increasing extent of that

Figure 6 Pattern of the fitting peak treatment for the XPS spectra of C1s, O1s, and N1s in anionic PU.

TABLE I
Result of the Fitting Peak Treatment for the XPS Spectra

C1s O1s N1s

1 2 3 1 2 1

Binding energy (eV) 285.0 286.4 289.2 531.5 533.0 399.9
Area of PU (%) 50.76 37.99 10.25 38.89 61.11 100
Area of uncrosslinking PS/PU (%) 54.40 35.08 10.52 50.91 49.09 100
Area of crosslinking PS/PU (%) 58.14 33.89 10.96 56.87 43.13 100
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of crosslinking PS/PU nanocomposites was higher
than those of uncrosslinking. This was because the
formation of anionic PU ionomers in water made hard
segments with COO�– shift to the surface of particles.
At the same time, a polymerization between PS and
2-butene-1,4-diol in soft segments occurred and the
formation of crosslinking structure and interpenetrat-
ing polymer network made more soft segments shift
inside the nanoparticles.

CONCLUSIONS

In conclusion, the nanoparticles of PU could encapsu-
late the styrene monomers effectively, and thus
PS/PU nanocomposites were prepared. The leakage
type of various elements in PU was not affected by the

introduction of PS. The surfaces of PU and PS/PU
nanocomposites were enriched in the hard segments.
There were more hard segments on the surface of
crosslinking PS/PU nanocomposites because of the
formation of crosslinking structure and interpenetrat-
ing polymer network between PU and PS.
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