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Abstract

Thermoplastic elastomers are multi-functional polymeric materials that generally possess the processability of thermoplas-
tics and the elasticity of vulcanized rubber. Intrinsic thermoplastic elastomers include microphase-separated block and
segmented copolymers containing a soft (low-T,) species. Recent achievements regarding thermoplastic elastomer block and
segmented copolymers in the past year have improved the current understanding of (i) complex nanostructures in unary and
multicomponent systems and (ii) the thermally-activated sphere — cylinder and cylinder — gyroid order—order transitions. The
use of these materials in organogel, electro-responsive and nanocomposite applications illustrates the diversity and future
potential of these technologically important materials. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Thermoplastic elastomers: an overview

Thermoplastic elastomers (TPEs) constitute a
commercially relevant and fundamentally interesting
class of polymeric materials. Generally speaking, they
are biphasic materials that (i) possess the combined
properties of glassy or semi-crystalline thermoplastics
and soft elastomers, and (i) enable rubbery materials
to be processed as thermoplastics [1°]. They may be
single macromolecules in which discrete thermoplas-
tic segments capable of forming rigid nanoscale do-
mains or channels are covalently bonded to rubbery
segments that provide a soft matrix in which the rigid
domains reside. Due to the covalent linkage(s)
between the chemically dissimilar segments, the rigid
domains can form a three-dimensional network of
physical crosslink sites. The TPE, consequently, ex-
hibits mechanical properties that are, in many ways,
comparable to those of a vulcanized (covalently

*Corresponding author. Tel.: +1-919-515-4200; fax: +1-919-
515-3465.
E-mail address: rich_spontak@ncsu.edu (R.J. Spontak).

crosslinked) rubber, with the exception that the net-
work and, hence, the properties of the TPE are ther-
mally reversible. This feature makes TPEs ideally
suited for high-throughput thermoplastic processes,
such as melt extrusion and injection molding. Two
important types of intrinsic TPEs are microphase-
separated block (including graft) copolymers and
segmented polyurethanes, although additional seg-
mented copolymers are becoming increasingly avail-
able [2**]. In some cases, TPEs can likewise be gener-
ated from existing homopolymers through reactive
blending. In this work, we identify and discuss some
of the recent advances regarding TPEs and their uses.

Block copolymers most notably differ from seg-
mented (e.g. polyurethane) copolymers in terms of
chemistry and molecular architecture. With regard to
the latter difference, segmented copolymers can be
envisaged as linear multiblock copolymers possessing
a large number of blocks (m, where m can exceed 50)
and typically high compositional /molecular weight
polydispersity. A copolymer composed of A and B
species is designated as a block copolymer when the
number of discrete blocks is small, with m equal to 2
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or 3 for diblock and triblock copolymers, respectively
(values of m up to 8 have been reported [3,4]). Fur-
thermore, a block copolymer is only considered a TPE
in the present work if one of its blocks is a soft
(low-T,) material, such as a polydiene (e.g. isoprene),
a siloxane or a polyether (e.g. ethylene glycol). If the
constituent species are sufficiently incompatible, block
copolymers and segmented copolymers microphase-
separate in the melt to form nanostructured (bi-
phasic) materials that exhibit the thermo-mechanical
properties of both species. Due to their generally low
values of m and polydispersity, block copolymer
molecules can self-organize into highly ordered mor-
phologies, including micelles on a cubic lattice, cylin-
ders on a hexagonal lattice, bicontinuous channels
and co-alternating lamellae. An excellent description
of the physical processes governing block copolymer
self-organization is provided by Hamley [5*®], and
targeted reviews of microphase-ordered block co-
polymers [6°,7,8%,9%,10°,11], as well as self-organized
synthetic polymers [12°], are also available.

Due to their generally more complex molecular
architecture and higher molecular polydispersity, seg-
mented copolymers microphase-separate into less
well-defined nanostructural elements. While biphasic
properties are often retained, these materials do not
normally order into periodic morphologies. Poly-
urethanes, in particular, are employed in a very broad
range of contemporary applications [13®], and an ex-
tensive tabulation of chemical and property data re-
garding various polyurethanes has been recently pro-
vided by Szycher [14®]. Another category of TPEs,
which is only briefly mentioned here, is based on
polyolefin chemistry and includes ultralow-density
polyethylene [15]. In addition, TPEs can be generated
through suitable chemical modification (e.g. dynamic
vulcanization [16-19]) of rubbery homopolymers.
General resources of interest in this vein include the
edited works of Martuscelli et al. [20°] and
Cheremisinoff [21®]. Process strategies such as solid-
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state shear pulverization (S*P) [22°] and cryogenic
mechanical alloying (CMA, see Fig. 1) [23,24°] are
also under investigation as new routes by which to
disperse homopolymers in blends at nanoscale dimen-
sions and potentially produce TPEs by physical means.
The importance of TPEs in commercial technology
and fundamental research cannot be overstated, as
reflected by the number of recent accomplishments in
this fertile field. Within this brief review, it is regret-
table that not all the achievements reported since
December 1998 can be mentioned. In this case, we
elect to focus our attention specifically on advances
regarding TPE block and segmented copolymers.

2. Advances in block copolymers

The past year has witnessed a steady increase in
studies relating to fundamental block copolymer
issues, as well as to the broadening use of these
materials. This section addresses nanostructure devel-
opment, solution behavior and nanostructure dy-
namics in TPE block copolymers.

2.1. Nanostructure development

Ongoing theoretical and simulation developments
seek to further elucidate the factors governing the
stability of block copolymer nanostructures in thin
films [25°%,26,27°%,28**] and bulk systems
[29°,30°°,31%°,32]. Since most of the copolymers em-
ployed in thin film studies are not TPEs, we have not
elaborated on them here. Some of the most exciting
developments in TPE block copolymers have arisen in
terms of novel molecular architectures and binary
copolymer blends. Gido, Mays and co-workers have
continued their detailed investigation of non-linear
copolymers, such as model graft [33°] and star [34]
molecules. The morphologies of these copolymers
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Fig. 1. X-Ray microscopy images of polyisoprene /poly(methyl methacrylate) blends prepared by CMA for 5 h and annealed at 150°C for: (a)
0; (b) 15; and (c) 60 min prior to being quenched to ambient temperature. These images have been acquired at 285.3 eV (isoprene appears
dark) and demonstrate that, due to polyisoprene crosslinking, little phase coarsening occurs [23,24®].
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Fig. 2. In (a), a three-dimensional TEM image of the gyroid morphology in a microphase-ordered triblock copolymer. Probability distributions
of the interfacial mean curvature (H), displayed in (b), are obtained from the image in (a), as well as from the mathematical description of the
gyroid surface [37®®]. These data are denoted by (O) and (@), respectively.

have been investigated by transmission electron mi-
croscopy (TEM) and small-angle scattering (SAS) and
related to linear analogs, as well as existing theory, to
ascertain the effect of molecular architecture on
nanostructure stability. In addition to novel co-
polymer architectures, complex (bicontinuous)
nanostructures in neat block copolymers remain an
important issue, since such morphologies (e.g. the
gyroid) are capable of endowing copolymers with su-
perior mechanical properties [35°®,36°]. Jinnai et al.
[37°°] have directly measured the interfacial curva-
ture distributions of the gyroid morphology in a neat
ABA triblock copolymer from three-dimensional TEM
images (see Fig. 2), whereas Ahn and Zin [38] have
investigated a shear-induced perforated lamellar mor-
phology.

Tricomponent (ABC) molecular architectures and
their complex nanostructures remain a subject of in-

(a)
| \\\\
(b)
Fig. 3. TEM images of a poly(butadiene-b-methyl methacrylate) (BM) diblock copolymer (a) and a poly(styrene-b-butadiene-b-methyl

methacrylate) (SBM) triblock copolymer (b) and the core-shell gyroid morphology [44®] generated in a 20:80 w/w BM/SBM blend of the two
copolymers (c). Scale bars: 100 nm in (a) and (b); 250 nm in (c). (courtesy of V. Abetz).
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tense experimental investigation [39°%,40°®]. Abetz
and co-workers have also pioneered new routes to
complex nanostructures, such as the core-shell gyroid
displayed in Fig. 3, by blending ABC copolymers
[41°®,42—44°]. In a similar vein, analyses [45°®,46°] of
chemically dissimilar diblock copolymers have been
instrumental in elucidating molecular miscibility crite-
ria. While the blends mentioned thus far have been
composed of two copolymers, other blends of funda-
mental and technological relevance are those com-
posed of two homopolymers and a block copolymer.
In-depth studies of A/B/C-b-D [47*] and A/B/A-b-
C [48] ternary blends (each letter designates a differ-
ent chemical species) have revealed two important
compatibilization considerations: (i) the order—dis-
order transition (ODT) of the copolymer must be
lower than the melt-mixing temperature, and (ii) the
block lengths must be sufficiently short to preclude

~
4
A1t N ¢
"\

SN
- -

/!

Voltage, LLC
EX1022-3



R.J. Spontak, N.P. Patel / Current Opinion in Colloid & Interface Science 5 (2000) 334-341 337

entanglement and molecular entrapment. In more
conventional A /B /A-b-B ternary blends, Morkved et
al. [49°] have examined the formation of swollen
lamellae and a microemulsion, as well as the onset of
phase separation, in blends composed of poly(ethyl-
ethylene) and poly(dimethylsiloxane). They have iden-
tified a re-entrant microemulsion — a bicontinuous
nanostructure that is stable at one temperature and
then becomes unstable and, later, stable again as the
temperature is lowered. Microemulsion formation is
predicted [50°®] to be greatly facilitated, thereby
opening potentially new stability windows, through
the combined use of two compatibilizing diblock
copolymers differing in chain length. Smith et al. [51]
have prepared compatibilized ternary blends by CMA
and find that the impact strength of their TPE blends
increases with increasing block copolymer concentra-
tion.

2.2. Solution behavior

Numerous efforts have elucidated the phase behav-
ior [52°¢,53*] and properties [54°®,55] of aqueous block
copolymer solutions. While these studies are insight-
ful and beneficial to the development of cosmetics
and pharmaceuticals, they are not TPE block copo-
lymers and are not considered further. Likewise, hy-
brid isotropic/liquid crystalline block copolymers in
the presence of a liquid crystal solvent [56*®,57°] are
mentioned here due to the multiple levels of supra-
molecular organization they exhibit, as well as the
promise they show in electro-responsive applications.
The phase behavior of block copolymers can also be
influenced by compressible solvents, such as supercrit-
ical carbon dioxide [58°,59°°,60°]. In contrast, TPE
block copolymer solutions typically consist of a tri-
block composed of styrenic (S) endblocks and a diene
(saturated or unsaturated) midblock dissolved in a
midblock-selective organic solvent and subsequently
permitted to self-organize into nanostructural ele-
ments (e.g. micelles). At copolymer concentrations
above the critical gel concentration, the solution
(microphase-ordered or disordered) consists of a con-
nected network and behaves as a physical gel in the
same fashion as non-TPE block copolymer gels in
aqueous systems [53°]. Laurer et al. [61°®] have ex-
amined the nanostructure and property development
of two chemically-related ABA copolymers in the
presence of mineral oil, while van Vlimmeren et al.
[62**] have used density functional theory to simulate
the three-dimensional nanostructures that form in
concentrated triblock copolymer solutions.

Laurer et al. [61°*] have also provided TEM images
of stained micelles showing the coronal (looped) mid-
blocks and the network-forming bridged midblocks
(evident in Fig. 4a as molecular bundles). Zheng et al.

[63*®] report similar findings for unstained micelles of
an amphiphilic block copolymer composed of
poly(ethylene oxide) and polybutadiene, as imaged by
cryo-TEM (see Fig. 4b). Quintana et al. [64°] have
found that, by judiciously varying the composition of a
mixed solvent, they could alter the solution
nanostructure by gradually switching the solvent from
being midblock-selective to endblock-selective. Jack-
son et al. [65°] have investigated the incorporation of
poly(phenylene oxide) into the S-rich micelles of a
TPE block copolymer gel and report increases in
micelle size, viscosity and transition temperature,
whereas Kleppinger et al. [66°] have used SAS to
explore the effect of thermal processing on the long-
range order arising in TPE block copolymer gels. In
complementary fashion, Konak et al. [67] have em-
ployed light scattering and nuclear magnetic reso-
nance to probe the dynamics of comparable gels and
have identified three different molecular processes,
one relaxational and two diffusive in nature. From
their results, they deduce that their semi-dilute copoly-
mer solutions consist of large-scale inhomogeneities.
Extensions of these studies have resulted in the pro-
duction of: (i) block copolymer mesogels, in which a
solvent selectively swells the midblock microdomains
of a microphase-ordered triblock copolymer [68]; (ii)

7

Fig. 4. In (a), a TEM image of a TPE gel composed of 10 wt.%
poly(styrene-b-isoprene-b-styrene) triblock copolymer and mineral
oil [61*®]. The OsO,-stained polyisoprene appears dark, revealing
the location of looped midblocks and bridged midblock bundles.
The core-shell structure of an unstained poly(ethylene oxide-b-
butadiene) diblock copolymer in a 1-wt.% aqueous solution [63*®]
is also evident in a cryo-TEM image (b). (courtesy of Y. Talmon).
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the development of acrylic adhesives [69]; and (ii)
TPE gels possessing connected solvent-rich pores on
the micrometer length scale [70°].

2.3. Dynamic processes

The dynamic processes discussed here relate to
molecular architecture, ordering transitions and
shear-induced alignment. Chrissopoulou et al. [71°°]
have discovered that inverse starblocks possess an
additional relaxation process relative to linear tetra-
block copolymers, while Buzza et al. [72°®] have de-
monstrated that the ODT of a four-arm (A,B,) star
copolymer differs from that of its AB analog by more
than can be accounted for using established theories.
They propose that this anomaly reflects different ex-
tents of non-Gaussian chain stretching. In the case of
a highly asymmetric diblock copolymer, SAS and dy-
namic rheology have been used [73°®] to identify the
reversible lattice disorder/order transition (LDOT,
the temperature above which micelles lose their peri-
odic order and behave liquid-like) and demicelliza-
tion/micellization transition (DMT, the temperature
above which micelles become unstable and convert to
unimers). Within the ordered regime, order—order
transitions (OOTs) have recently come under intense
investigation. Floudas et al. [74**] have employed
SAS and rheology to probe several OOTs and not
only found evidence that the cylinder — gyroid transi-
tion occurs by nucleation and growth, but also pro-
vided an experimental measure of the activation bar-
rier encountered during this transformation. Several
efforts have specifically focused on the sphere —
cylinder OOT in the presence [75] and absence
[76°,77¢,78%*] of a flow field. Flow fields have also
been used to induce bulk or surface alignment of the
lamellar [79°] and gyroid [80] morphologies in mi-
crophase-ordered copolymers.

3. Advances in segmented copolymers

As alluded to earlier, one of the most commonly
produced classes of segmented copolymers consists of
polyurethanes, which are employed extensively in the
manufacture of biomedical devices due to their po-
tential biocompatibility [81°*]. Recent studies have
also demonstrated that these materials can exhibit
intriguing electro-responsive [82,83%,84®] and optical
[85°] properties. While several works have focused on
the synthesis of novel segmented polyurethanes
[86,87], others have faced contemporary technological
challenges, such as biodegradation [88°]. Fundamen-
tal nanostructural issues have been addressed in stud-
ies reported by Musselman et al. [89**], who em-
ployed SAS and calorimetry to discern the impact of
prepolymer polydispersity on the degree of copolymer
microphase separation, and Sakurai et al. [90*], who
investigated the effect of hard-segment chain length
on the nanostructure of segmented poly(ure-
thaneurea)s. The response of segmented copolymers
to deformation also remains an active area of re-
search. Lee and co-workers [91°,92] have used syn-
chrotron SAS and spectroscopy to ascertain the effect
of uniaxial tension on the orientation of rigid micro-
domains in various segmented copolymers, whereas
Stribeck et al. [93°] have concentrated their comple-
mentary efforts on segmented poly(ether ester)s. De-
pending on molecular factors (e.g. chemistry and com-
position), the nanostructures of segmented copo-
lymers can not only endow these copolymers with
excellent mechanical properties, but may also pro-
mote beneficial gas-separation properties [94°,
95°,96].

4. Conclusions

Numerous achievements in both the understanding
and development of thermoplastic clastomers have

Fig. 5. Energy-filtered TEM images of a nanocomposite composed of a microphase-ordered polystyrene-polybutadiene block copolymer and
siliceous particles, which appear dark at an energy loss (AE) of 0 eV (left) and bright at AE =250 eV (right). The polybutadiene block is
stained with OsO, and appears consistently dark (most clearly seen in the zero-loss image).
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ensured that this class of materials will continue to
capture the attention of researchers interested in
nanostructured elastomeric polymers amenable to
variable processing. While we have elected to high-
light accomplishments pertaining specifically to neat
TPE block and segmented copolymers and their blends
in the present work, advances in TPEs possessing
inorganic species, e.g. clays [97°] or metal nanoparti-
cles [98°], have demonstrated that these hybrid mate-
rials hold tremendous promise as TPE nanocompos-
ites (see Fig. 5). Expedient design of the copolymer
nanostructure in such multicomponent materials, as
well as in conventional TPEs, will benefit enormously
from innovative combinatorial screening methods,
such as those recently introduced by Drolet and
Fredrickson [99°°].
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