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ABSTRACT: A sulfonated polystyrene (SPS) and a polyurethane containing a tertiary
amine group (NPU) were blended in solution. The effect of blend composition was
studied in the blend of SPS with 9.83 mol % of sulfonation (SPS-9.83) and NPU with
33 mol % of MDEA (NPU-33). As the SPS concentration increases, a significant im-
provement of miscibility is observed. The tensile strength of the blends is greater than
either pure NPU or SPS. A maximum strength and a maximum density occur at 50
wt % SPS. The stress–strain curve shows a well-defined yield when the SPS concentra-
tion in the blend is 30 or 50 wt %. The yield is more dramatic in the blend with 50 wt
% SPS than that of 30 wt % SPS. At a lower SPS concentration, the blend behaves like
a rubber, while a higher SPS concentration in the blend results in a brittle failure
before yield. An increase in the sulfonation level of SPS in the SPS–NPU-33 (30/70)
blends leads to an improved miscibility. A significant enhancement of tensile strength
is observed as the sulfonation increases. A clear yield point on the stress–strain curves
occurs when the sulfonation of SPS in the blend is 4.79 mol % or greater. Increasing
the MDEA content of NPU up to 8.3 mol % can lead to an enhancement of tensile
strength. A further increase in the MDEA content has little influence on the tensile
strength, but a clear yield on the stress–strain curve occurs. q 1998 John Wiley & Sons,
Inc. J Appl Polym Sci 67: 2035–2045, 1998
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INTRODUCTION achieve the required improvement of mechanical
properties in practical applications. One approach

It is well known that most polymer pairs are ther- to acquire compatibilization is the addition of a
modynamically immiscible as a result of the small block copolymer,1,2 which tends to locate at the
entropy of mixing and the endothermic enthalpy interface of the blends, with the block in the en-
of mixing. Thus, compatibilization techniques are thalpically favored phases. The interfacial tension
used to enhance the miscibility of polymer blends can be reduced and the interfacial thickness in-
by using a compatibilizer or a specific interaction, creased, leading to an enhanced interfacial adhe-
which leads to an exothermic enthalpy of mixing. sion. However, synthesis of these copolymers is
The compatibilization is important because it can usually carried out at a considerable cost. There-

fore, much recent effort has been redirected to in-
situ reactive compatibilization during blending.

Correspondence to: W. Yang.
This reactive compatibilization technique can
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q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/122035-11 generate a strong interaction or a chemical cou-
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atoms.13–14 A tertiary amine can be incorporated
into polyurethane by using N-methyl diethanol-
amine (MDEA) as the chain extender in the syn-
thesis. The amount of the tertiary amine group
is easy to be changed in the synthesis without
affecting the ratio of hard segment to soft seg-
ment. Thus, the amount of nitrogen atoms in the
polyurethane, which is the interaction point with
SPS, can be varied by controlling the amount of
MDEA in polyurethane.

Stress–strain behavior of homopolymer has
been studied and modeled.15–22 The yield point on
the stress–strain curve is regarded as the onset of a
strain softening or a plastic flow. A semicrystalline
polymer, like polyethylene, usually has a well-de-
fined yield, followed by a plastic flow, while an elas-
tomer has only a strain softening region without a
clear yield point. The yield behavior, which involves
the disruption of a strong cohesion, is usually de-
pendent on temperature, pressure, and strain rate
of test. The morphology, molecular characteristics
(molecular weight, branched and or linear), and
crystallite structure have a profound effect on the
yield.20–22 However, the stress–strain behavior of
polymer blends is less studied. Thermoplastic poly-
urethane is segmented linear copolymer, in which
the hard-segment-rich phase functions as the phys-
ical crosslinks in the rubbery soft-segment-rich ma-
trix. The hydrogen bond of the hard segment can be

Figure 1 The storage modulus (a) and loss tangent
(b) of SPS-9.83–NPU-33 blends as a function of tem-
perature at different SPS-9.83 concentrations.

pling by tailoring specific functional groups into
the blend components.3–6 Formation of covalent
bonds, hydrogen bonds, and strong enthalpic and
ionic interaction between the functional groups of
the components has been demonstrated to be an
effective method to improve the miscibility of the
blends. Morphological control can be achieved by
changing the extent of the interaction between
the functional groups.

Sulfonated polystyrene (SPS) has been studied
because the sulfonic acid can form very strong
interactions with other moieties. The interaction
between the sulfonic acid in sulfonated polysty-
rene and nitrogen-containing polymers like poly-
urethane,7–9 polyvinylpyridene,10 and polyam-
ide11,12 has been shown to be particularly strong. Figure 2 The glass transition temperature from
In SPS–polyurethane blends, the proton in SPS DMA of SPS-9.83–NPU-33 blends as a function of SPS-

9.83 concentration.is shown to be able to transfer to the nitrogen
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disrupted at high temperature, and thermoplastic
processing techniques, such as injection molding,
can be used for their processing. The excellent me-
chanical properties allow them to be used in many
applications. Higher modulus and higher tempera-
ture resistance can be obtained, usually at the ex-
pense of elasticity loss. By blending with SPS, these
properties are expected to be improved.

In the present study, polyurethane containing
a tertiary amine group (NPU) with different
amounts of tertiary amine group and SPS con-
taining different sulfonation level were synthe-
sized. Their blends were prepared in solution. The
miscibility and the mechanical properties of SPS–
NPU blends are presented.

EXPERIMENTS

The starting polystyrene in the preparation is a
commercial resin (Gaofu Plastic Co., China). The

Figure 4 The glass transition temperature from
DMA of SPS–NPU-33 (30/70) blends as a function of
sulfonation level in the SPS.

number- and weight-averaged molecular weights
were measured to be 7.85 1 105 and 2.60 1 106,
respectively, by gel permeation chromatography
(GPC) (Waters 150C). The SPS was prepared by
a mixed acetic anhydride and concentration sulfu-
ric acid in 1,2-dichlorethane at 507C, following the
procedure of Makowski et al.23 The sulfonation
level in SPS was determined by titration with
standard methanolic sodium hydroxide to the
phenolphthalein end point in a 1% (w/v) toluene–
methanol (90/10, v/v) mixture solution. The SPS
containing 1.41, 3.28, 4.79, 7.20, and 9.83 mol %
was designated SPS-1.41, SPS-3.28, SPS-4.79,
SPS-7.20, and SPS-9.83, respectively.

A two-step condensation reaction was used to
prepare the NPU. The first step was preparation
of the prepolymer, as follows. 4,4 *-diphenylmeth-
ane diisocyanate (MDI) was added to the vigor-
ously stirred polypropylene glycol (PPG) (N210,
Nanjing Plastic Co., China, Mn Å 1100) with end-
capped hydroxyl groups. The reaction between
MDI and PPG was kept for 2 h under nitrogen
atmosphere at 657C. The amount of MDI and PPG
was controlled at a NCO : OH molar ratio of 3 :
1. The second step is the chain extension of the
prepolymer. The prepolymer was diluted in anhy-Figure 3 The storage modulus (a) and loss tangent
dride N,N *-dimethyl formamide (DMF). Two(b) of SPS–NPU-33 (30/70) blends at different sulfona-

tion levels in the SPS as function of temperature. chain extenders, MDEA and butanediol (BD) in
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were used. Monodisperse polystyrene was used to
as the standard for calibration. The number- and
weight-averaged molecular weights were mea-
sured to be 3.18 1 104 and 1.76 1 105, respec-
tively.

The blends of NPU and SPS were prepared in
solution. NPU was dissolved in a mixture solvent
of THF and dimethyl sulfonide (DMSO) in a ratio
of 9 : 1 (v/v). The SPS was dissolved in THF
and added dropwise to the vigorously stirred NPU
solution. The solution mixture was stirred for 5
h, and the solvent was evaporated at ambient
temperature. The blends were further dried at
707C under vacuum for 1 week to remove the re-
sidual solvent. The blends containing 20, 30, 50,
70, and 80 wt % of SPS were prepared.

The samples used for the measurement were
prepared by compression molding. The blends
were heated in the mold to a temperature of ap-
proximately 207C above Tg (depending on the
sample) for approximately 20 min at 25 MPa,
then removed to a cold press. After cooling down
for 5 min, the samples were taken out and main-
tained in the desiccator.

The dynamic mechanical properties were mea-
sured using a dynamic viscoelastic analyzer
(Rheovibron DDV II-EA). Thin slab samples (40
1 2 1 0.2 mm) were subjected to a sinusoidal
tensile load with a frequency of 3.5 Hz. A preten-
sion force was applied to assure a tensile load.

Figure 5 The heat capacity (a) and its derivative (b) The temperature ramped from 0100 to 1707C at
of SPS–NPU-33 (30/70) blends with different sulfona- a heating rate of 27C/min.tion levels in the SPS as a function of temperature. The

A modulated differential scanning calorimetercurves are offset for clarity.
(MDSC, TA 2900) was used to study the heat flow
at a ramp rate of 37C/min from 0120 to 2107C. A
detailed description about MDSC is referred to indesired ratio, were added into the diluted prepoly-

mer solution in an appropriate quantity to main- the literature.24–26 The linear temperature ramp
was superposed by a sinusoidal temperature mod-tain a NCO : OH ratio at 1 : 1. The molar percent-

age of MDEA segment in the NPU (MDI/MDEA ulation (1.57C amplitude and 60 period s), and
the total heat flow was deconvoluted into the re-/ BD / PPG), in 2.08, 4.17, 8.33, 16.67, and 33

mol %, respectively, was obtained by adjusting the versible and nonreversible components by a dis-
crete fast Fourier transform program (a TAratio of MDEA to BD. These NPUs were desig-

nated as NPU-2.08, NPU-4.17, NPU-8.33, NPU- MDSC software). The heat capacity was calcu-
lated from the reversible heat flow. By setting the16.67, and NPU-33, respectively. Stannous oc-

toate at 0.03 wt % was used as the catalyst to two points before and after the transition region
on the reversible heat flow, the glass transitioncarry the chain extension reaction to completion.

The reaction lasted for 1 h, in which the amount temperature was obtained from the position of the
inflection point of the transition, which was com-of NCO group was measured to be less than the

set value. The polymers were precipitated in wa- puted by the computer software. The increment
of heat capacity was calculated from the area un-ter and dried under vacuum at 707C for 1 week.

The molecular weight and distribution of NPU der the derivative curve of heat capacity at the
transition region. The temperature was calibratedwas determined by GPC (Waters-150C) in the tet-

rahydrofunan (THF). Three columns (m-Styragel: using indium. No calibration for heat capacity was
carried out.50, 103, and 104 nm, respectively) in the series
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MISCIBILITY OF SPS–NPU BLENDS 2039

Table I The Glass Transition Temperatures (Tg) and the Heat Capacity Increment (DCp) at the
Transition Obtained from MDSC for SPS–NPU-33 (30/70) Blends at Several Sulfonation Levels

Sulfonation of SPS Tg1 DCp1 Tg2 DCp2 Tg3 DCp3

(mol %) (7C) (mJrK01
rg01) (7C) (mJrK01

rg01) (7C) (mJrK01
rg01)

1.41 3.6 36.12 97.9 14.25 158.8 29.24
3.28 03.3 33.97 90.7 11.27 162.6 19.51
4.79 03.6 27.24 86.8 2.41 157.5 17.20
7.20 07.5 26.64 69.2 2.91 159.9 18.81
9.83 09.6 18.73 — — 159.1 19.61

The tensile stress–strain curves were obtained the volume fraction of the respective phases, the
using a tensile tester (Monsanto 10) according to reduction in the intensity of the low-temperature
the ASTM method D638-90. The test was per- peak indicates a decrease in the volume fraction
formed at ambient temperature at a crosshead of the soft-segment-rich phase of the NPU in the
speed of 100 mm/min. blends.

The density of samples was determined by spe- The position of the low-temperature or the
cific gravity bottle in water at 207C. Five speci- high-temperature peak in the tan d curves is a
mens were used for each sample test. measure of the glass transition temperature (Tg ) .

The Tg thus obtained from tan d curves as a func-
tion of SPS concentration is shown in Figure 2. It
is seen very clearly that the peak positions areRESULTS AND DISCUSSION
strongly composition-dependent. As the SPS con-
centration increases, the low-temperature TgMiscibility Enhancement
shifts to a lower temperature while the high-tem-

Effect of Blend Composition perature Tg moves to a higher temperature. This
is a little surprising since strong interaction in aFigure 1(a) and (b) shows the dynamic storage
polymer blend usually draw the two Tgs closer.modulus and loss angle tangent as a function of

These phenomena can be understood on the fol-temperature for NPU-33–SPS-9.83 blends at dif-
lowing basis. The glass transition temperature offerent blend compositions. Figure 1(a) shows the
soft segment for the polyurethane is aboutstorage modulus of the blends. In the glass–rub-
057C28; however, the glass transition tempera-ber transition region, either pure NPU or SPS
ture of soft segment for NPU is found at aboutshows a sharp drop in moduli. In the case of the
157C. It is suggested that the MDEA in hardfour blends, the transition regions lie between
segment of NPU cause more homogenous mixturethose of the neat polymers. There are two distinct
of hard and soft segments.29 Rutkowaska andtransition regions in the blends containing 20 and
Eisenberg,7 Estes et al.,30 and Seymour and Coo-30 wt % of SPS. As SPS concentration increases,
per31 suggested that only the systems that containthe transition step in modulus at the lower tem-
more than 38 wt % MDI (like the present system)perature decreases. Figure 1(b) shows the loss
exhibit an interconnected hard domain morphol-tangent (tan d ) for the pure components and their
ogy. As SPS is added, acidic proton transfer fromblends. The pure NPU-33 shows a high-intensity
SPS to the tertiary nitrogen in NPU can be ex-loss peak at 157C, which is attributed to the glass
pected. This would lead to strong Coulombic inter-transition of soft-segment-rich phase in the NPU.
action between the sulfonate anion in SPS andThe SPS-9.83 has a loss peak around 1307C, corre-
the quaternary ammonium cation in the hard seg-sponding to the glass transition of SPS matrix.27

ment of NPU. It would result in very intimateTwo peaks are observed for the blends, the low-
mixing of SPS with the hard segment and thetemperature peak related to the NPU component
preferential exclusion of the soft segment from theand the high-temperature to SPS component. In-
blend of the hard segment and SPS. Such exclu-creasing the SPS concentration of the blends leads
sion may result in a purer soft segment phase,to a dramatic decrease in the intensity of the low-
thus, the decrease of the low-temperature Tg . Thetemperature peak and a change of the peak posi-

tion. Since the peak intensity is proportional to increase in the high-temperature Tg would be
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ture of tan d, again suggesting the strong mixing
between SPS and the hard segment of NPU. If
this mixing had not occurred, the value of modu-
lus at that point would be far less dependent on
the sulfonation level in SPS.

The change in the Tg of the blends as a function
of the sulfonation level is presented in Figure 4.
As the sulfonation level increases, the low-tem-
perature Tg decreases to a lower temperature.
This phenomena supports the assumption that
the interaction can result in the preferential ex-
clusion of the soft segment from the blend of hard
segment and SPS.

The increment of heat capacity in the transition
region measured from differential scanning calo-
rimetry (DSC) is proportional to the volume frac-
tions of the respective phase in the blend.24–26,32,33

A MDSC can eliminate the disturbance for the
samples, which are easy to absorb moisture by
themselves, like polyurethane. A MDSC was used
in the present study to determine the heat capac-
ity (Cp ) , and the derivative (DCp /DT ) of the sam-
ple as a function of temperature. The Cp and DCp /
DT of the SPS–NPU-33 (30/70) blends at differ-
ent sulfonation levels are shown in Figure 5(a)
and (b). Figure 5(a) shows the Cp curves of the
blends. There is a step at low temperature, corre-
sponding to the glass transition of the soft seg-
ment in NPU. The high-temperature transitionFigure 6 The heat capacity (a) and its derivative (b)

of SPS-9.83–NPU-33 blends at two SPS concentrations
as a function of temperature. The curves are offset for
clarity.

attributed to the influence of the hard segment
in NPU.

Around 50%, the SPS sample corresponds to
a stoichometric ratio of sulfonic acid to tertiary
amine. We noticed that samples containing a
higher concentration of SPS also seem to form
excellent blends. This might suggest that the sul-
fonic acid can interact with other groups in NPU,
with the most reasonable possibility being ure-
thane group. It has been proven by Fourier trans-
form infrared (FTIR)13 and nuclear magnetic res-
onance (NMR)14 spectra.

Effect of Sulfonation Level in SPS

Figure 3(a) and (b) shows the storage modulus
and tan d for the SPS–NPU-33 (30/70) blends
with a varying sulfonation level in the SPS. An Figure 7 The stress–strain curves of SPS-9.83–
increase in the sulfonation gives rise to a increase NPU-33 blends at different SPS-9.83 concentrations:
in the intermediate plateau modulus and a de- (a) pure NPU, (b) 20/80, (c) 30/70, (d) 50/50, and (e)

70/30.crease in the peak intensity at the low tempera-
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MISCIBILITY OF SPS–NPU BLENDS 2041

miscible polymer has been studied using the de-
crease in the heat capacity increment at the tran-
sition as a function of the annealing time.24

The Cp and DCp / DT curves of two SPS-9.83–
NPU-33 (30/70 and 50/50) blends are shown in
Figure 6(a) and (b). In the case of the blend con-
taining 30 wt % SPS, the transitions are visible
from the step change on the Cp curve and the peak
on the DCp / DT curve. All the transitions become
obscure for the blend with 50 wt % SPS. The ob-
scure transitions of the SPS-9.83–NPU-33 (50/
50) blend may be regarded as an indication of
increased miscibility, which is a result of a higher
degree of ionic interaction between the compo-
nents.

Mechanical Properties

Effect of Blend Composition

Figure 7 shows the stress–strain behavior of the
pure NPU-33 and the SPS-9.83–NPU-33 blends

Figure 8 The tensile strength of SPS-9.83–NPU-33 at several blend compositions. The pure NPU be-
blends as a function of SPS-9.83 concentration.

haves like a typical elastomer with a very large
elongation at break. The strain softening starts at
a low strain, and the elongation at break exceedson the Cp curves is attributed to the hard segment 1000%. A strain hardening can be observed beforephase of the NPU,28 which may form hydrogen break due to the molecular orientation. In thebonds. At the intermediate region, a very small blend with 20 wt % SPS, the mechanical responsestep or a turn point on the Cp curves occurs. is similar to that of an elastomer. However, whenThe derivative curve gives a better presenta-

tion of the small changes. Figure 5(b) shows the
derivative curves (DCp /DT ) of the data in Figure
5(a). A small step increment on the Cp curves
becomes a peak on the derivative curves. With
the increase of sulfonation in the SPS, the low-
temperature peak shifts down to lower tempera-
ture, and the peak area becomes smaller [see Fig.
5(b)] . The intermediate peak can be observed on
the curves. A clear peak around 907C occurs for
the blend with 1.41 mol % of sulfonation in SPS.
This transition may be attributed to the glass
transition of SPS matrix. The area under the peak
obtained by integration is the heat capacity incre-
ment at the transition. The Tgs and DCps thus
obtained from the MDSC data for the three transi-
tions are summarized in Table I. The Tg1 at the
low-temperature transition region decreases with
the increase of sulfonation in the SPS. This phe-
nomenon is consistents with the DMA results.

The heat capacity increments show a decreased
tendency with the increase of sulfonation level in
SPS. This has been shown to be the indications
of improved miscibility32,33 and increased degree Figure 9 The density of SPS-9.83–NPU-33 blends as

a function of SPS-9.83 concentration.of ionic crosslinking.34,35 The interdiffusion of two
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suggests that the yield peak on the stress–strain
curves is related to disruption of the ionic cross-
linking. A higher degree of crosslinking in the
blend means a higher barrier to the plastic flow.
However, the strain-hardening region is absent
in the case of the blend with 50 wt % SPS. A
higher SPS concentration in the blend leads to a
brittle failure.

The tensile strength of SPS-9.83–NPU-33
blends as a function of SPS concentration is
shown in Figure 8. All the blends have higher
tensile strength than either of the neat polymers.
This synergism in strength is unusual and is a
direct result of the strong ionic interaction be-
tween SPS and NPU molecules. At 50 wt % of
SPS, maximum tensile strength is obtained. The
higher tensile strength and the lower elongation
at break of samples would be due to the network-
like structure and ionic aggregation.36–37

The strong interaction between SPS and NPU
may result in a decrease in the free volume and,
thus, an increase in density. The density of the
SPS-9.83–NPU-33 blends as a function of SPS
concentration is shown in Figure 9. Similar to the

Figure 10 The stress–strain curves of SPS–NPU-33
(30/70) blends at different sulfonations in the SPS: (a)
1.41, (b) 3.28, (c) 4.79, and (d) 9.83 mol %.

SPS concentration increases up to 30 wt % in the
blend, a distinct yield appears on the stress–
strain curve. There is a small region of plastic
flow after the yield and a long strain hardening
region, resulting in a larger stress at break (ten-
sile strength) than the yield stress. When the
MDI content in polyurethane is greater than 38
wt %, the hard segment phase becomes intercon-
nected, which is applicable to the NPU in this
study. Addition of SPS decreases the volume frac-
tion of soft-segment-rich phase, forming a mor-
phology similar to those materials with a yield
behavior. The semicrystalline polymers, such as
polyethylene, and toughened plastics, such as
high-impact polystyrene, are typical examples of
those materials. A more profound yield can be ob- Figure 11 The stress–strain curves of SPS–NPU-33
served for the blend containing 50 wt % SPS, in (50/50) blends at two sulfonations in the SPS: (a) 4.79

and (b) 9.83 mol %.which the interaction is very strong. This result
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the yield, and the strain hardening is more abrupt
due to the increase of ionic clusters content.

A more profound yield is found in the SPS–
NPU-33 (50/50) blends, as is shown in Figure
11. In comparison with the SPS–NPU-33 (30/70)
blends containing 30 wt % SPS (see Fig. 10), the
SPS–NPU-33 (50/50) blend shows a more dra-
matic yield peak due to the higher degree of ionic
crosslinking between SPS and NPU. With the in-
crease of SPS concentration from 30 to 50 wt %,
a drastic reduction in the elongation at break is
observed, and the strain-hardening region disap-
pears on the stress–strain curve. An increase in
sulfonation of the SPS in the SPS–NPU-33 (50/
50) blend leads not only to the enhanced tensile
strength but also an increase in the yield stress
(see Fig. 11). However, the elongation at break
is unchanged as the sulfonation increases. This
may be due to the formation of ionic clusters inFigure 12 The tensile strength and elongation-at-

break of SPS–NPU-33 (30/70) blends as a function of
sulfonation level in the SPS.

tensile strength, all the blends have a higher den-
sity than either pure SPS or NPU. A maximum
density is reached at 50 wt % SPS in the blend.
The strongest interaction between the compo-
nents results in a maximum contraction of the
blends.

Effect of Sulfonation Level in SPS

Figure 10 shows the stress–strain curves for the
SPS–NPU-33 (30/70) blends at several sulfona-
tion levels. The blends containing SPS with a low
sulfonations (1.41 or 3.28 mol %) behave like a
filler-reinforced elastomer, with a large elonga-
tion at break and a strain hardening in the high-
strain region (ú300%). A relatively higher sulfo-
nation in the SPS enhances the tensile strength
of the blends due to the higher degree of ionic
crosslinking between the SPS and the NPU. At a
high sulfonation (4.79 mol %), an unambiguous
yield can be observed. It is well known that at a
low ionic content, only an ionic multiplex exists
in an ionomer. The ionic cluster is formed when
the ionic content exceeds approximately 4 mol
%.38 In analogy, the occurrence of yield on the
stress–strain curve of the blend containing SPS
with a sulfonation of 4.79 mol % suggests that
the yield behavior of the blend is related to the Figure 13 The stress–strain curves of SPS-9.83–NPU
formation of ionic clusters. An increase in the sul- (30/70) blends at different MDEA contents in the NPU:

(a) 2.08, (b) 8.33, (c) 16.67, and (d) 33.00 mol %.fonation up to 9.83 mol % shows a sharp peak at
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of the yield is related to the disruption of a suffi-
cient number of ionic crosslinks in the blends. The
more crosslinks, the more dramatic the yield be-
havior will be.

Figure 14 shows the tensile strength of the
SPS-9.83–NPU (30/70) blends as a function of
MDEA content in the NPU. The tensile strength
of the blend increases at a low MDEA content.
However, when the MDEA increases to 8.33 mol
%, further increase in the MDEA content has little
influence on the tensile strength of the blend, ow-
ing to the fact that the asymmetrical methyl
group in MDEA cripples the aggregation of hard
segment domain in NPU.29

CONCLUSIONS

Figure 14 The tensile strength of SPS-9.83–NPU • It is shown that SPS–NPU blends are misci-
(30/70) blends as a function of MDEA content in the ble. With the increase of the concentration of
NPU. SPS in blends or the sulfonation level in SPS,

the miscibility is improved. Strong interac-
tion, resulting from proton transfer from sul-

both blends, which will be discussed in the subse- fonic acid to tertiary amine, leads to miscibil-
quent paragraph. ity enhancement, which leads, in turn, to the

Figure 12 shows the tensile strength and elon- exclusion of the soft segment into a separated
gation at break of the blends. The tensile strength phase and to ionic crosslinking network for-
increases almost linearly with the increase of the mation.
sulfonation in the SPS up to 9.83 mol %. The elon- • In the SPS-9.83–NPU-33 blends, the tensile
gation at break of the blends decreases with the strength exhibits a synergetic effect from lin-
increase of sulfonation in the SPS. The decrease early additivity of properties over a whole
in elongation at break is significant at a low sulfo- composition. The maxima of the strength and
nation level, then levels off at 4.79 mol %, which the density of blend exist around the stoichio-
corresponds to the threshold sulfonation to form metric ratio of sulfonic acid to tertiary amine.
ionic clusters. The elongation at break is almost At a concentration of 30 to 50 wt %, there
the same for the SPS–NPU-33 (50/50) blend, is a well-defined yield on the stress–strain
where the sulfonation of SPS is above the critical curves. A SPS concentration greater than 50
sulfonation level for the formation of ionic clus- wt % in the blend results in a brittle failure.
ters. • For the SPS/NPU-33 (30/70) blend, there is

a well-defined yield when the sulfonation is
Effect of MDEA Content in NPU more than 4.79 mol %. Increasing the sulfo-

nation level in the SPS enhances theFigure 13 shows the stress–strain curves for the
strength of the blends and decreases theSPS-9.83/NPU (30/70) blends with varying
elongation at break. Increasing the MDEAMDEA content in the NPU. At a low MDEA con-
content in the NPU leads to an increase intent (2.08 mol %), the blend material does not
the tensile strength of the SPS-9.83–NPUshow a yield peak. With an increase of MDEA
(30/70) blends. A minimum of MDEA con-content from 8.33 to 33 mol %, the yield becomes
tent (8.33 mol %) is necessary for the occur-increasingly significant. This indicates that the
rence of a yield.tertiary amine group in the MDEA segment of the

NPU is a major contributor for the proton transfer
between the labile protons of sulfonic acid in the This research was supported by the Higher Education

Bureau Foundation, Guangdong Province, P. R. China.SPS and the nitrogen in the NPU. The appearance
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