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ABSTRACT: The changes in thermal and mechanical properties produced by complexation with NaSCN
of a poly(ethylene oxide-b-isoprene-b-ethylene oxide) (PEQ-PI-PEO) block polymer are described. The
number-average molecular weight of the PEO-PI-PEO polymer was 1.67 X 105, and its PEO weight fraction
was 0.14. It is shown that complexation, which occurs selectively with the PEO end blocks, can yield a
semicrystalline thermoplastic elastomer that melts at about 450 K. The main characteristics of the complexed
block polymer are a crystallization temperature, which occurs 90 K lower than that of complexed homo-PEQ,
and good dimensional stability at high temperature. However, the tensile strength of the complexed material
appears to be considerably reduced with increasing temperature. A pronounced supercooling was also observed
for the uncomplexed PEO-PI-PEO block polymer. This phenomenon seems to be a general feature of two-phase
block polymers in which the crystallizable component is finely dispersed into isolated microdomains.

Introduction

Elastomeric ABA block polymers with crystalline end
blocks have received increasing interest during the last
decade.l”” Most investigations dealing with this class of
block polymers have been oriented toward the develop-
ment of novel thermoplastic elastomers possessing me-
chanical properties that compare favorably with those of
the more conventional completely amorphous ABA block
polymers, such as styrene—diene three-block polymers, but
having a better dimensional stability at high temperature
and/or a better resistance to solvents. Typical examples
of such materials are those based on poly(ethylene sul-
fide),! polypivalolactone,* and hydrogenated 1,4-poly-
butadiene®® end blocks. Also reported in the literature are
data concerning ABA materials based on poly-
thiacyclobutane? (PTCB) and poly(ethylene oxide)® (PEO)
end blocks. Though the melting temperatures of PTCB
and PEOQ are not high enough for considering elastomeric
applications of the block polymers, these latter materials,
which dissolved in aromatic solvents at moderate tem-
perature, were good model systems for studying the role
of the casting solvent and temperature on the morphology
of the crystalline microdomains in specimens prepared by

solvent casting.>® In both cases it was shown that well-
defined spherical or cylindrical crystalline microdomains
were formed when the casting solvent and temperature
were such that liquid-liquid phase separation occurred
before crystallization.??

In the present paper, we describe the changes in physical
and mechanical properties produced when a poly(ethylene
oxide-b-isoprene-b-ethylene oxide) (PEO-PI-PEOQ) block
polymer having a number-average molecular weight of 1.67
X 10% and a PEO weight fraction of 0.14 is complexed with
NaSCN. It is known that PEO forms crystalline ionic
complexes with a range of compounds including alkali
metal and ammonium salts.>® Wright® reported that
ammonium, potassium, and sodium thiocyanate form
crystalline complexes with PEQ whose melting tempera-
tures increase with decreasing cation size (T, = 343, 373,
and 468 K for NH,*, K*, and Na®, respectively). The
admitted stoichiometry for these complexes is 4 mol of
PEO monomer unit for 1 mol of cation.®® The high
melting temperature of the PEQ-NaSCN complex together
with its observed stability upon melt recrystallization were
the major reasons for investigating the present system.
The materials were studied under the form of films pre-
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Table I
Molecular Characteristics of the Materials
Studied in the Present Work

PI microstructure,®
mol fraction

PEO
M, x weight  1,4(cis-
sample 10-®  fraction trans) 1,2 3,4
PEO-PI-PEO 167¢ 0.14°¢ 0.15 0.35 0.50
PI95K 95¢ 0.15 0.35 0.50
PEO-4K 3.9

@ Measured by membrane osmometry. ? Measured by
vapor pressure osmometry. ¢ Determined from 'H NMR
spectra measured at 220 MHz,

pared by solvent casting. The changes in thermal prop-
erties produced by complexation were investigated by
differential scanning calorimetry (DSC). Also studied by
DSC was the melt crystallization behavior of both the
uncomplexed and complexed materials. The changes in
mechanical properties produced by either complexation
of melt recrystallization were investigated by stress—strain
measurements.

Experimental Section

Materials. The PEQO-PI-PEO block polymer was prepared
by anionic polymerization with potassium naphthalene as initiator
and tetrahydrofuran (THF) as solvent. The polymerization was
carried out in an evacuated and sealed all-glass reaction vessel
by using the break-seal technique. In a first step, the isoprene
monomer was polymerized at 233 K for a period of 6 h, In a
second step, the ethylene oxide monomer was added to the di-
functional poly(isoprenylpotassium) solution and the temperature
was increased to 298 K. Then the reaction was allowed to proceed
for an additional period of 72 h. At the end of this period, the
reaction was terminated by adding a dilute solution of glacial acetic
acid in THF. The block polymer was isolated by precipitation
at 283 K in anhydrous ethanol containing 0.03% of the antioxidant
2,6-di-tert-butyl-p-cresol. The precipitate was dried to constant
weight under high vacuum and stored under vacuum. Also used
in the present work was a polyisoprene sample prepared under
the same conditions as the PI block in the block polymer and a
low-molecular-weight PEO sample obtained from Dow Chemical
Co. The molecular characteristics of the three samples are given
in Table I. Figure I shows the GPC traces of the three samples
together with that of a Waters polystyrene standard of low po-
lydispersity. The GPC measurements were recorded by using a
Waters Associates Model 200 instrument with a series arrange-
ment of four Waters Styragel columns with upper porosity des-
ignations of 10%, 10%, 104, and 10° A. The solvent was reagent grade
THF containing 0.03% of the already mentioned antioxidant and
the temperature was 308 K. Flow rate was 1 mL/min, and a 2-mL
portion of solution, 2.5 X 107 g/mL concentration, was injected
in each case. Comparison of the GPC traces in Figure 1 shows
unimodal curves for all the samples with a slightly broader peak
for the block polymer sample. The microstructure of the PI block
in the block polymer, as well as that of the PI sample, was de-
termined from 'H NMR spectra measured at 220 MHz, according
to the assignations reported by Pham and Petiaud.!' The results
are reported in Table L.

Specimen Preparations. The PEO-PI-PEO block polymer
was complexed with NaSCN by adding a methanol solution of
anhydrous NaSCN to a 1% benzene solution of the block polymer.
The mixture contained 4 mol of PEO monomer unit for 1 mol
of NaSCN. Its methanol volume fraction was 0.17. Under these
conditions, a homogeneous clear solution was obtained from which
transparent film specimens about 0.5 mm thick were prepared
by solvent evaporation on a mercury surface. The solvents were
slowly evaporated at room temperature over a period of 10 days
in a chamber flushed by dry nitrogen. The film specimens were
subsequently dried for a week under high vacuum and stored
under vacuum. The PEO homopolymer sample was complexed
with NaSCN by adding a 5% methanol solution of NaSCN to
a 5% methanol solution of the PEO sample. The PEO-NaSCN
complex, which contained 4 mol of PEO monomer unit for 1 mol
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Figure 1. GPC elution curves for the PEO-PI-PEQ block
polymer sample, PEO-4K poly(ethylene oxide) sample, PI-95K
polyisoprene sample, and polystyrene standard (M, = 1.10 x 10%,
M, /M, = 1.02).

of NaSCN, was isolated by solvent evaporation and dried under
high vacuum. Prior to the complexation, the PEO sample was
purified by precipitation in petroleum ether from a 5% THF
solution followed by drying at 343 K under high vacuum. Film
specimens of both the uncomplexed PEO-PI-PEO block polymer
and the PI sample were prepared by solvent casting from 4%
benzeane solutions. The solvent was slowly evaporated on a
mercury surface and the film specimens, about 0.5 mm thick, were
dried under high vacuum for a week and stored under vacuum.
All the solvents used for the above specimen preparations were
reagent grade materials carefully dried before utilization. The
specimens containing NaSCN were handled under dry atmo-
sphere.

DSC Measurements. Glass transition, melting, and crys-
tallization curves were recorded with a Perkin-Elmer Model
DSC-IB differential scanning calorimeter. Sample sizes were in
the range 17-22 mg. Heating and cooling rates were 10 K/min
and 5 K/min, respectively. Heating curves of the as cast block
polymer specimens were measured after cooling from room tem-
perature to 220 K. Calibration of the temperature scale was made
with standard materials of melting points in the range 234-505
K. Heat of fusion of poly(ethylene oxide) was calculated by
comparison with the peak area measured on the melting curve
of azobenzene (T, = 341 K, AH; = 121.0 J/g). Degree of crys-
tallinity of poly(ethylene oxide) was estimated from the ratio of
the experimentally determined heat of fusion and the value of
203 £ 3 J/g reported in the literature for the heat of fusion of
100% crystalline PEO.12

Stress—Strain Measurements. Stress—strain curves were
measured with an Instron Model 1130 tensile tester. An envi-
ronmental chamber was used to obtain data at constant tem-
perature. Test specimens were 20 mm in length and 2 mm in
width. Crosshead speed was 4 mm/min.

Small-Angle X-ray Scattering Measurements. Small-angle
X-ray scattering photographs were taken with a Model 2202
Rigaku-Denki goniometer provided with a two-pinhole collimator.
Ni-filtered Cu Ko radiation (A = 0.154 nm) was generated by a
Philips tube operated at 40 kV and 20 mA. The second pinhole,
specimen, and photographic film were placed at 300, 320, and 630
mm from the first pinhole, respectively. The diameters of the
first and second pinholes were 0.3 and 0.2 mm, respectively. The
radial profile of the scattering intensity was recorded from the
photographic films by means of Joyce-Loebl microdensitometer.

Heat Treatment of the Film Specimens. Heat treatment
of the complexed and uncomplexed PEO-PI-PEO film specimens
was carried out with an environmental chamber flushed with
temperature-controlled dry nitrogen. The specimens cut into
rectangular strips 20 mm long and 5 mm wide were held into a
rectangular Teflon frame of about the same size lying on a Teflon
plate. The temperature was monitored by means of a thermo-
couple lying close to the specimen. Cooling rate was bout 5 K/min.
No significant change in film thickness was observed when
measured after heat treatment.

Results and Discussion

(a) Thermal Properties of the Starting Material.
Figure 2 shows the DSC heating curve measured at 10
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Figure 2. DSC heating curves measured at 10 K/min for the
PEO-PI-PEO block polymer sample as cast from benzene solu-
tion, PEO-4K poly(ethylene oxide) sample, and PI-95K poly-
isoprene sample. Both the PEO-PI-PEO and the PI-95K samples
were cooled from room temperature to 220 K at 5 K/min before
measurement,

K/min on the three-block polymer sampled PEO-PI-PEO
cast from benzene solution. Also shown in Figure 2 are
the DSC curves measured on the polyisoprene sample
PI-95K and the poly(ethylene oxide) sample PEO-4K.
From Figure 2 it may be seen that the block polymer
sample exhibits a glass transition at a temperature close
to that of the homo-PI sample together with a melting
peak that is also in the vicinity of that of the homo-PEO
sample. Quantitative analysis of the melting peaks in
Figure 2 indicated degrees of crystallinity of 69% and 96%
for the PEO moiety in the block polymer and the homo-
PEO, respectively. Also evident in Figure 2 is a melting
point depression for the block polymer. Such a behavior,
i.e., lower melting point and lower crystallinity of the PEO
microdomains when compared to homo-PEO, seems to be
a general characteristic of block polymers having a minor
amount of PEO. It has already been observed not only
for PEO-PI-PEO and PEO-PI block polymers having a
PI microstructure similar to that in the present material®
but also for other systems including PEO-PS-PEOQ, and
PS-PEO (PS = polystyrene),'* and PEMA-PEO (PEMA
= poly(ethyl methacrylate)).!* Both the melting point
depression and the lower crystallinity of the PEO micro-
phase in these block polymers have been attributed to the
formation of less perfect crystalline lamellae, due to the
high dispersion of the PEO component in the amorphous
phase.1314

Another characteristic of block polymers having a minor
amount of PEO is a PEO crystallization behavior that
exhibits considerable supercooling when compared to
homo-PEO. This is illustrated in Figure 3, which shows
the DSC cooling curves measured at 5 K/min on samples
PEO-PI-PEO and PEO—4K, respectively, after melting
at 360 K for a period of 15 min. From Figure 3 one can
see that the PEO sample crystallizes readily in the vicinity
of 315 K while the block polymer sample must be cooled
to about 254 K before crystallization can occur. This
supercooling is such that even after 1 month of storage at
room temperature, a previously melted specimen did not
exhibit any melting endotherm upon subsequent heating.
In fact, such a pronounced supercooling effect, as well as
the existence of two distinct stages for PEO crystallization,
has been reported previously for PS-PEQ'%1¢ and PEO-
PS-PEO! block polymers. Lotz and Kovacs!® reported
dilatometric measurements made on a PS-PEO sample
having a PEO weight fraction close to 0.30, which revealed
two distinct crystallization steps at temperatures near 308
and 253 K, respectively. They interpreted this behavior
as the result of the segregation of the heterogeneous nuclei
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Figure 3. DSC cooling curves measured at 5 K/min for the
PEO-PI-PEO block polymer sample and PEO-4K poly(ethylene
oxide) sample after melting at 360 K for 15 min.

able to produce crystallization at 308 K into only a fraction
of the PEO microdomains present in the system, leaving
the PEO microdomains that do not contain heterogeneity
free to nucleate at the lower temperature by a homoge-
neous mechanism. This interpretation pursued the ideas
developed by Turnbull'? for the so-called “droplet
experiment”, which is a very convenient technique for
studying homogeneous nucleation in crystallizable mate-
rials including polymers.’%'® In the droplet experiment,
the material under study is finely dispersed in an inert
medium in such a way that the heterogeneous nuclei ini-
tially present in the material are segregated in a few iso-
lated droplets and thereby cannot contribute to the nu-
cleation of the greater part of the dispersed system.

Recently, O’'Malley!® reported DSC cooling curves
measured at 10/K on styrene-ethylene oxide block poly-
mers of various numbers of blocks that all showed two
distinct crystallization exotherms near 313 and 253 K,
respectively. Among the samples studied by O’Malley
there was a PS-PEQ sample identical with that studied
by Lotz and Kovacs'® and also a PEO-PS-PEQO sample
having a PEO weight fraction of 0.30. In both these sam-
ples the number-average molecular weight of the PEQ
blocks was close to 1 X 104, a characteristic that led to a
PS block about twice as large in the three-block polymer
than in the two-block polymer. As observed on the DSC
curves, the crystallization exotherm near 253 K was more
important in the case of the three-block polymer, indi-
cating a better dispersion of the PEO phase in that latter
case. Therefore, the occurrence of only the low-tempera-
ture exotherm in the DSC cooling curve of the present
PEO-PI-PEQ polymer, as shown on Figure 3, indicates
that the PEO melted phase of this polymer is finely dis-
persed into well-isolated microdomains. Interestingly,
despite the differences in both the chemical nature and
glass transition temperatures, T;, of the amorphous blocks
in the PEO-PS-PEQO and PEO-PI-PEOQ polymers, both
materials exhibit supercooling with crystallization near 254
K when cooled at either 5 or 10 K/min. Thus, the pro-
nounced supercooling phenomenon observed with that
type of block polymer is an intrinsic feature of the PEO
microphase, a fact that reinforces the interpretation given
by Lotz and Kovacs,'® who attributed this behavior to a
homogeneous nucleation process in PEO microdomains
free from heterogeneous nuclei.

(b) Thermal Properties of the NaSCN-Complexed
Material. Figure 4 shows the DSC heating curve mea-
sured at 10 K/min on the as cast PEO-PI-PEO block
polymer complexed with NaSCN. Also shown in Figure
4 is the DSC curve measured on sample PEO-4K com-
plexed with the same salt. In both cases, the molar ratio
of PEO monomer units to NaSCN was 4. The effect of
complexation is readily seen in Figure 4 by the appearance



668 Robitaille and Prud’homme

= n S
X i I
u‘ /:
Tl PEO-4K / NeSCN /1 o N
=i L
ol —
a
=z
L
PEO-PI-PEO / NaSCN
! L | | | LA H | | | !
270 290 310 3307 430 450 470

T (K)

Figure 4. DSC heating curves measured at 10 K/min for the
as cast PEO-PI-PEO block polymer and the PEO-4K sample
complexed with NaSCN.

of a sharp melting endotherm at 456 K in the case of the
complexed PEO-4K sample. Similarly, a high-temperature
endotherm is observed at 450 K for the complexed PEO-
PI-PEO sample. Inspection of the DSC curve of the
PEO-4K sample complexed with NaSCN shows the
presence of a second but smaller endotherm at 331 K. The
latter appears at a temperature that is only 2 K lower than
the melting endotherm observed for the uncomplexed
PEO-4K sample. This indicates that the molar ratio of
the PEO monomer units to NaSCN of 4 chosen for the
present study does not correspond to the exact stoichiom-
etry of the PEO-NaSCN complex. This was confirmed by
wide-angle X-ray diffraction measurements, which showed
the PEQ reflexions in addition to those of the complexed
new crystalline entity. The DSC curve of the complexed
PEO-PI-PEO sample in Figure 4 does not show any en-
dotherm at 331 K. This may be explained by considering
that, as for the uncomplexed PEO-PI-PEQ sample, less
perfect crystallites are formed in the complexed block
polymer due to the high dispersion of the crystallizable
microphase. In fact, this effect not only inhibits crystal-
lization of the residual uncomplexed PEO component but
also reduces the degree of crystallinity of the complexed
component. Although the heat of fusion of 100% crys-
talline PEO-NaSCN complex is unknown, direct com-
parison of the heats of fusion per gram of initial PEO
estimated from the high-temperature endotherms in curves
of Figure 4 indicates that the crystallinity of the complexed
PEO moiety in the block polymer is only 37% that of the
complexed homo-PEO sample.

Crystallization curves measured at 5 K/min for both the
complexed PEO-4K and PEO-PI-PEO materials are
shown in Figure 5. The samples were melted at 470 K
for 15 min before cooling. From Figure 5, one can see that
the complexed PEO sample exhibits two distinct crys-
tallization exotherms at 424 and 303 K, respectively. The
former exotherm, which is the most important, is attrib-
uted to crystallization of the complexed component while
the second exotherm at 303 K, though 12 K lower than that
observed in Figure 3 for the homo-PEO sample, corre-
sponds to either crystallization of the residual uncom-
plexed PEO component under the form of considerably
less perfect crystallites than those obtained for homo-PEO
or to crystallization of a eutectic mixture of complexed and
residual uncomplexed PEO components. As shown in
Figure 5, the crystallization curve measured on the com-
plexed PEO-PI-PEOQO material exhibits a single exotherm
at 335 K, which is 89 K lower than the main exotherm
observed on the crystallization curve of the complexed
homo-PEO sample. Thus, as for the uncomplexed block
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Figure 5. DSC cooling curves measured at 5 K/min for the
PEO-PI-PEO block polymer and the PEQ-4K sample complexed
with NaSCN.
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Figure 6. Stress—strain curves measured at 298 K for the
PEO-PI-PEO block polymer sample as cast from benzene solution
(a), PI-95K polyisoprene un-cross-linked sample (b), and PEO-
PI-PEO sample crystallized by slow cooling to 230 K after heating
for 15 min at 360 K (c).

polymer, the crystallization behavior of the complexed
block polymer is characterized by a substantial super-
cooling effect due to the high dispersion of the complexed
PEO component in the PI rubbery matrix.

(¢) Mechanical Properties of the Starting Material.
Figure 6a shows stress—strain curves measured at 298 K
on the as cast PEQO-PI-PEO specimen prepared from
benzene solution. Also shown in Figure 6 are stress—strain
curves measured at the same temperature on the poly-
isoprene PI-95K sample (Figure 6b) and on the PEO-
PI-PEO specimen crystallized by slow cooling to 230 K
after heating for 15 min at 360 K (Figure 6¢). In each case
is shown a first extension cycle to a strain, ¢, in the range
2.5-3, followed by a second extension recorded up to
rupture. The three specimens were relaxed for 15 min
between the first and the second extension. Comparison
of Figures 6a and 6¢ reveals a considerable difference be-
tween the mechanical behavior of the as cast specimen and
that of the specimen crystallized by cooling to 230 K. The
as cast material (Figure 6a) behaves more like the un-
cross-linked homo-PI sample (Figure 6b). It exhibits
necking and rubbery flow at strain e > 4 as inicated by a
drop in nominal tensile stress. In contrast, the material
crystallized by cooling to 230 K (Figure 6¢) exhibits a
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Figure 7. Small-angle X-ray scattering curves measured on the
PEO-PI-PEO block polymer sample: (a) as cast from benzene
solution, (b) crystallized by slow cooling from 360 to 230 K, (c)
supercooled after melting at 360 K and slow cooling to room
temperature.

behavior which is characteristic of a thermoplastic elas-
tomer that is a nearly reversible extension cycle together
with an increasing stress with increasing strain up to the
rupture. The explanation for this difference of behavior
is straightforward. In fact, as will be shown in the next
paragraph, small-angle X-ray scattering measurements
clearly indicate the presence of a nearly identical micro-
phase structure in both the as cast and melt-crystallized
specimens. Despite the presence of a two-phase micro-
structure, the PEO microdomains in the as cast specimen
do not act as reinforcing network tiepoints because they
did not undergo crystallization during the solvent casting
process and remained uncrystallized on storage at room
temperature. Indeed, DSC heating curves measured from
300 to 360 K (instead of from 220 K as done in the study
described in section a) did not show any endotherm for
the as cast specimen. Also, no reflection was observed on
the wide-angle X-ray diffraction photographs of the as cast
specimen. These observations clearly indicate that the
microdomain formation proceeded through a liquid-liquid
phase separation during the casting process. Once the
dispersion of the swollen PEOQ microphase had been
formed, further evaporation of the solvent up to complete
drying led to supercooled PEQO microdomains dispersed
in the polyisoprene matrix.

The crystallization of the supercooled PEO microdo-
mains did not change appreciably the domain morphology
in the PEO-PI-PEO specimen. This is shown in Figure
7 where a small-angle X-ray scattering (SAXS) curve
measured on the as cast specimen (curve a) is compared
to those measured on a specimen crystallized by cooling
from 360 to 230 K (curve b) and on the same specimen
obtained in the supercooled state by cooling from 360 K
to room temperature (curve ¢). From Figure 7 one can see
that a strong reflection occurs at about the same angle (24
= 3.6 mrad) for the three specimens. The main difference
between the three SAXS curves depicted in Figure 7 is a
stronger reflection for the crystalline specimen than for
the supercooled specimens. This can be explained by
considering that the electron density of the crystalline PEO
microdomains is higher than that of the supercooled mi-
crodomains. A second but a considerably weaker and
diffuse reflection is observed at an angle 20 close to 6.7
mrad on the SAXS curve of the crystalline specimen (curve
b in Figure 7). Though not apparent on curves a and c in
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Figure 7, a second reflection at about the same angle was
observed visually on the SAXS photographs of the two
other specimens. Both reflections, which appeared as
circular lines on the SAXS photographs of the unstretched
specimens, deformed into ellipses with minor axis parallel
to the stretching direction on the SAXS photographs taken
on the crystalline specimen stretched at e = 0.5. This latter
observation, together with the fact that the second re-
flection also appeared on the SAXS photographs of the
supercooled specimens, indicates that both the strong and
the weak reflections observed at angles 26 close to 3.6 and
6.7 mrad, respectively, resulted from interdomain inter-
ferences. Attempts to rationalize these two reflections in
terms of a lattice of spherical PEO microdomains failed.
In fact, none of the possible cubic arrangements or even
the hexagonal compact arrangement could justify the ob-
servation of a second-order reflection near 26 = 6.7 mrad.
On the other hand, a model based on a two-dimensional
lattice of hexagonally packed cylinders would predict
second-, and third-order diffraction lines at angles 26 close
to 6.2 and 7.2 mrad, respectively, assuming the strong
reflection at 26 = 3.6 mrad to be the first-order diffraction
line. These values, which are only 1 mrad apart, appear
in fair agreement with the observation of the diffuse re-
flection at 6.7 mrad. Though on the basis of the two
reflections observed it is not possible to give a definite
interpretation concerning the PEO-microdomain mor-
phology, the above calculations suggest the presence of
cylindrical PEO microdomains. However, considering the
fact that the stress—strain curve measured on the crys-
tallized PEO-PI-PEO specimen (Figure 6¢) does not show
either yield at low extension or significant stress softening
during the first extension cycle at ¢ = 2.5, it can be con-
cluded that the PEO cylinders are relatively short. On the
basis of a lattice of hexagonally packed cylinders, the in-
terdomain distance calculated from the first-order dif-
fraction (26 = 3.6 mrad) would be 49 nm. From this latter
value and the PEO volume fraction, ¢pgg = 0.12, estimated
for the supercooled sample, one would obtain the value R
= 9.0 nm for the radius of the PEO cylinders in the su-
percooled specimen. Interestingly, this value is close to
the value R = 9.1 nm one can calculate from Meier’s theory
on amorphous block polymers,” which predicts the rela-
tionship R, = 1.0a,(ry?)'/? between the radius, R,, of the
cylinders and the unperturbed root-mean-square end-to-
end distance, (r,%)V/2, of the end block. The value R = 9.1
nm was obtained by assuming the linear expansion factor
a, = 1 and using the unperturbed dimension-molecular
weight relationship (r,2)'/? = 0.084M%/2 nm reported in the
literature for PEO at T = 298 K.2

(d) Mechanical Properties of the NaSCN-Com-
plexed Material. As already mentioned, the PEQO-PI-
PEO film specimens complexed with NaSCN were pre-
pared from benzene-methanol solutions. The initial
volume fraction of methanol in the solvent was about 0.17,
and the polymer concentration, ¢, was about 1%. Under
these conditions a gel formed at an early stage (c < 2%)
during the solvent evaporation process, suggesting that the
microdomain formation proceeded directly through the
crystallization of the complexed PEO end blocks and not
through a liquid-liquid phase separation as observed for
the uncomplexed block polymer. Figure 8a shows stress—
strain curves measured at 298 K on the as cast NaSCN-
complexed material. Similar measurements made on the
same material but recrystallized by slow cooling after
melting at 470 K for 15 min are shown on Figure 8b. In
each case one can observe stress—strain curves character-
istic of a thermoplastic elastomer. Comparison of Figures
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Figure 8. Stress—strain curves measured at 298 K on the PEO-
PI-PEO block polymer complexed with NaSCN: (a) as cast from
benzene-methanol solution, (b) recrystallized by slow cooling from
470 K to room temperature.
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Figure 9. DSC heating curves measured at 10 K/min on the
PEO-PI-PEO block polymer complexed with NaSCN: (a) as cast
from benzene-methanol solution, (b) recrystallized by slow cooling
from 470 K to room temperature.

8a and 8b shows that melt recrystallization results in an
increase in tensile strength. For instance, the nominal
tensile stresses, ¢ (¢ = 2), measured on the first extension
curves at a strain ¢ = 2 are 5.4 and 8.9 kg/cm? for the as
cast and the melt-recrystallized specimens, respectively.
Both values are lower than the corresponding value fo 13.7
kg/cm? measured on the crystallized uncomplexed spec-
imen (Figure 6c¢), indicating a less effective network
structure in the complexed materials. The nearly two-fold
increase in ¢ (¢ = 2) produced by melt recrystallization of
the complexed material is not associated with a significant
increase in crystallinity. This is shown in Figure 9, where
DSC heating curves measured before and after melt re-
crystallization of the complexed block polymer exhibit very
similar melting endotherms. Although a slightly narrower
melting peak is observed for the recrystallized material,
the area under this latter peak is only a few percent greater
than that of the as cast material.

Figure 10 shows SAXS curves measured before and after
melt recrystallization of the complexed material. Either
curve in Figure 10 exhibits a single reflection. This re-
flection occurs at an angle 26 close to 5.4 mrad (Bragg
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Figure 10. Small-angle X-ray scattering curves measured on the
PEO-PI-PEO block polymer complexed with NaSCN: (a) as cast
from benzene-methanol solution, (b) recrystallized by slow cooling
from 470 K to room temperature.

spacing of 28 nm) for the as cast specimen, while it occurs
at an angle close to 4.3 mrad (Bragg spacing of 36 nm) for
the melt-recrystallized specimen. On the other hand, in
either case the reflection, which appeared as a circular line
on the SAXS photograph of the unstretched specimen,
deformed into an ellipse on the SAXS photograph of the
same specimen stretched at ¢ = 0.5. Both these observa-
tions suggest that the change in mechanical properties
produced by melt recrystallization is associated with an
increase in interdomain distance resulting from a change
in either microdomain size or microdomain morphology.
Such a change can be rationalized by considering that the
microdomain formation occurred in dilute solution (¢ <
2%) through the crystallization of the complexed PEO
chains. This would lead to a relatively large number of
discrete microdomains that would remain isolated up to
complete drying of the material. Because of their large
number, these discrete microdomains should be close to-
gether and, upon melting at 470 K, merge into larger
microdomains. This would explain the increase in Bragg
spacing from 28 to 36 nm when measured before and after
melt recrystallization of the complexed material. The
formation of larger microdomains having greater internal
cohesion and better capability to act as effective cross-
linking entities would also explain the increase of tensile
strength produced by melt recrystallization.

Both the as cast and melt-recrystallized PEO-PI-PEO
film specimens complexed with NaSCN retain their elas-
tomeric behavior at temperatures well above room tem-
perature. This is illustrated in Figure 11, which shows
stress—strain curves measured at 373 K on the as cast
material. Depicted in Figure 11 are two consecutive ex-
tension cycles recorded to a strain ¢ = 2, followed by a third
extension recorded up to rupture. As before, the specimen
was relaxed for 15 min between each extension. Com-
parison of the mechanical behavior of the as cast com-
plexed material measured at 373 K (Figure 11) with that
of the same material measured at 298 K (Figure 8a) reveals
a substantial decrease in tensile strength with increasing
temperature. In fact, the nominal tensile stress, o (¢ = 2),
measured on the first extension curve at 373 K is about
half that measured at 298 K. Nevertheless, the stress—
strain data of Figure 11 show elastomeric nearly reversible
extension cycles with a set after 15 min of relaxation that
does not exceed the value of 10% observed at 298 K
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Figure 11. Stress-strain curves measured at 373 K for the as
cast PEO-PI-PEO block polymer complexed with NaSCN.
Represented are a first extension cycle (—), a second extension
cycle (---), and a third extension (-:-) up to rupture.

(Figure 8a), indicating that the semicrystalline microdo-
mains still act as reinforcing network tiepoints at 373 K.
Note that at this latter temperature the PI matrix is 100
K above its glass transition temperature, so that the di-
mensional stability of the material observed during the
extension cycles to a strain ¢ = 2 cannot be due to the
viscoelasticity of the PI matrix as it was in the preceding
section for the supercooled uncomplexed block polymer.
The twofold decrease in strength with increasing tem-
perature from 298 to 373 K is significant if one considers
that, according to the DSC curve of the present system
(Figure 4), melting of the complexed PEO microdomains
would start in the vicinity of 423 K. This loss of strength
of the complexed material with increasing temperature
must be attributed to the softening of the semicrystalline
microdomains at temperatures well below their melting
temperature. Such behavior is not a characteristic of the
present system only. It has been observed for other ABA
block polymers having crystalline end blocks, such as
PES-PI-PES! (PES = poly(ethylene sulfide)) and poly-
butadiene-hydrogenated PB-PI-PB.” The reason for this
behavior might be either softening of the amorphous
component in the semicrystalline microdomains, or some
premelting of the latter that could not be detected on the
DSC curves, or both. In either case, the marked decrease
of strength at temperatures well below the apparent
melting temperature would be associated with deformation
(at low strain) and disruption (at high strain) of the
softened semicrystalline microdomains. At low strain,
elastic deformation of the amorphous phase into the sem-
icrystalline microdomains would account for the nearly
reversible extension cycles observed on Figure 11.

Conclusion

In this study, it has been shown that a PEO-PI-PEO
block polymer having a PEO weight fraction of 0.14 can
be complexed with NaSCN to yield a semicrystalline
thermoplastic elastomer that melts at about 450 K.
Complexation occurs selectively with the PEO end blocks
and does not affect significantly the thermal properties of
the PI matrix. Contrary to the behavior of the uncom-
plexed material for which there are direct indications that
liquid-liquid phase separation occurred during casting
from benzene solution, it is thought that the complexed
block polymer underwent crystallization at low concen-
tration during casting from benzene-methanol solution.
Some indications of this latter behavior are the formation
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of a gel at low concentration and the fact that melt re-
crystallization is necessary to achieve maximum mechan-
ical properties of the complexed material. It has been
shown that melt recrystallization of the complexed material
increases the size of the semicrystalline microdomains but
does not increase significantly their degree of crystallinity.
Both the as cast and melt-recrystallized complexed ma-
terials exhibit good dimensional stability at high tem-
perature. However, their strength appears to be consid-
erably reduced with increasing temperature. This latter
behavior seems to be a general characteristic of ABA
elastomeric block polymers having semicrystalline end
blocks. Another general characteristic of this class of block
polymers is a pronounced supercooling of the crystallizable
component when it is finely dispersed in the amorphous
component. For instance, the present systems exhibit
crystallization temperatures 60-90 K lower than those of
the corresponding homopolymers. After Lotz and Ko-
vacs,!? it is proposed that this phenomenon occurs because
the heterogeneous nuclei are segregated in a few isolated
crystallizable microdomains and thereby cannot contribute
to the nucleation of the greater part of the crystallizable
component. In turn, it is proposed that the observation
of a single stage of crystallization at a temperature well
below that of the corresponding homopolymer is a clear
indication that the semicrystalline component in block or
graft polymers is finely dispersed into isolated microdo-
mains.
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