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ABSTRACT: The orientation behavior of a segmented poly(tetramethylene oxide) (PTMO) zwitterionomer,
with a narrow polydispersity PTMO segmental molecular weight of 5.2 x 103, a melting point of 17 °C,
and elastomeric characteristics, was studied using infrared linear dichroism. The results obtained show
that when the amorphous zwitterionomer is stretched at ambient temperature, the PTMO chains orient
in the stretch direction. At a draw ratio of approximately 3, strain-induced crystallization occurs and
increases with strain amplitude. The chain axis of the crystallized PTMO segments are almost perfectly
oriented in the stretch direction, whereas the orientation of the amorphous segments is low and undergoes
no further changes during crystallization. The degree of crystallization was also determined from the
spectra (22% for a draw ratio of 5.6). The crystallization Kinetics were shown to follow the Avrami equation,
indicating one-dimensional growth (n = 0.8). Orientation relaxation following deformation was also studied
as a function of temperature at draw ratios and temperatures where strain-induced crystallization is
avoided. Little orientation was detected in the ionic regions of the polymer during stretching. The
orientation function for the PTMO soft blocks decreases, and the relaxation rate increases with increasing
temperature. Time—temperature superposition of the relaxation curves is discussed in relation to the

hard (or cluster) phase transition.

Introduction

lonomers are a well-known class of thermoplastic
polymers containing a relatively small percentage of
ionic functional groups in a matrix of low dielectric
constant.1=3 They may be based on a wide variety of
polymers or copolymers, including rubbery ones such
as polybutadiene, glassy ones such as polystyrene (PS)
and poly(methyl methacrylate) (PMMA), and partially
crystalline ones such as polyethylene (PE) and polypro-
pylene (PP). The morphology and properties of the bulk
ionomers have been studied extensively using tech-
niques such as small-angle X-ray and neutron scattering
(SAXS and SANS), dynamic mechanical analysis (DMA),
differential scanning calorimetry (DSC), and transmis-
sion electron microscopy (TEM). The results obtained
indicate that the ionic units associate due to electro-
static forces, producing nanometer-size ionic aggregates
termed “multiplets”, which are dispersed in the weakly
polar polymer matrix; these give rise to regions of
reduced mobility that form the basis of the so-called
“cluster phase” (hard phase) having a higher glass
transition (Tg) than the matrix phase (soft phase).l34

Zwitterionomers are electrically neutral ionomers that
carry an equal number of positively and negatively
charged sites linked through covalent bonds.® A series
of homologous segmented zwitterionomers of the type
shown in Scheme 1 were synthesized by Grassl and
Galin® and their bulk properties and structure
analyzed.”~° Their chain topology is characterized by the
regular alternation of strongly polar zwitterionic short
junctions and weakly polar poly(tetramethylene oxide)
(PTMO) segments of well-controlled molecular weight
and low polydispersity. The zwitterionomers with longer
PTMO segments (M, > 3 x 108) are semicrystalline,
with melting points ranging from about 10 to 25 °C.7

* To whom correspondence should be addressed.

Scheme 1
CH; CH;
*}~CHZCHZCHZCHz—éOCHZCH2CH2CH2 am—r‘\ﬁ—e CHﬁé—N*+
(|CH2)3 (‘CHZ);]
los' !503'

The amorphous zwitterionomers display the typical
biphasic behavior of ionomers, with two (DSC-detect-
able) Tg's and reduced mobility regions around the
zwitterionic multiplets (detected by solid-state NMR).”
The phase segregation is strong (sharp interfaces),
resulting in a pure PTMO soft phase (Tg = —75 °C) and
a hard phase (Tg = —5 to 40 °C) containing about 10—
30% of the PTMO (involving 2—3 neighboring TMO
units per zwitterion).”® The semicrystalline zwitter-
ionomers above their melting points are phase-sepa-
rated like the amorphous ones, but with concomitantly
smaller rigid fractions.” The relative stability of the
zwitterionic multiplets to high temperatures well be-
yond the cluster transition confers substantial elastic
character to these materials, in particular those with
the longer PTMO segments, which show an entropic
increase in modulus with temperature.® Finally, the
multipeak SAXS diagrams of the PTMO zwitteriono-
mers indicate the existence of long-range order in these
materials, which generally display lamellar or hexago-
nal morphologies.®

The well-defined character and the properties of these
materials make them interesting candidates for orienta-
tion and relaxation behavior studies. Moreover, because
of the presence of a melting point near ambient tem-
perature, strain-induced crystallization can be expected
and thus easily investigated. Strain-induced crystal-
lization is well-known to occur in stretched elastomers
due to the conformational entropy decrease of the
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elongated chains.1%11 Studies of this phenomenon and
of orientation and relaxation behavior in general are
important for both industrial applications and a fun-
damental understanding of the often complex processes
involved. Such investigations have been made using
approaches that provide information at the macroscopic
level (e.g., mechanical properties and birefringence
behavior)?=1° as well as using various spectroscopic
techniques such as fluorescence polarization,2%-2 nuclear
magnetic resonance,?? and infrared spectroscopy!0.16:23-37
that probe the submolecular level response of polymeric
networks and melts to deformation.

For the present study, we have chosen the semicrys-
talline PTMO zwitterionomer shown in Scheme 1; it is
characterized by a melting point that is a few degrees
below ambient temperature,” and it is elastomeric to
well above its melting point (see Experimental Section
for details). Its orientation and relaxation behavior,
including strain-induced crystallization, is investigated
using infrared linear dichroism (IRLD). With this single
technique, various aspects of the strain-induced crystal-
lization behavior in this polymer are studied, including
the orientation of the crystalline domains, the degree
of crystallinity, and the crystallization kinetics. Fur-
thermore, the orientation in the amorphous domains
before and during crystallization is followed. The ori-
entation relaxation behavior in a temperature and
strain range where no crystallization occurs is also
investigated.

Experimental Section

Sample Characteristics and Preparation. The zwitter-
ionomer used (Scheme 1) was synthesized in the laboratory
of Dr. J.-C. Galin (Institut Charles Sadron, Strasbourg, France)
and characterized by NMR spectroscopy, size exclusion chro-
matography, thermogravimetric analysis, etc.® The PTMO
blocks have a number-average molecular weight (M,) of 5.19
x 10% (Mw/M, < 1.15). The zwitterionomer has a weight-
average chain extension degree of 54 and a polydispersity
index of 2. It contains about 0.074 (weight fraction) of highly
polar zwitterionic units. DSC measurements indicate a soft-
phase glass transition of —75 °C and a melting point of 17 °C;
a hard-phase (cluster) Ty is detected at 44 °C (with a width of
33 °C) when crystallization is avoided.” According to DMA (1
Hz), the zwitterionomer is elastomeric (increasing rubbery
modulus; log E' ~ 6.7 Pa) up to about 100 °C.° SAXS data
indicate a hexagonal morphology.838

Thin films were prepared by solution casting from a 5%
binary mixture of chloroform and trifluoroethanol (9:1 by
volume) onto a Teflon film. They were dried at 45 °C under
vacuum for about 3 weeks to remove residual solvent. It was
verified in the infrared spectra that no solvent peaks were
present. The sample/Teflon film was cut into strips with a new
razor blade, and then the zwitterionomer films were peeled
off the substrate with great care to avoid induced orientation.
Both ends of the films were wrapped in strips of pyrotape
(Aremco Products No. 546) to prevent sample slippage in the
jaws of the stretcher during stretching. Before stretching, the
position of the jaws of the stretcher was manually adjusted so
that the film was fully extended. The sample sizes before
stretching were 1 cm in length, 0.8 cm in width, and about 30
um in thickness. To ensure comparable results for the various
experimental conditions, all strips measured were taken from
the same sample/Teflon film.

Poly(tetramethylene oxide) of molecular weight 2900 (com-
mercial name is Terathane 2900) was purchased from Sigma-
Aldrich Canada. The FTIR spectrum of amorphous PTMO was
obtained after melting the sample on the surface of a KBr disk.
The FTIR spectrum of crystallized PTMO was taken after
about 1 day of isothermal crystallization of the PTMO melt at
ambient temperature.
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Infrared Spectroscopy. The FTIR spectra were recorded
using a Nicolet Magna 560 spectrometer equipped with a
narrow band MCT detector. The spectral resolution was 4
cm™!, and each spectrum was obtained by coadding four
interferograms with a total measurement time of about 2 s
for each spectrum. The treatment of the infrared spectra was
done using Grams 5.1 (Galactic Industries). The absorbance
was determined by measuring the area under the band after
drawing a linear baseline between the appropriate minima.3®
For curve fitting, a linear baseline was also used, and the line
shape of the resolved peaks was found to remain constant
regardless of the draw ratio.

For the study of the orientation and strain-induced crystal-
lization behavior at ambient temperature, the zwitterionomer
film was stretched step-by-step in equal time intervals up to
a maximum draw ratio of 5.6. In each step, the film was fast
stretched (99 mm/min) to a constant length, and the polarized
infrared spectra were measured after about 2 min of the onset
of stretch. It should be noted that it is necessary to maintain
an equal time interval in each step between the onset of stretch
and the start of the measurements because orientation and
strain-induced crystallization are not thermodynamic equilib-
rium processes, which means that the orientation and strain-
induced crystallization change as a function of time after the
onset of strain. After the maximum strain, the film was
released to the original length in the same manner. The
elongation—retraction cycle was repeated three times on the
same sample.

For the orientation relaxation measurements, a mechanical
stretcher head fitted with ZnSe windows was installed inside
the sample compartment, and the inner temperature was
controlled by an Omega temperature controller (CN7600) and
heating cartridges. For all measurements, the stretching rate
was adjusted to 99 mm/min. After the film was stretched to
the desired length L (giving the draw ratio, A = L/Lo, where
Lo is the unstretched length), the polarized infrared spectra
were recorded in situ. The spectrum with polarized radiation
parallel to the stretch direction was first measured, then the
ZnSe wire-grid polarizer (Specac) was automatically rotated
by 90°, and the perpendicularly polarized spectrum was
collected. The time interval between the recording of the two
polarized spectra was about 12 s.

Infrared Linear Dichroism (IRLD). IRLD is based on
the measurement of either the dichroic ratio R(¥) = A(¥)/Ax(7))
or the dichroic difference AA(») = A(¥) — A(¥), where Ay(¥)
and Ap(¥) are the absorbances of the band centered at wave-
numbers 7, measured with the polarized infrared radiation
parallel and perpendicular to the stretch direction, respec-
tively.“° In the case of a cylindrically symmetric distribution
of the functional groups, the orientation of the transition
moment vector of a normal vibration with respect to the stretch
direction may be expressed in terms of the second Legendre
polynomial P,(cos y)L] which is related to the dichroic ratio
R, the dichroic difference AA, and the isotropic absorbance Ao
by the following equation:

3Gos’y0-1_R-1_ AA

B0 )= "R¥2" 38,

In this study, the orientation function [P,(cos y)Uwas
calculated from the dichroic ratio since this parameter is
independent of the thickness of the sample. For an isotropic
sample, P,(cos y)0= 0. For an oriented sample, (P»(cos y)O=
1 if all transition moments are perfectly oriented in the
reference direction (stretch direction), while (P,(cos y)C= 0 and
—0.5 for a perfect orientation at y = 54.7° and 90°, respectively.

Results and Discussion

The ambient-temperature infrared spectra of the
unoriented PTMO zwitterionomer and a pure PTMO
melt are shown in Figure 1. The difference between the
two spectra is also shown in this figure in order to
determine the absorptions from the ionic short blocks.



6346 Wang et al.

Macromolecules, Vol. 34, No. 18, 2001

Absorbance

e N AN

I 0.25 a.u.

Zwitterionomer

Amorphous PTMO

Difference spectrum

VAN G

©
=i}

T T T T T T
3000 2800 2600 1500

1 U T T i
1300 1100 900 700

Wavenumber (cm™)

Figure 1. FTIR spectra of the isotropic PTMO zwitterionomer, a pure PTMO melt, and the difference between the two spectra.

Table 1. Assignments of the Infrared Bands of the PTMO
Zwitterionomer?

wavenumber (cm~1)

amorphous semicrystalline  semicrystalline
zwitterionomer  zwitterionomer® PTMO assigntsd
2940 (O) 2941 (O) 2941 va(CHy)
2916 (D) 2916 (O) 2916 va(CH3)
2855 (D) 2863 (0) 2863 vs(CH2)2
2796 (D) 2804 (O) 2804 vs(CH2)1
1483 (O) 1491 (O) 1491 O(CH2)1
1467 (1) 1475 (1) 1475 O0(CH2)1
1455 (II) 1460 (1) 1460 0(CHy)2
1447 (1) 1447 (I) 1447 O0(CH>)2
1368 (1) 1371 (1) 1372 @(CH2)1
1242 (Il) 1251 (I) 1251 ®(CHy)2
1234 (I 1234 ®(CHy)2
1208 (O) 1210 (O) 1209 t(CHy)
1197 (?)° 1196 (?)° va(SO37)
1112 (II) 1112 (I 1112 va(COC)
1036 (?)° 1036 (?)° v5(SO37)
1011 (I 1010 skeletal
stretching
997 (1) 996 v5(COC)
746 (1) 746 r(CHy)

a2 The (CHy): and (CHy), represent the a and § methylenes in
PTMO (O—C®H,—CFHy), respectively. ° Stretched to a draw ratio
of 5.6 at ambient temperature. ¢ Bands associated with the ionic
aggregates. 9 v = stretching, vo = antisymmetric stretching, vs =
symmetric stretching, 6 = bending, w = wagging, t = twisting, r
= rocking, 7 = torsion, [0 = stronger in perpendicular polarization,
Il = stronger in parallel polarization.

To obtain the difference spectrum, a subtraction factor
determined by trial-and-error was used to eliminate the
bands due to the PTMO segments. The assignment of
the observed bands, based on the best evidence available
at the present time,*>4? is given in Table 1, along with
those for unoriented semicrystalline PTMO and a
stretched partly crystallized zwitterionomer. Clearly,
bands assigned to different segments and phases of the
polymers are distinguished and can thus be used to
study the segmental response to macroscopic deforma-
tion. Among the infrared absorption bands of the ionic
short blocks, only two strong absorptions at about 1036
and 1196 cm~! are isolated from those of PTMO; they
are assigned to the SO;~ symmetric and antisymmetric
stretching vibrational modes, respectively.

Orientation and Strain-Induced Crystallization.
Figure 2 shows the polarized infrared spectra of the
PTMO zwitterionomer at maximum elongation (draw
ratio of 5.6) in the first elongation—retraction cycle. For
comparison, the infrared spectrum of the semicrystalline
PTMO sample is included. The dichroic difference
spectra (AA = Ay — Ap) at each stretching step in the
first cycle are plotted on the same scale in Figure 3. The
appearance and growth of the crystalline bands, which
are much narrower and display a much higher dichro-
ism than the amorphous PTMO bands, clearly indicate
that stretching the zwitterionomer at ambient temper-
ature induces crystallization of the PTMO moiety of the
polymer. Judging from the appearance of the purely
crystalline bands at 997 and 1011 cm~1, which are not
affected by other bands, the sample begins to crystallize
at a draw ratio of about 3 in the experimental conditions
used. It is noted that the PTMO band positions in the
crystallized zwitterionomer are essentially identical to
those of the semicrystalline PTMO homopolymer.

The bands related to the CH; stretching modes in the
3000—2750 cm~1 region (Figure 3) show highly negative
dichroism at high draw ratios and give band shapes
similar to that of crystallized PTMO, indicative of
crystalline segments in fully trans conformation. This
indicates that the crystallized PTMO segments in the
zwitterionomer are extended in trans conformation,
with the chain axis oriented in the stretch direction. The
high dichroism of the purely crystalline bands at 1011
cm~1, which is present only in the parallel polarized
spectrum, and at 997 cm~1, which is present only in the
perpendicularly polarized spectrum, indicates that the
orientation of the crystalline segments in the stretch
direction is almost perfect.

Compared with the PTMO bands, those due to the
ionic blocks at about 1196 and 1036 cm™! display a
considerably smaller dichroism even at high deforma-
tion. [The small bipolar band character of the 1036 cm~?
band at low draw ratio (Figure 3) is caused by a small
wavenumber shift of this band after stretch.] Although
some order may exist in the ionic aggregates,®38 our
result indicates that the ionic side groups in the hard
domains do not orient significantly in the plane of the
film during the deformation.
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Figure 2. FTIR spectrum of crystalline PTMO and polarized FTIR spectra of the PTMO zwitterionomer at a draw ratio of 5.6,
measured with radiation polarized parallel (A;) and perpendicular (Ap) to the stretch direction at ambient temperature.
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Figure 3. Dichroic difference spectra (AA = A, — Ap) of the PTMO zwitterionomer measured at draw ratios of 1.3, 1.7, 2.3, 2.8,

3.4, 4.0, 4.5, 4.9, and 5.6 at ambient temperature.

Because the 1036 cm™! band is not sensitive to
crystallization and well separated from other bands, its
isotropic absorbance is also useful for calibrating the
film thickness variation during stretching of the sample.
For this, the following expression was used:

A(d) = (AA) + 2A4(4))/3 )

where A(4) and Ay(1) are the absorbances of the band
at a draw ratio of 1, measured with the polarized
infrared radiation parallel and perpendicular to the
stretch direction, respectively. Figure 4 shows the effects
of the draw ratio on the isotropic absorbance of the 1036
cm~! band for the three elongation—retraction cycles.
It can be seen that the film thickness is reversible in

the elongation—retraction cycles. It is also noted that
the film does not completely recover the original length,
indicative of some flow in this process.

Even though the bands due to the CH; stretching and
bending vibrations in the 3000—2750 and 1470—1400
cm~! ranges, respectively, show considerable dichroism,
they were not used for further analysis in the current
study because of strong overlap. Instead, the focus in
the following is on the PTMO bands due to the C—O—-C
antisymmetric stretching mode at about 1112 cm~! and
especially the CH, wagging mode at about 1368 cm™1,
both of which are more isolated from other bands.

Figure 5 shows the change in peak position of the
parallel polarized absorption at about 1112 cm~1 for the
three elongation—retraction cycles. It is observed that
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Figure 4. Variation of the isotropic absorbance of the band
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(open symbols) in three elongation—retraction cycles.
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Figure 5. Variation of the position of the band at about 1112

cm~* during stretch (filled symbols) and recovery (open sym-
bols) in three elongation—retraction cycles.

the band position decreases until a draw ratio of about
3 is reached, after which, coinciding with the onset of
crystallization, it remains relatively constant. The peak
position reverts back after the release of the strain, but
with a significant hysteresis. On the other hand, the
peak position of the perpendicularly polarized absorp-
tion shows no significant shift with deformation of the
polymer. The cyclic variation of the parallel-polarized
peak position is most likely due to a change in bond
strength during the elongation—retraction processes.
This can be related to stress on the bond coordinates
that provides the force for the recovery of the film length
after releasing the external stress. Changes in the bond
stress affecting the position of the parallel-polarized
1112 cm~! band appear to take place during stretching
only before any crystallization occurs.

To address the segmental behavior in the amorphous
phase, the amorphous band at 1368 cm~1, for which no
change in band position is detected, was used. This
relatively broad band can be resolved from the sharp
crystalline peak at 1371 cm™1 by curve fitting. Since the
latter appears only in the parallel polarized spectra, the
difference between the parallel and perpendicularly
polarized spectra can be used to determine the shape
and peak position of the crystalline band at 1371 cm~1.
The difference spectrum was calculated by adjusting the
subtraction factor until there was complete disappear-
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mental and fitted spectra, respectively.
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Figure 7. Variation of the orientation function P,(cos y)O
calculated from the band at about 1368 cm™* during stretch
(filled symbols) and recovery (open symbols) in the first
elongation—retraction cycle.

ance of the broad band at 1368 cm™1. The shape and
position of the 1368 cm~! band used for the curve fitting
was determined from the perpendicular spectrum. The
curve fitting of the 1300—1400 cm™! region also revealed
the presence of two small bands at 1355 and 1340 cm1.
These weak bands cannot be assigned confidently but
may arise from different conformations or from the CH,
groups in or near the zwitterionic moieties. A typical
example of curve fitting for the parallel polarized
spectrum at a draw ratio of 5.6 in the first elongation—
retraction cycle is shown in Figure 6. It should be noted
that the band at 1371 cm™1 is very close to a Lorenzian
line shape, while the other three components are close
to a Gaussian line shape. By curve fitting the parallel
polarized spectra, it was possible to determine the
intensities of the 1371 and 1368 cm™! bands as a
function of draw ratio.

Figure 7 shows the variation of the orientation
function P,(cos y)Ocalculated from the band at 1368
cm™1 in the first elongation—retraction cycle. It is
observed that the orientation function initially increases
linearly with draw ratio and then reaches a plateau near
the draw ratio of about 3, where crystallization begins.
Thus, there is no further orientation of the amorphous
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segments once crystallization occurs. Instead, the suf-
ficiently oriented amorphous PTMO segments transfer
to the crystalline region, and the sharp absorption at
1371 cm™! increases at the expense of the broader one
at 1368 cm™1. It is noted that the orientation required
for crystallization appears to be quite low, as was also
found, for example, in the orientation studies of linear
low-density polyethylene.*® When the strain is released
after attaining a draw ratio of 5.6, the orientation
decreases continuously, and the orientation function is
always lower than that for the same draw ratio during
the stretch process. These results are in accordance with
the wavenumber variation and hysteresis behavior
shown in Figure 5. Thus, the increase in orientation of
the amorphous phase until the onset of crystallization
leads to an increase in tension of the valence coordi-
nates, causing the band position to move to lower
wavenumbers, and the band recovers its original posi-
tion with disappearance of the orientation.

The degree of crystallization of the deformed PTMO
zwitterionomer can be obtained from the relative in-
tensities of the bands at 1368 and 1371 cm™! if the molar
absorptivities of the two bands are known. The relation-
ship between the intensities of the two bands can be
expressed by the following equation:

0
A1368 _ A1368 + A137l

®3)

€1368  €1368  €1371

where Aj37; and Ajzgs represent the isotropic absor-
bances of the bands at 1371 and 1368 cm™1, respectively,
after normalization for the film thickness using the 1036
cm~! band as an internal intensity standard, A, is
the normalized isotropic absorbance of the band at 1368
cm~t when the sample is purely amorphous (A1371 = 0),
and ¢ are the molar absorptivities. Equation 3 can be
rearranged to give

_ A0
Aszes = Arzes — bA1371 4)

where b is the ratio of the molar absorptivities of the
1368 and 1371 cm~! bands (61368/61371).

Figure 8 shows the relationship between the normal-
ized isotropic absorbances of the 1371 and 1368 cm™!
bands in the crystallization process of the first elonga-
tion—retraction cycle. A slope of 0.49 was found by a
least-squares fit to the data in Figure 8, showing that
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Figure 10. Effect of time on the intensity of the bands at
997, 1011, 1371, and 1368 cm™* after fast stretching the PTMO
zwitterionomer to a draw ratio of 2.8 at ambient temperature.

the molar absorptivity of the 1371 cm™! band is about
twice that of the 1368 cm~! band. The degree of
crystallization, X, can therefore be calculated using the
following equation:

X = bA1371 (5)
¢ bA1371 + A1368

Figure 9 shows the variation in degree of crystallization
as a function of draw ratio in the first elongation—
retraction cycle. The highest degree of crystallization
in the elongation—retraction process is about 22%. In
comparison, the degree of crystallization in this zwit-
terionomer in its unoriented state, as determined by
DSC, is about 17%.°

As pointed out previously, strain-induced crystalliza-
tion is not a thermodynamic equilibrium process.’®> At
constant strain, the degree of crystallization increases
and the orientation of the amorphous regions changes
as a function of time. This dynamic process was moni-
tored by stretching the film rapidly to a draw ratio of
2.8 at ambient temperature and then measuring the
change of orientation and crystallization. Figure 10
shows the intensity variations of the bands at 997, 1011,
1368, and 1371 cm™! as a function of time on a
logarithmic scale. It is observed that the intensity of the
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Figure 11. Effect of time on the parallel and perpendicular
polarized absorbance of the band at about 1368 cm™ after fast
stretching the PTMO zwitterionomer to a draw ratio of 2.8 at
40 °C.

three crystalline bands at 1371, 1011, and 997 cm™!
shows a parallel behavior with time. The intensity of
the amorphous band at 1368 cm~! decreases as a
function of time. These trends confirm the soundness
of the curve-fitting procedure used. Figure 10 also shows
that the crystallization kinetics during the experimental
time scale follow the Avrami equation:

InX,=InK,+nlint (6)

where K. is the crystallization rate constant and n is
the Avrami exponent, which is a characteristic quantity
for a certain type of nucleation and crystal growth. The
fitting of the data in Figure 10 gives a value of 0.8 for
n. This value corresponds to one-dimensional crystal
growth with heterogeneous athermal nucleation.'®
Orientation Relaxation. The orientation relaxation
behavior of the zwitterionomer, stretched at draw ratios
and temperatures where strain-induced crystallization
is avoided, was also investigated. A typical example of
results obtained is shown in Figure 11: the zwitter-
ionomer film was stretched rapidly to a draw ratio of
2.8 at 40 °C, and the variation of the parallel and
perpendicular infrared absorbances at 1368 cm~* was
followed as a function of time. Because of orientation
relaxation, the intensity of the parallel and perpendicu-
lar absorbances decreases and increases as a function
of time, respectively. Since the two orthogonally polar-
ized spectra are shifted by about 12 s, the intensities of
the perpendicular infrared absorbances at times corre-
sponding to the parallel polarized spectra were obtained
by interpolation in order to calculate the dichroic ratios.
Figure 12 shows the orientation relaxation behavior
of the 1368 cm~! band at 35, 47, and 60 °C and that of
the 1036 cm™! band at 47 °C. Because of the experi-
mental setup used, the relaxation behavior at times
shorter than 30 s could not be determined confidently.
In any case, the relaxation in the short time range
involves fast relaxation such as Rouse movements and
is not the object of the current study. In this figure, the
band at about 1036 cm™!, associated with the ionic
aggregates, shows very low orientation and no detect-
able relaxation. Despite the low orientation, it was
observable that the values of the orientation function
tended to decrease with increasing temperature. Fur-
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Figure 12. Orientation relaxation after fast stretching the
PTMO zwitterionomer to a draw ratio of 2.8, determined from
the 1368 cm™! band at 35 °C (a), 47 °C (#), and 60 °C (H) and
from the 1036 cm™! band at 47 °C (@).
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Figure 13. Temperature dependence of the orientation func-
tion P,(cos y)Ucalculated from the 1368 cm™! band at 140 s
after fast stretching the zwitterionomer to draw ratios of 1.9
and 2.8. The open circle is for the partly crystallized sample
stretched to a draw ratio of 2.8 at ambient temperature
(obtained from the data in Figure 10).

thermore, relaxation became increasingly visible for the
curves at 55 and 60 °C.

The band at about 1368 cm™1, due to the PTMO soft
domains, shows much higher orientation and clearly
relaxes as a function of time. It was found that the
relaxation curves obtained from this band cannot be
fitted by a single-exponential decay; this indicates the
existence of multiple relaxations with different rate
constants in this process.*~4% Figure 12 also shows that
the level of orientation indicated by the 1368 cm~! band
decreases with temperature. At 60 °C, it decreases to
nearly zero in about 3 h. The decrease in orientation
with temperature is shown for a greater number of
temperatures in Figure 13, where the samples were
rapidly stretched to draw ratios of 1.9 and 2.8. The point
for the ambient temperature experiment of Figure 10
is also included, although the sample is partly crystal-
lized in this case. The orientation function used in this
figure is the value after orientation relaxation of about
140 s. It is observed that the orientation function
appears to decrease with temperature in an approxi-
mately linear manner in the range studied.

Finally, the various relaxation curves for the 1368
cm~1 band obtained after fast stretching to a draw ratio
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Figure 14. Time—temperature superposition, giving a pseudo-master curve, of the orientation relaxation curves using 35 °C as
the reference temperature. The inset shows the variation of the shift factors with inverse temperature.

of 2.8 were superposed according to the time—temper-
ature superposition principle, using 35 °C as the refer-
ence temperature. No vertical shift factors were in-
cluded. The master curve obtained is shown in Figure
14. The relaxation curves for 35, 41, and 47 °C could be
completely overlapped. The ambient temperature curve
shows a very short long-time tail that does not quite
superpose on the master curve and may be related to
the crystallization in this sample. The two highest
temperature curves at 54 and 60 °C were fitted to the
master curve by overlapping as much as possible of the
shorter-time region, leaving fairly lengthy tails where
superposition is not possible (although vertical shift
factors of 2.0 and 2.3, respectively, do allow very good
superposition of those two curves).

Failure of time—temperature superposition is fre-
guently observed in biphasic ionomers,! notably in stress
relaxation experiments.*’8 In the present case, it is
noteworthy that good to excellent superposition is
obtained for all the curves below or well within the hard-
phase (cluster) T4 (located at about 44 °C; see Experi-
mental Section) and fails for the temperatures signifi-
cantly above the midpoint of this Tg. It is for these same
temperatures that some relaxation is detected in the
ionic sulfonate groups, as mentioned above. It may be
added that the shift factors for the superposition in
Figure 14, shown in the form of an Arrhenius plot in
the inset of this figure, yield an apparent Arrhenius
activation energy of 190 kJ/mol.

The relaxation of the PTMO segments in the stretched
samples contrasts with the form of the rubbery plateau
obtained in DMA measurements (reminiscent of co-
valently cross-linked rubbers up to about 100 °C; see
Introduction and Experimental Section). Possibly, this
is related to the much greater deformation in the
present experiments compared to the dynamic mechan-
ical experiments. Since the zwitterionomers are hygro-

scopic materials, it is also not ruled out that there is
(more) residual water in the sample of the present study
compared to that used in the DMA study. It is well-
known that polar molecules plasticize ionic aggregates
and increase the rate of ion-hopping in ionomers.*°

SAXS investigations of a zwitterionomer analogous
to the one of this study indicate that the ionic aggregates
are hexagonally arranged in cylindrical structures,
which orient perpendicularly to the plane of the film
when uniaxially stretched.®® If the polymer of the
present study behaves in the same way, the cylinders
become oriented with their axis in the direction of the
infrared beam, presumably with the sulfonate groups
distributed isotropically around the cylinder axis. This
could account for the very low orientation observed from
the sulfonate bands.

Conclusions

Orientation and strain-induced crystallization in a
segmented PTMO zwitterionomer with elastomeric
characteristics were studied by infrared linear dichro-
ism. It was found that the crystallized segments are
almost perfectly oriented with their chain axis in the
direction of strain. By using curve fitting, it was possible
to follow the orientation behavior of the amorphous
phase in the cyclic elongation—retraction experiments.
It was found to increase in a roughly linear manner
until sufficient for crystallization to begin (at a relatively
low level of orientation), after which it remains constant.
With stepwise release of stress, the amorphous phase
orientation decreases steadily to zero in the whole range
of stress. The degree of crystallization as a function of
draw ratio was also determined, reaching 22% for a
draw ratio of 5.6, and is completely reversible although
with hysteresis. The crystallization kinetics was shown
to be consistent with one-dimensional growth.
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At temperatures and draw ratios where no crystal-
lization is induced, orientation relaxation occurs. The
PTMO orientation decreases and the relaxation rate
increases with increasing temperature. Very good time—
temperature superposition of the curves is possible at
all but the highest temperatures, which can be cor-
related with the hard phase glass transition tempera-
ture. Only very low orientation and relaxation can be
detected in the ionic regions.
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