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ABSTRACT: We report the synthesis and characterization of fully saturated hydrocarbon block copolymer
thermoplastic elastomers with competitive mechanical properties and attractive processing features. Block
copolymers containing glassy poly(cyclohexylethylene) (C), elastomeric poly(ethylene-alt-propylene) (P),
and semicrystalline poly(ethylene) (E) were produced in a CEC—P—CEC heptablock architecture, denoted
XPX, by anionic polymerization and catalytic hydrogenation. The X blocks contain equal volume fractions
of C and E, totaling 40% —60% of the material overall. All the XPX polymers are disordered above the melt
temperature for E (7, g = 95 °C) as evidenced by SAXS and dynamic mechanical spectroscopy measure-
ments. Cooling below T}, g results in crystallization of the E blocks, which induces microphase segregation of
E, C, and P into a complex morphology with a continuous rubbery domain and randomly arranged hard
domains as shown by TEM. This mechanism of segregation decouples the processing temperature from the
XPX molecular weight up to a limiting value. Tensile mechanical testing (simple extension and cyclic loading)
demonstrates that the tensile strength (ca. 30 MPa) and strain at break (>500%) are comparable to the
behavior of CPC triblock thermoplastic elastomers of similar molecular weight and glass content. However,
in the CPC materials, processability is constrained by the order—disorder transition temperature, limiting the
applications of these materials. Elastic recovery of the XPX materials following seven cycles of tensile
deformation is correlated with the fraction of X in the heptablock copolymer, and the residual strain

approaches that of CPC when the fraction of hard blocks fx < 0.39.

Introduction

Block copolymers (BCPs) containing a matrix of rubbery
blocks, anchored on both ends to thermodynamically incompa-
tible and hard (glassy or semicrystalline) blocks, are generally
referred to as thermoplastic elastomers (TPEs)." Poly(styrene-
b-isoprene-b-styrene) (SIS) triblock copolymers are the most famil-
iar commercial products that fall into this category. Two temper-
atures control the properties and processing of these materials.
Above the hard block glass transition temperature (7Tys =
100 °C) the material softens and can be deformed irreversibly;
in this temperature range the rheological properties are domi-
nated by the microphase structure. Further heating the material
can lead to a state of disorder and liquid-like rheological proper-
ties. However, the point at which this transition occurs, known as
the order—disorder transition temperature (Topt), is directly
dependent on the overall molecular weight for a given composi-
tion; increasing the molecular weight increases Topr.” Many
applications of TPEs require balancing molecular weight against
processing requirements that favor a low Topr (i.e., low proces-
sing temperature) in order to minimize polymer degradation and
equipment needs. Choosing different block types (e.g., hydro-
genated poly(butadiene) instead of poly(isoprene)) necessitates a
reevaluation of the relationships between room temperature
properties and processing, each dependent on the molecular
weight. This publication describes a new approach to designing
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thermoplastic elastomers that decouples Topt from the overall
block copolymer molecular weight.

Microphase separation of thermodynamically co ?atlble
block copolymers also can be induced by crystallization.* ! In
this situation the transition from a state of microphase separation
to spatial homogeneity is determined by the crystal melting
temperature (7,,) and does not depend on the block copolymer
molecular weight. Several groups have demonstrated this effect,
including Hotta et al.,'” who reported on poly(propylene)-based
BPCs containing amorphous and rubbery midblocks and
semicrystalline end-blocks, and Koo et al., who developed
EPE triblock® and (EP), multiblock copolymers,” where E is
semicrystalline poly(ethylene) and P is rubbery poly(ethylene-alt-
propylene). The (EP), materials, which are produced by hydro-
genating anionically polymerized poly(1,4-butadiene-b-1,4-iso-
prene),, multiblock copolymers, are characterized by a small
Flory—Huggins y parameter. Below a threshold block molecular
weight (M = Mg = Mp < 50000 g/mol) these materials are
disordered above Ty, . Microphase separation is induced by
crystallization upon cooling the homogeneous melt. Because of a
finite, albeit small, segment—segment interaction parameter,
increasing M above the critical value leads to ordering in the
melt state. Koo et al. demonstrated two limiting types of
mechanical properties in these block copolymers at room tem-
perature. Crystallization-induced segregation results in a rela-
tively weak material with a tensile strength of org < 10 MPa (also
reported in the poly(propylene) system by Hotta et al.) while
cooling and crystallizing higher molecular weight (n > 8) (EP),
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polymers led to org ~ 20—30 MPa. The authors reasoned that
these results could be traced to the orientation and inherent
strength of the E crystals within the melt ordered morphologies
and the reinforcing effect created by a large number of blocks
even in the case of melt disorder. Thus, for crystalline and rubber
block copolymers, crystallization-induced segregation tends to
produce mechanically weak materials unless they are constructed
with many blocks, which is often impractical. Also, regardless of
the segregation mechanism, high strength values are only achi-
eved with high volume fractions of E (> 50%), which compro-
mises the low strain elastic response and results in significant
irreversible plastic deformation.''™'*

Another recently reported strategy for tailoring the mechanical
properties of polyolefin block copolymers is to combine three
basic physical states—rubbery, glassy, and semicrystalline—in a
multiblock copolymer architecture. Mahanthappa et al.'*'
produced CPEPC pentablock copolymers containing 40 vol %
glassy C, or poly(cyclohexylethylene), derived from hydrogenat-
ing polystyrene, and varying proportions of semicrystalline E and
rubbery P. Despite relatively low overall molecular weights
(30—40 kg/mol) these saturated terpolymers microphase separate
into a lamellar structure at elevated temperatures, which is
preserved upon cooling below T, = 135 °C, and subsequent
crystallization of the E domains below 90 °C. These composite
materials exhibit tensile strengths between 25 and 38 MPa
accompanied by an elastic modulus intermediate to a rubber
and plastic (E ~ 50—100 MPa). Balsamo et al.'®!” and Schamlz
et al.">'® have combined similar types of monomers in producing
ABC systems, where A is glassy, B is rubbery, and C is semi-
crystalline. These all have relatively high molecular weights
(80—219 kg/mol) and are strongly segregated due to the chemical
incompatibility between blocks. Although these polymers con-
tain semicrystalline blocks, the ultimate processing conditions are
governed by Topr, which is coupled to the overall molecular
weight.

Fleury and Bates'® recently showed that an undecablock
copolymer of the type CECEC—P—CECEC containing 50% P,
25% E, and 25% C and a modest overall molecular weight of
87000 g/mol was disordered above the melting temperature of the
E blocks. Yet this material displayed excellent elastic properties at
room temperature (e.g., ors = 32 MPa and a strain at break &, >
1500%). This finding suggests that the synergistic combination of
crystallization-induced segregation accompanied by partial vitri-
fication offers an attractive method of producing competitive
thermoplastic elastomers that can be processed as relatively
inviscid, homogeneous liquids at a temperature determined by
the melting point of the semicrystalline blocks, i.e., independent
of the overall molecular weight up to a limiting value.

This article expands on this idea, through an in-depth study of
a basic hierarchical block copolymer architecture suitable for
creating crystallization-induced thermoplastic elastomers: CEC—
P—CEC heptablock copolymers. Here we demonstrate that at
modest molecular weights these multiblocks are homogeneous
(disordered) above about 100 °C, i.e., Ty, of E, due to a favorable
balance between the three y; parameters that define the mixing
thermodynamics. Cooling below T, g results in partial crystal-
lization of E, which induces segregation and vitrification of C,
leading to a class of microphase-separated materials that have a
common processing temperature, independent of molecular
weight for M < 114000 g/mol. This combination of glassy (C)
and semicrystalline (E) hard blocks results in thermoplastic
elastomers with competitive strengths and in certain limits
excellent elastic recovery. Five CEC—P—CEC heptablock terpo-
lymers were synthesized, each with equal volume fractions of C
and E and between 40 and 60 vol % P. We have characterized
the phase behavior of these specimens by differential scanning
calorimetry (DSC) and dynamic mechanical spectroscopy (DMS),
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small-angle X-ray scattering (SAXS), and transmission electron
microscopy (TEM). The mechanical properties were measured
in tension by simple extension and cyclic loading, and these
results are compared with conventional CPC triblock copolymer
elastomers prepared with similar C contents.

Experimental Section

Block Copolymer Synthesis and Hydrogenation. Triblock
copolymer CPC-1 was obtained from The Dow Chemical Co.,
while CPC-2 and the CEC—P—CEC heptablock copolymers
were produced at the University of Minnesota. A SIS precursor
triblock was synthesized by sequential living anionic polymer-
ization of styrene (S) (Aldrich), isoprene (I) (Acros Organics),
and S in purified cyclohexane (Fischer Scientific) at 40 °C,
initiated with sec-butyllithium (1.4 M solution in cyclohexane,
Aldrich), as described elsewhere.”® For the heptablock copoly-
mers, living SBS-17,Li* copolymers were prepared by sequen-
tial polymerization of S, butadiene (B) (Aldrich), S, and I as
noted above and subsequently coupled using a stoichiometric
amount of a,0’-dibromo-p-xylene (Aldrich) added in a dropwise
fashion until solution became colorless (about 4—6 h) to pro-
duce the precursor SBS—I—SBS materials. In all cases the
overall fraction of S and B added to the reactor was held
constant. An aliquot of the completed first S block was drawn
after 8 h of reaction time and precipitated in degassed methanol
(Aldrich) for further analysis. SIS and SBS—1—SBS were hydro-
genated to yield CPC and CEC—P—CEQC, respectively. This was
accomplished by reaction for 12 h over a Pt/Re catalyst sup-
ported on macroporous silica particles (Dow Chemical) in
degassed cyclohexane at 170 °C under 500 psig of H».?' Block
copolymers were recovered from solution in all cases by pre-
cipitation in a 1:3 (volume ratio) mixture of isopropanol and
methanol followed by drying at room temperature under va-
cuum to constant weight. We will refer to CEC—P—CEC as
XPX based on the pseudo-triblock geometry.

Molecular Characterization. Block copolymer compositions
were determined from quantitative 'H nuclear magnetic reso-
nance (NMR) spectra collected on the unsaturated polymers in
deuterated chloroform (CDCls) (99.8%, Aldrich) using a Var-
ian Unity Inova 300 spectrometer. Monomer mole fractions
were calculated by integrating resonances associated with S, B,
and I repeat units; these values were then converted to volume
fractions for the saturated compounds using the following
published polymer densities at 140 °C:*? pc = 0.920 g/cm®;
o = 0.784 g/em?®; pp = 0.790 g/cm>. These spectra also con-
firmed that the isoprene and butadiene polymerizations resulted
in predominantly 1,4-monomer addition, with 6—8 mol % 4,3-1
and 10—12 mol % 1,2-B, respectively. "H NMR spectra were
also recorded from the hydrogenated polymers in deuterated
chloroform at room temperature for CPC and in deuterated
toluene (C7Dg) (99.6%, Aldrich) at 70 °C for XPX to establish
the extent of saturation for each polymer, which in every case
was greater than 97%. The number-average molecular weight,
M, s, of the first S block of each block copolymer and the
molecular weight distribution (M,,/M,), or polydispersity, of all
polymers were determined by size exclusion chromatography
(SEC). A Waters 717 GPC fitted with three Polymer Labora-
tories Mixed-C columns and operated at 30 °C with tetrahy-
drofuran (J.T. Baker) and calibrated with polystyrene standards
was employed with the unsaturated polymers and with CPC.
The saturated XPX polymers were characterized with a PL-
GPC 220 system operated at 135 °C with 1,2,4-trichlorobenzene.
Monomodal and relatively narrow distribution (M,/M, < 1.21)
peaks were recorded in all cases. Saturated polymer molecular
weights were calculated based on M, 5 and the overall composi-
tion derived from the reaction stoichiometry and NMR results.

Differential Scanning Calorimetry (DSC). Thermal transi-
tions (glass transition and melting and crystallization tem-
peratures) were determined using a TA Instruments Q1000
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Scheme 1. Molecular Structure of CEC—P—CEC Heptablock
Copolymers

differential scanning calorimeter (DSC). Poly(ethylene) frac-
tional crystallinity, X, was calculated using the expression X, =
(AH\/wg)pH® g where wg is the weight fraction of E and
AH, = 277 J g is the theoretical heat of melting for the
100% crystalline poly(ethylene).>® Samples were heated to 160 °C,
cooled to —80 °C, and heated back to 160 °C, all at 10 °C/min.

Dynamic Mechanical Spectroscopy (DMS). A Rheometrics
Scientific ARES rheometer equipped with 25 or 8§ mm diameter
parallel plates was used to determine the elastic, G’, and viscous,
G", dynamic moduli over the frequency range 0.01 < w <
100 rad/s. All measurements were conducted at a strain of
1%, within the linear viscoelastic regime. Two types of tests
were used to probe the order—disorder, melting, and crystal-
lization transitions: isothermal frequency sweeps and isochronal
temperature sweeps at fixed heating or cooling rates of between
0.5 and 2 °C/min.***

Small-Angle X-ray Scattering (SAXS). Synchrotron-source
SAXS was performed on the saturated block copolymers at
Argonne National Laboratory (Argonne, IL) using the Du-
Pont—Northwestern—Dow Collaborative Access Team (DND-
CAT) facility with a beam wavelength of 4 = 0.729 A and a
sample-to-detector distance of 6.53 m. Calibration was achieved
with silver behenate, and data were collected on a Mar CCD
area detector. Experiments were performed on unaligned pow-
der like XPX specimens that were molded at 170 °C and then
cooled to room temperature. XPX samples were heated to about
180 °C for 3 min to erase thermal history and then cooled at
about 30 °C/min and held for 3 min at either 140 or 25 °C, where
2-D patterns were collected. Laboratory source SAXS was
performed at the Institute of Technology Characterization
Facility at the University of Minnesota using Cu Ko X-rays
from a Rigaku RU-200VBH rotating anode and a sample-to-
detector distance of 4.41 m. CPC samples were shear aligned
prior to the experiment to improve the state of long-range order,
and synchrotron SAXS data were collected at 25 °C for CPC-1
and laboratory SAXS data were collected at 150 °C for CPC-2
without any additional thermal treatment. Alignment of the
cylindrical structures in the CPC copolymers was achieved using
the large-amplitude reciprocating shear device described by
Koppi.”> Compression-molded samples 20 mm long by 10 mm
wide by 1 mm thick were sheared under argon for about 2 h at
Topt — 10 °C with a strain amplitude of 200% and a shear rate
of 0.5 s~ '. Two-dimensional scattering data were azimuthally
integrated to obtain plots of intensity 7 vs scattering wavevector
modulus ¢ (¢ = (47r/1) sin(6/2), where 6 is the scattering angle).

Transmission Electron Microscopy (TEM). TEM experiments
were performed at the Institute of Technology Characterization
Facility at the University of Minnesota with a JEOL 1210 ele-
ctron microscope in the bright field mode operating at 110 kV.
Samples were cryo-microtomed at —120 °C with a diamond
knife to produce a flat surface and subsequently stained with
ruthenium oxide (RuQy) for 4 h using reported procedures®® to
create contrast between chemically distinct domains. Stained
samples were microtomed again at —120 °C, and 70—100 nm
thick specimens were collected for imaging.

Mechanical Testing. Samples were drawn in tension up to the
point of failure in a Rheometrics Scientific MINIMAT uniaxial
tensile testing instrument fitted with a 200 N load cell.
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Table 1. Molecular Characterization Data for CPC and XPX

Copolymers
sample  fe  fe  fo N M(gmol) MM
CPC-1 0.18 0.00 0.82 1193 90050 1.04
CPC-2 0.30 0.00 0.70 597 47400 1.03
XPX-1 0.18 0.22 0.60 1450 103400 1.11
XPX-2a 0.25 0.26 0.49 808 59000 1.11
XPX-2b  0.25 0.26 0.49 1086 79200 1.13
XPX-2c 025 026 049 1560 113700 1.16
XPX-3 0.30 0.28 0.42 592 43800 1.21

“Calculated using bulk homo;)olymer densities from Fetters et al.?
with 118 A¥ reference volume. ” Determined for saturated CPC and
for unsaturated precursors of XPX by SEC with PS standards in THF at
30 °C.

All experiments were conducted at room temperature and at a
constant rate of 200% strain/min. Rectangular bars 11 mm
long, 2—3 mm wide, and 0.8—1.2 mm thick were employed, with
a 5—7 mm gauge length (/) and a 2—3 mm? initial cross-
sectional area (Ap). This geometry is the best one to avoid
slipping and easily set up the sample in the instrument so that
it can be stretched to high strains. Engineering stress (o) vs
nominal strain (&) curves were obtained from force (F) vs
displacement (A/) data, where 0 = F/A4y and € = Al/l,. Young’s
modulus E was determined by fitting the linear regime of the
stress—strain curve, below about 10% strain, with 0 = Ee. The
data reported here represent values averaged over eight specimens
tested per material. Tension set (%), &, calculated as (final
gauge length — /y)/ly x 100, was determined for each sample.
Similar samples were used to run cyclic extension—compression
tests at room temperature and a constant rate of 200% strain/min.
A series of seven cycles, each including application of a 400%
strain followed by a return back to 0% strain, constituted a
complete strain recovery experiment. Residual strain, which is
reported for each cycle, is defined here as the strain remaining at
zero stress following a sequence of extension and compression.
At least three specimens of each material were tested in this
manner.

Results and Analysis

Synthesis. Three types of CEC—P—CEC copolymers,
abbreviated XPX and shown in Scheme 1, were produced
in this study, with C volume fractions of 18%, 25%, and 30%
and similar corresponding volume fractions of E.

At a composition of 25 vol % C, three materials were
synthesized with molecular weights of 59, 79, and 114 kg/mol,
in order to investigate the role of this parameter on proper-
ties. Two CPC materials with C volume fractions of 18%
(obtained from Dow Chemical) and 30% (synthesized in our
laboratory) were prepared for comparison. Table 1 sum-
marizes the basic molecular characteristics of the block
copolymers employed in this study.

The final step in the polymerization of the SBS—I—SBS
precursor copolymers was achieved by coupling “living”
SBSI™,Li" molecules. Figure 1 shows a size exclusion chro-
matograph (SEC) trace of the precursor materials associated
with XPX-2b. Comparison of the uncoupled (SBSI™) and
coupled (SBS-I-SBS) forms reveals monomodal molecular
weight distributions with average molecular weights that
differ by a factor of ~2. A relatively small amount of
uncoupled polymer is present in the coupled product. In all
cases, at least 93% coupling was achieved through these
reactions. Heptablock polydispersity indices are somewhat
higher than those obtained with the CPC triblock which we
attribute to the relatively slow addition of butadiene to
poly(styryllithium). The molecular weight distribution was
not affected by hydrogenation of the unsaturated heptablock
copolymers.
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Figure 1. SEC trace for XPX-2b’s precursor systems, in their un-
coupled (SBSI) and coupled (SBS—I—SBS) forms, showing high
coupling efficiency.

-14 -
] (a) CPC-1
£
£ 15
g /
3 .16
8
{
2 .
o |
TR |
- 174 —
m ]
w 1
I "
]
1
-18 ' T T T T T T T T T T T
-80 -40 0 40 80 120 160
T (°C)
-6+
(b) XPX-1  T.®
1
g f
_ﬂc> i
g :
[ =4 |
w [l
1
— 1
. 1
3 104 '
s X
3 ,
(] |
E ]
- 124 "
(5] ]
(%] ]
T '
1
1
1
-14 T T T T T T v T T T
-80 -40 0 40 80 120 160

T (°C)

Figure 2. DSC traces obtained while heating and cooling (a) CPC-1
and (b) XPX-1 at 10 °C/min. T, for P is evident in both specimens at
about —60 °C. Melting and crystallization are apparent in XPX-1.
However, the glass transition for C is not identified in either set of
results.

Thermal and Rheological Properties. DSC measurements
provided information regarding the physical properties of
the CPC and XPX materials. Figure 2 offers a comparison of
the responses obtained from representative specimens, each
containing 18% C (see Table 1). Clearly evident in the
thermal responses from CPC-1 (Figure 2a) and XPX-1
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Table 2. Thermal Properties of CPC and XPX Copolymers

sample Tw(E) O T(B)(CY  XdE) (%) Topr (°C)
CPC-1 168

CPC-2 172

XPX-1 100 68 36 <Tp
XPX-2a 98 56 32 <Tp
XPX-2b 97 54 26 <Tp
XPX-2c 93 55 2 <T,
XPX-3 93 54 23 <Tp

“Peak melting temperature determined by DSC. © Peak crystallinity
temperature determined by DSC. “Percent crystallinity in E block
determined by DSC. ¢ Order—disorder transition temperature detected
by DMS.

(Figure 2b) is a glass transition at —60 °C, which can be
associated with the P domains.?” We are not able to identify
features in either DSC trace attributable to the glass transi-
tion of the C blocks; T, of bulk Cis about 145 °C. We believe
this is a consequence of several factors. As shown below,
XPX-1 is a homogeneous material above the E melting
temperature, Ty, g; hence, there are no glassy domains above
about 100 °C. While CPC-1 is microphase separated below
170 °C (see below), the combination of a minority of glassy
domains (just 18%) and the proximity to Topr is most likely
responsible for washing out any signature of 7, of C in the
DSC trace from the material.

The most prominent features in Figure 2b are the melting
endotherm (73, g = 100 °C) and crystallization exotherm
(T.g = 68 °C) found upon heating and cooling XPX-1,
respectively. These thermal events, which derive from the
partial local ordering of the poly(ethylene) blocks, play a
pivotal role in driving the structural transitions that are
responsible for the mechanical properties reported here.
Table 2 summarizes the crystalline characteristics obtained
by DSC for all the XPX heptablock copolymers considered
in this article as well as the Topt values for the CPC
materials. Consistent with previous work on block copoly-
mers containing hydrogenated 1,4-poly(butadiene) with
about 10% 1,2 additions, we obtain melting temperatures
between 93 and 100 °C and 23% —36% crystallinity (X.) of
the E blocks based on the area under the peak in the melting
curve.*® Cooling at 10 °C/min results in peak rates of
crystallization between 54 and 68 °C; this degree of hysteresis
between Ty, and T, is attributable to polymer crystal
nucleation.

Thermal transitions also were determined using dynamic
mechanical spectroscopy (DMS). Representative dynamic
elastic moduli, G’, obtained from CPC-1 are displayed in
Figure 3 as a function of reduced frequency (a7 where azis
a temperature-dependent shift factor) at several tempera-
tures and as a function of temperature at fixed frequency.
The master curve obtained by time—temperature superposi-
tion of isothermal data (Figure 3a) exhibits two branches at
low reduced frequencies consistent with states of order and
disorder below and above about 170 °C, respectively.**~3*
This apparent Topt also is reflected in the isochronal
temperature scan (Figure 3b) as a nearly discontinuous drop
in G’ at 168 °C. Evidence of a glass transition between app-
roximately 100 and 140 °C is apparent in the G'(7T) curve as
well. Similar DMS results were obtained from CPC-2,
including a similar Topr at 172 °C (Table 2).

DMS was also performed on the XPX materials, and
Figure 4 shows a representative master curve and a typical
set of temperature sweep data obtained at 0.1 rad/s and
2 °C/min for XPX-1. Above 100 °C the G’(w) results
(Figure 4a) superpose onto a single master curve with a
terminal slope, G’ ~ w?, consistent with liquid-like behavior.
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Figure 3. (a) Superposition of G’ vs reduced frequency, war, from
isothermal frequency sweeps with Trgr = 145 °C and (b) temperature
sweep at 0.1 rad/s and 0.5 °C/min for CPC-1, both at 1% strain. A Topt
of 168 °C produces a change of slopes in (a) and a discontinuity in (b)
and T, for C at around 125 °C is indicated by the decline in G’ in (b).

Below 100 °C the low-frequency portions of the G'(w) curves
depart from the high-temperature master curve, indicative of
anon-liquid-like response. Of course, we have already shown
that XPX-1 is semicrystalline at and below about 100 °C
based on DSC measurements (see Figure 2b). Heating and
cooling XPX-1 leads to hysteresis in G’ (Figure 4b) with end
points that match the exotherm and endotherm identified
in the DSC measurements (Figure 2b). Similar results were
obtained from the other XPX heptablock copolymers, lead-
ing us to conclude that all these materials are liquid-like
above Ty, .

Structural Analysis. The morphologies of the CPC and
XPX materials were investigated using small-angle X-ray
scattering and transmission electron microscopy. The CPC
triblocks were shear-aligned at about 160 °C using the
procedures described by Koppi®® and then interrogated by
SAXS. Figure 5 shows a synchrotron SAXS pattern for
CPC-1 at 25 °C and a laboratory source pattern for CPC-2
at 150 °C. CPC-1 and CPC-2 both produced SAXS patterns
with multiple Bragg reflections at relative spacings (¢/q*)* =
1, 3, 4, and 7, where ¢* is the position of the first-order
reflection. These results are consistent with a hexagonally
ordered arrangement of C cylinders embedded in a matrix of
P polymer.*>~*’ The magnitude of the principal wave vectors
are related to the spacings between domains, d* = 2m/g*,
where d* corresponds to the separation between (11) planes
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Figure 4. (a) Superposition of G’ vs reduced frequency, waz, from
isothermal frequency sweeps with Trer = 95 °C and (b) temperature
sweep at 0.1 rad/s and 2 °C/min for XPX-1, both at 1% strain. Melting
and crystallization dominate the thermal behavior of XPX.
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Figure 5. SAXS data acquired for shear-aligned samples of CPC-1
(synchrotron, 25 °C) and CPC-2 (laboratory, 150 °C) in the shear
direction. Arrows indicate peak positions, which suggest a hexagonally
packed cylindrical morphology for both materials below Topt. This
structure is consistent with that expected for the block volume fractions.

in a hexagonally ordered crystal. These values are listed for
CPC-1 and CPC-2 in Table 3.

Synchrotron SAXS data also were collected for the
XPX systems at 140 and 25 °C, and the results are shown



5300 Macromolecules, Vol. 43, No. 12, 2010

Table 3. Domain Spacings Calculated from SAXS Data

sample  g*3soc (/D\fl) d*s0c (nm) g% j49oc (Afl) d*140°c (nm)

CPC-1 0.0249 25.2

CPC-2 0.0284“ 22.1¢
XPX-3 0.0305 20.6 0.0286 22.0

XPX-2a 0.0299 21.0 0.0284 22.1

XPX-2b 0.0291 21.7 0.0270 233

XPX-2¢ 0.0276 22.8 0.0268 234

XPX-1 0.0205 30.6 0.0199 31.6

“Measured at 150 °C.
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H XPX-3
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Figure 6. Synchrotron SAXS data acquired at (a) 140 °C and (b) 25 °C
for XPX block copolymers. They each produce one relatively broad
peak at both temperatures, which indicates the materials do not contain
long-range order.

in Figure 6. In striking contrast to the SAXS patterns
obtained from the CPC materials, every XPX heptablock
displays only one rather broad peak at both temperatures,
indicating that long-range order is absent in these materials.
Curiously, the single broad peak is more intense at the
higher temperature (consistent with earlier results),'*** which
we assume reflects some degree of contrast matching in the
microphase-separated state at 25 °C. Since DMS measure-
ments have established that the XPX polymers are liquid-
like above about 100 °C, we associate the peak in 1(g) at 140 °C
with correlation hole scattering. Remarkably, ¢* varies only
slightly between the three XPX-2 compounds (see Table 3)
despite the fact that these polymers have the same composi-
tion profile but differ in molecular weight by nearly a factor
of 2. Moreover, ¢*, and thus d*, change very little from 140 to
25 °C for each material: d* values drop only about 0.9 nm on
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Figure 7. TEM images from (a) XPX-1, (b) XPX-2b and (c) XPX-3. All
XPX materials show a disorganized morphology of C (gray), E (white),
and P (black) domains.

average with cooling. We return to these features in the
Discussion section.

TEM images were obtained from the XPX polymers to
further delineate the microphase-separated structures pre-
sent at room temperature. Representative TEM images
recorded from XPX-1, XPX-2b, and XPX-3 are presented
in Figure 7. Staining with RuQy, creates contrast among the
monomers resulting in images with black (P), gray (C), and
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white (E) regions. All XPX images show rather disorganized
structures with evidence of light and dark regions on a length
scale that is compatible with the SAXS results (see Table 3).
A combination of poor contrast, a lack of order, and ill-
defined domain structure makes it impossible to assign a
specific shape or packing geometry to these structural fea-
tures. Nevertheless, the TEM images indicate some form of
microphase separation and confirm the state of disorder
deduced from the SAXS data.

Tensile Properties. Rectangular samples were subjected to
uniaxial tensile testing at a rate of 200% strain/min at room
temperature. Figure 8 compares representative tensile data
taken from each material evaluated in this study. Table 4
summarizes five measures of mechanical behavior for these
materials, elastic modulus E, strain at break ¢, tensile
strength (stress at break) ors, final residual strain &, and
tension set & (see Strain Recovery section) extracted from
each set of eight measurements or three in the case of ¢,
performed on each material. Here we note that our use of
rectangular specimens, which almost always failed near the
grips of the instrument, leads to conservative estimates of &,
and os.

The CPC materials (Figure 8a) behave as typical thermo-
plastic triblock copolymer elastomers, combining high elon-
gation with a low modulus and relatively high strength
values. CPC-2 exhibits a higher modulus and tensile strength
than CPC-1, which is attributable to a higher glass con-
tent."> Glassy domains act as cross-linkers and stiff filler
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Table 4. Tensile Properties of CPC and XPX Block Copolymers

sample E (MPa) ey (%)  ors (MPa) & (%) & (%)
CPC-1 55+08 543433 222453 30+5 11+£7
CPC-2 20.6+£5.0 552+£5 32.8+2.2 44+ 4 16+6
XPX-1 10.0£1.9 652+£23 269 %45 S7T+£3 31+14
XPX-2a 192445 61632 258+4.1 178+ 3 84+23
XPX-2b  219+19 5514+11 30.5+3.1 12011  64+4
XPX-2¢  24.0+£32 528£19 32.1£58 114+3 80£19
XPX-3 418+6.3 509+40 29.6+28 198+3 97+20

particles, which can result in greater reinforcement (i.e.,
higher modulus and strength).

All the XPX heptablock copolymers behave like strong
thermoplastic elastomers (Figure 8b). In fact, all the XPX
materials are statistically as strong as CPC-2, with tensile
strengths between 26 and 32 MPa. Several interesting fea-
tures emerge in comparing the XPX and CPC systems. The
modulus (E) and stress plateau during drawing (strains up to
about 200%) are higher for XPX than CPC at comparable
glass contents due to the presence of the semicrystalline
E blocks; this effect resembles a previous comparison of melt-
ordered CPEPC and CPC.'* Both C and E content have an
important effect on the magnitude of the modulus. With
67% higher C content the modulus £ for CPC-2 is nearly
4 times that for CPC-1. Similarly, adding semicrystalline E to
XPX also stiffens the material. Comparing XPX-1 to CPC-1
and XPX-3 to CPC-2, each pair having similar amounts of C,
indicates that the semicrystalline blocks double the moduli.
However, this reinforcement of XPX at low strains does not
translate into a higher strength. In general, tensile strengths
in both CPC and XPX samples seem to have a maximum
value of about 32 MPa. Nor do we find any statistical
difference between XPX and CPC with respect to strain at
break, which are about 550% for all materials, except for
XPX-1 and XPX-2a, which extend to slightly higher elonga-
tion of 652% and 612%, respectively. However, this may
stem from molecular weight differences, which are evident in
the XPX-2 series. While all three XPX-2 materials have
statistically similar moduli and tensile strengths, XPX-2a
has a strain at break of 616%, modestly different than the
average 540% for the two higher molecular weight systems.
XPX heptablocks with lower molecular weight seem to
produce “softer” materials that fail at significantly higher
elongation.

Strain Recovery. Cyclic testing (strain and recovery) was
performed on samples by stretching them to 400% strain
(about 70% of their average strain at break) and then
compressing the specimen to 0% strain and repeating this
sequence for a total of seven cycles. Residual strain was iden-
tified after each cycle as the deformation (strain) at which the
measured stress disappeared (o = 0 MPa) as the sample
length was reduced back toward its original value.

Residual strain is plotted as a function of cycle number in
Figure 9 for all the materials considered in this report. These
measurements are remarkably reproducible as evidenced by
the narrow range of values shown, about 5% variation. The
final residual strains after seven cycles, €., are shown for each
material in Table 4. Tension set values, &, also presented in
Table 4, are approximately half of ¢, for each material and
show a similar trend of increasing irrecoverable deforma-
tions. However, these results have high uncertainty levels
given the difficulty in manually measuring the final length of
rubbery samples, and thus our analysis is focused on the
results of cyclic testing. All samples tend to reach a constant
residual strain, especially the XPX compounds; after four
cycles these materials add less than 5% additional residual
strain on average by the seventh cycle. The CPC copolymers
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Figure 9. Residual strain after cyclic deformation up to 400% strain for
CPC and XPX materials. Higher C and E content increases residual
strain while an increase in molecular weight in the XPX-2 series
improves recoverability.

show the least residual strains, which is readily explained by
the hard glassy C domains, which offer little if any irrever-
sible deformation.'*!*18:3738 Increasing the C content from
18% (CPC-1) to 30% (CPC-2) marginally lifts &, from 30%
to just 44%.

Incorporation of semicrystalline E blocks in the XPX
materials has a significant impact on the elastic recovery of
these specimens. Prior work with semicrystalline TPEs has
led to the conclusion that plastic crystal deformation is res-
ponsible for nonrecoverable strain.*!'%!>7 141819 [ncreasing
the E content raises the amount of residual strain in the XPX
compounds from 54% to 120% to 197% for 22% E (XPX-1)
to 26% E (XPX-2b) to 28% E (XPX-3), respectively. How-
ever, the C content also increases equally, and the effects of
the added crystallinity and glass cannot be decoupled. Most
importantly, the ill-defined morphology of the XPX elasto-
mers may reorganize irreversibly during large strain exten-
sion, which could contribute to a larger residual strain,
particularly as the C and E content increases. Figure 9 also
shows the residual strain curves for the XPX-2 series, which
have a constant composition but varying molecular weights.
Here strain recovery increases as the overall molecular weight
decreases. XPX-2a (M, = 79000 g/mol) exhibits a 178%
residual strain after seven cycles while XPX-2¢c (M, =
114000 g/mol) recovers all but 114%. Thus, XPX materials
seem to require a minimum molecular weight to achieve opti-
mal mechanical properties.

Discussion

Phase Behavior and Morphology. A combination of rheo-
logical measurements, SAXS, and TEM revealed different
types of phase behavior and different morphologies for the
CPC versus the XPX systems. The CPC triblock copolymers
produce classical, here hexagonally ordered, phases that pass
through a first-order transition to a disordered melt state ata
temperature (7opt) that is determined by the overall poly-
mer molecular weight (and composition). Microphase se-
paration at low temperatures is driven by thermodynamic
incompatibility between the C and P blocks, which is cap-
tured by the magnitude of the Flory—Huggins segment—seg-
ment interaction parameter, ycp = (V/RT)(0c — Op)*, where
V is the segment volume and dc and Jp are the solubility
parameters of the C and P polymers, respectively. Notwith-
standing close chemical similarities, most pairs of saturated
hydrocarbon polymers such as Cand P, Cand E, and E and P
are characterized by small but positive y parameters. In fact,

Alfonzo et al.

C and P have been shown to have nearly the same seg-
ment—segment interaction parameter as the unsaturated
precursor polymers S and I, i.e., ycp & xs1.>> This explains
why CPC triblock copolymers order at modest molecular
weights and CPC-1 and CPC-2 have Topt = 170 °C.
Extensive investigations of numerous hydrogenated diblock
copolymers have led to the following relative classifications:
Oc < Op < Og leading to ygp < ycp < XCE-39 These thermo-
dynamic factors have been exploited in designing the XPX
heptablock copolymers.

The molecular design of the XPX heptablocks creates
terpolymers that are melt disordered, even at relatively high
overall molecular weights. The molecular weights of the C
and E blocks in the X portions of the molecules have been
chosen to permit these polymers to mix above the melting
point of the E blocks (T}, ~ 100 °C). A nearly symmetric
(42% C) CEC triblock with M, = 30 kg/mol has a Topt of
about 220 °C."* Therefore, the CEC portions of the XPX
molecules were kept below this critical value. XPX-2c has the
largest X sequences, 28.5 kg/mol, which might be expected to
induce segregation between the E and C blocks at a tem-
perature above 100 °C. However, a second factor favors
mixing of the C, E, and P blocks above T},,. In the homo-
geneous state P segments can make contact with E and C
segments, and both these interactions are favored over C—E
contacts. Alternatively, the mixed CEC portions of the
heptablock co/;z)olymer present an average solubility para-
meter (0cOg)"? that is close to dp, which promotes overall
homogeneity.

Crystallization disrupts this delicate balance. C blocks will
be ejected from the vicinity of the crystallizing E blocks,
which then cascades into segregation of P. We do not have a
detailed understanding of either the dynamics of this process
or the resulting structure. However, there is strong evidence
to support our conclusion that the low-temperature mor-
phology contains largely separate E, C, and P domains. DSC
traces from XPX-1 (Figure 2b) evidence a sharp glass
transition at about —60 °C, which is clearly associated with
nearly pure poly(ethylene-alt-propylene). These thermal
measurements also reveal poly(ethylene) melting tempera-
tures and extents of crystallization (Table 2) that are typical
of E-based diblock, triblock, and multiblock copolymers.*5%-8
There is little direct evidence for the presence of separate
C domains, although discrete E and P material makes this an
inescapable conclusion. We were not able to identify a glass
transition temperature for poly(cyclohexylethylene) in any
of the polymers examined by DSC, including the CPCs, for
reasons discussed earlier. DMS experiments are complicated
by crystallization and melting (Figure 4b) over the same
range of temperatures where we expect to see the effects of
vitrification. Unfortunately, the morphologies revealed in
the TEM images are too disorganized to permit the reliable
assignment of specific domain structures.

Above 100 °C mixing of C, E, and P leads to a homo-
geneous viscoelastic fluid with a hypothetical glass transition
temperature that is well below 100 °C, i.e., between that of
pure C (ca. 140 °C) and amorphous E and P (<—50 °C). A
liquid-like low-frequency rheological response (Figure 4)
supports this notion. Segregation of C blocks from E blocks
during nucleation and growth of poly(ethylene) crystals is
accompanied by vitrification of the former, thereby arresting
the development of equilibrium domain structures with long-
ranged order. The net effects of these highly nonequilibrium
processes are irregularly shaped microdomains with ill-
defined internal placement of C and E, which are randomly
distributed within the material. While crystallization triggers
microphase separation we believe that the glassy portion of
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the resulting microdomains anchors the P blocks to the part-
icles, rendering high strength. Indeed, previous work with
EPE triblock copolymers has shown that crystallization-
induced ordering from the disordered melt state results in
rather weak elastomers.*®

The scale of this structural development is controlled by
the overall dimensions of the heptablock copolymer as
shown by the SAXS measurements obtained at 140 and
25°C (Figure 6 and Table 3). Broad and low-intensity SAXS
peaks above T, can be attributed to correlation hole scatter-
ing, which derives from a ~15% melt density difference
between poly(cyclohexylethylene) and poly(propylene); the
melt densities of E and P are equal. Crystals of E will nucleate
with dimensions significantly smaller than the overall mo-
lecular size, and the submolecular scale distribution of E and
C domains will be immobilized by the vitrification of the
microphase-separated C before long-range order can be
established. Thus, the morphology reflects the same average
spacing as the correlation hole in the disordered melt.

On the basis of purely Gaussian statistics, the random
phase approximation anticipates d* ~ N'? at constant
composition. Despite composition differences, the values
of d* = 2m/¢q* for XPX-1 and XPX-3 follow this scaling.
On the other hand, values for the XPX-2 polymers do not
scale correctly with the rest of the data, especially as we
increase M. Specifically, the peak position ¢* for XPX-2a
should appear at 1.39 times higher value than ¢* for XPX-2c;
clearly this is not the case. While we do not understand the
exact origins of this experimental result, we should note that
increasing N changes the segregation strength and may
activate inhomogeneous composition fluctuations in the
disordered melt (i.e., between C and E vs C and P vs E and
P blocks), which are not accounted for in the simple scaling
prediction. (Also puzzling is that disordered CECEC—P
hexablocks exhibit two correlation hole peaks'® while dis-
ordered CEC—P—CEC and CECEC—P—CECEC" multi-
blocks produce only one.) This issue will be taken up in a
future publication.

Tensile Properties. Tensile tests (Figure 8) show that all the
block copolymers investigated in this study exhibit thermo-
plastic elastic behavior with certain similarities and differ-
ences. Any similarity is rather surprising given the dramatic
difference in morphology between the CPC and XPX mate-
rials. While we have not been able to establish a detailed
structure for the XPX compounds, TEM results suggest a
random arrangement of X and P domains with an ill-defined
state of connectivity. This contrasts sharply with the classical
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highly ordered cylindrical domain structure found with the
CPC polymers (Figure 5).

In the small strain limit the linear elastic modulus E is
correlated to the hard content or fx = fc + fg for both CPC
and XPX, as illustrated in Figure 10. The X blocks are less
effective at stiffening the material than the C cylinders. Most
likely this is a morphological effect (hexagonally ordered
cylinders vs disordered and possibly disconnected particles),
or it may reflect the composite nature of the X microdo-
mains, i.e., softer semicrystalline E combined with glassy C.
It takes roughly twice the volume fraction of X relative to C
to obtain the same modulus in XPX as CPC. These data
also suggest that the XPX materials are all continuous in
rubbery P and most likely are not continuous in X. Prior
reports have documented that the room temperature linear
elastic modulus of nearly symmetric isotropic CEC triblock
copolymers with fc ~ 0.42—0.61 is E ~ 156—410 MPa.'*4
A bicontinuous arrangement of this material with an equal
volume fraction of rubbery P polymer would be expected to
yield a modulus of roughly 80—200 MPa, an order of
magnitude greater that what we measure. Therefore, we
conclude that the XPX compounds contain largely discon-
nected hard particles composed of segregated semicrystalline
E and glassy C.

All the block copolymers investigated in this study dis-
played similar tensile properties at large deformation with
strain to break values falling between 500 and 650% and
tensile strengths ranging from 22 to 33 MPa (Table 4).
Similarity in &, and org between CPC and XPX indicates
that the ultimate properties are governed primarily by the
rubbery P matrix. We can conclude from these findings that
the X particles in XPX are as effective at anchoring the
P molecules as the C domains in CPC. Poly(ethylene-alt-
propylene) (P) is a densely entangled polymer with a mole-
cular weight between entanglements M, = 1475 g/mol at
room temperature.*? All the polymers under consideration in
this work are highly entangled, containing more than 10
entanglements per center P block. The ultimate strength of
an entangled rubber is controlled by the number of entangle-
ments per rubbery chain and the strength of the anchors that
restrain the chain ends. Although we are not aware of a
quantitative theoretical treatment of this problem, the in-
sensitivity of the measured tensile strengths to reinforcing
particle type (C vs X) offers strong evidence that the limits of
particle mechanical integrity have not been realized. This
finding represents a significant accomplishment of our in-
vestigation. In summary, X nanoparticles containing C and E
domains generated through crystallization-induced micro-
phase separation provide at least as much mechanical re-
inforcement to thermoplastic elastomers as conventional
glassy microdomains.

Strain Recovery. In contrast to the single extension large
strain properties discussed in the previous paragraph, there
are significant differences in the strain recovery character-
istics between CPC and XPX. Irreversible deformation in
rubbery thermoplastic elastomers generally is correlated
with the content and morphological connectivity of hard
domains.>”*!'™* As with the modulus analysis (Figure 10),
the residual strain after seven cycles, as well as the tension set,
are different for CPC vs XPX as a function of fx (= fc + fg),
as shown in Figure 11. Apparently changing fx has a much
more dramatic effect on the permanent deformation of the
XPX elastomers than on the CPC materials. However, it is
not possible to separate the effects of the brittle glassy C and
plastic semicrystalline E components on strain recovery in
XPX. Also, while we have documented a common hexagonal
morphology for CPC-1 and CPC-2, we have not established
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how increasing fx in the XPX materials influences the
morphology, particularly the connectivity of the X domains,
with the potential for irreversible distortion and breakup
during extension.

Animportant implication of Figure 11ais that the residual
strain in XPX materials will approach or exceed the perfor-
mance of CPC when fx < 0.39 even at a somewhat greater
hard block content. This may be a consequence of morpho-
logical differences, i.e., glassy C cylinders vs isolated X dom-
ains. We expect most morphological changes to occur in a
given material during the first 400% deformation cycle,
which is supported by the result found in Figure 9. All the
experimental curves in Figure 9 share a common form with
the largest contribution to permanent set occurring in the
first cycle followed by a more modest evolution of nonre-
coverable strain during subsequent extension and recovery
cycles. Clearly, the strain remaining after the first deforma-
tion cycle as well as the tension set values (Figure 11b)
parallel the final residual strain plotted as a function of fx
in Figure 11a.

Thus, CPC and XPX experience maximum disruption of
hard domains in the first extension where morphology and in
particular its state of connectivity influence the type of
deformation. Then, the random and more discrete (as evi-
denced by the values of modulus) arrangement of hard
X particles in XPX may be able to produce materials as
recoverable as CPC despite a higher composition of hard
domains. Thus, generating XPX copolymers with fx < 0.39
should yield materials as strong and recoverable as CPC but
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with the advantage of disordering at a fixed temperature
given by Ty, g, independent of molecular weight up to a
limiting value, which allows for low-temperature processing.
Finally, the XPX-2 series of polymers revealed that vary-
ing the molecular weight has important effects on tensile and
recovery properties, which has significant implications re-
garding the mechanisms of deformation in these materials.
The two higher molecular weight XPX-2 materials, XPX-2b
and XPX-2c with M, = 79 and 114 kg/mol, respectively, had
similar values of ultimate tensile strength, strain at break,
and residual strain. On the other hand, the lowest molecular
weight material, XPX-2a with M,, = 59 kg/mol, was statis-
tically just as strong but failed at a higher extension and
experienced a significantly higher residual strain. That the
ultimate strength remains constant provides further evidence
that in XPX the strength limit of the hard particles is not
reached and failure likely occurs due to rubber rupture.

Conclusion

A new class of thermoplastic multiblock copolymer elastomers
with a CEC—P—CEC heptablock molecular architecture, de-
noted XPX, was prepared and characterized for structure and
tensile properties. XPX materials contained between 42% and
60% poly(ethylene-alt-propylene) (P), and all CEC block se-
quences combined equal fractions of poly(cyclohexylethylene)
(C) and poly(ethylene) (E). CPC triblock elastomers with 18%
and 30% C also were analyzed for comparison. Thermal analysis
by DSC and DMS showed that the CPC compounds microphase
separate in the melt with Topt at about 170 °C. The molecular
configuration of the XPX terpolymers results in disordered
materials above the melting temperature, 7, g, of the E blocks
for all specimens up to 114000 g/mol in molecular weight.
Thermal, SAXS, and TEM measurements indicate that the
XPX materials microphase separate upon crystallization of the
E blocks, resulting in a disordered arrangement of particles
containing C and E domains dispersed in a rubbery P matrix.
Both CPC specimens form conventional hexagonally packed
(glassy) cylinders below Topr. Single extension and cyclic tensile
tests were performed on all materials to assess and compare the
mechanical properties of XPX and CPC. All the XPX materials
were statistically as strong as the CPC elastomers with ultimate
tensile strengths ranging from 26 to 32 MPa and strains at break
between 500% and 650%. This indicates that microphase-sepa-
rated X particles, comprised of equal amounts of semicrystalline
E and glassy C, are as reinforcing as C cylinders in CPC,
notwithstanding crystallization-induced segregation. Also, a uni-
form ultimate strength suggests that the limit of strength of these
hard X particles has not been reached and that the rupture of the
rubber middle block dictates material failure. Residual strain,
following seven cycles of tensile deformation to 400% strain, was
found to be dependent on both composition and molecular
weight. A relatively low elastic modulus for all XPX samples,
10—42 MPa, suggests a disconnected morphology of X regions,
which may account for the substantial elastic recovery. On the
basis of the extrapolation of this property, we anticipate that
XPX elastomers will exhibit equal or better recovery than the
CPC compounds when the fraction of X domains, fx = fc + fg <
0.39. Thus, CEC—P—CEC heptablock terpolymers provide str-
ong and recoverable elastomeric materials with the advantage of
possessing a common processing temperature dictated by T}, g
which is decoupled from molecular weight below a critical value.
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