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Introduction

astics are everywhere, hardly a revelation to a chemical
gineer. After nearly a century of development, synthetic
polymers continue to

material currently used for most optical applications, absorbslight at
the frequencies proposed for the next generation of storage devices.
In order to be competitive, an aternative plastic must combine
intrinsic clarity with a host of additional physical attributes includ-
ing suitable toughness and melt

grow inimportance, accounting
for $304 billion in shipmentsin
the U.S. in 1999 (The Society
of Plastics Industry, 2001). A
major share of this market—
roughly 70%—is accounted
for by just four commodity
plastics: polyethylene (PE),
polypropylene (PP), poly-
styrene (PS), and polyvinyl-
chloride (PVC). Yet, these few
inexpensive compounds cannot
satisfy al the combinations of
physical property requirements
associated with the plethora of
new and existing applications;
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Figure 1. Transmission electron microscopy (TEM) (right) and
scanning electron microscopy (SEM) (left and cen-
ter) images of the Pt/Si0, hydrogenation catalyst
developed by Dow for saturation of polystyrene.
Increasing levels of magnification reveal a coral-like
silica substrate with sub-micron size pores that
supports small (ca. 10 nm dia.) platinum particles.

v processing characteristics, and,
of course, low cost.

Development of PCHE

One candidate for these
applications is hydrogenated
polystyrene, aso known as
polycyclohexylethylene (PCHE).
First madein 1929, synthesis of
PCHE has been attempted by
many groups. However, poor
catalysts generally led to chain
degradation and poor proper-
ties. Patents related to materials
by Borg-Warner (Hoeg et d.,

these include high modulus,

toughness, elasticity, clarity, surface texture, elevated use tempera-
ture, chemical resistance, impermeability to gases, electrical resis-
tance, environmental stability, low density, and ease of processing.
A commonly accepted adage holds that the discovery of new com-
modity monomers is virtually impossible. This article outlines an
alternative approach, modification of an existing commodity plas-
tic—polystyrene—in order to satisfy the growing optical media
market. Development of this new class of materials was made pos-
sible by a unique, interactive, and interdisciplinary partnership
between industry and academia.

Optica media such as CD and DVD (recordable and random
access) have grown over the past decade into the preferred form of
storing and retrieving electronicaly generated information. As data
density increases, the size of the features required for optical media
decreases, placing ever increasing demands on the engineering prop-
erties and processibility of the plastic substrates. Polycarbonate, the
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1971) and optical substrates by
Mitsubishi (Murayama and Kasahara, 1990) generated some
promise of new applications including in optical media, but these
were not practiced commercially.

Modern interest in modifying the properties of unsaturated poly-
mers, primarily polybutadiene and polyisoprene, was stimulated by
an influential publication by Graessley and coworkers (Rachapudy
et al., 1979). Recognizing the benefits of eliminating the sources of
thermal and oxidative degradation during rheological characteriza-
tion, these researchers exploited and compared the efficiency of
various homogeneous and heterogeneous transition metal hydro-
genation catalysts to saturate polybutadiene. More than a decade
later, Gehlsen et al. (1995) discovered that palladium, dispersed on
barium sulfate, could completely hydrogenate polystyrene and
substituted styrenes (e.g., polyvinyl toluenes and poly t-butyl
styrene), and polystyrene based block copolymers (Gehlsen and
Bates, 1993) without chain degradation. Unfortunately, uneconom-
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ical amounts of catalyst were required to achieve these results. Yet,
contrary to popular belief (Gergen et a., 1996), these block
copolymers microphase separated at modest molecular weights. In
fact molten PCHE and polyethylene (PE) (produced by saturating
1,4-polybutadiene (1,4PB)) are less compatible thermodynamical-
ly than the PSand 1,4-PB precursors (Gehlsen and Bates, 1994).
Thus, saturated hydrocarbon block copolymers containing PCHE
became promising candidates for commercial development
(Gehlsen et al., 1994). Model synthesis (anionic polymerization
and catalytic hydrogenation) combined with small-angle neutron
and x-ray scattering (SANS and SAXS), and dynamic mechanical
spectroscopy, established

A new optical material

With an ample supply of material, and good prospects for large-
scale production, Dow scientists began exploring the prospects for
applying PCHE to optical media. Hydrogenation of PSleads to a
litany of property changes, as summarized in Table 1. Most signif-
icantly, the glass transition temperature increases to about 147°C,
while the density decreases 12%, with diminished water adsorption
and a twenty-four fold reduction in the stress optical coefficient.
These all represent significant and desirable improvements.
Obviously, increasing Tg is an attractive feature for many applica-

tions. Since polymers for

the fundamental structure- optical media are sold by
property relationships for Table 1. Physical Properties of Polystyrene (PS) weight, but used by vol-
this category of block and Polycyclohexylethylene (PCHE) ume, the density reduction
copolymers (Gehlsen and Property PCHE PS offsets a portion of the cost
Bates, 1993, 1994; Gehlsen of hydrogenation. The
etal., 1995). Ts, °C ca. 147 ca. 106 stress optical coefficient
Work begun independent- Density, g/cc 0.947 1.06 controls the birefringence
ly a The Dow Chemica ) associated with polymer
Company, which focused on Heat Capacity, 25°C 2.0 1.2 chain orientation trapped
using hydrogenation to )/ (gK°) during processing. PCHE
increase the glass transition Dielectric Constant 2.26 2.53 exhibits a remarkably low
temperature (T) of PS, also 1 kHz value, ideal for molding
showed that PCHE exhibit- clear DVDs.
ed improved thermal, oxida- Refractive Index 1.506 .59 Despite all these advan-
tive, and UV stability. Initial Nad line (589 nm) tages, PCHE has one seri-
efforts at Dow were directed Total Transmittance 91% 91% ous liability: The PCHE
a saturating the diene por- homopolymer is a brittle
tion of styrene-butadiene % Water Absorption, 0.025 0.06 macromolecular glass. The
(SB) block copolymers 23°C, 24 h origins of this deleterious
using palladium dispersed Coefficient of thermal 64 69 property can be traced to
0n various mesoporous sup- expansion, <T, (um/m-°C) the bulky pendant cyclo-
ports (Hucul, 1991, 1992). § hexyl group, which forces
Further development of Poisson’s Ratio 0.343* 0.337* the chains into tight pack-
these novel heterogeneous ing configurations, as
catdysts with platinum as Flexural MofCUIus'GPa 28 31 quantified by small-angle
the active metd alowed for = neutron scattering (Gehlsen
unusualy high degrees of M,, Entanglement Mol. Wt. 40,000 13,309** et al., 1995). Consequently,
PS hydrogenation, previous- . . the entanglement molecu-
ly considered an undesirable Stress-Optical C?lffﬁc_'f nt 200 4700 lar weight (M) increasesto
side reaction. A bresk- (Brewsters, 10 Pa’) about three timesthat of PS
thTOUQh was redlized when *Measured by ultrasonic analysis at 5 MHz. (Fetters et al., 1994) (see
this catayst was employed **Fetters et al. (1994). Table 1). In order to
with PS homopolymer (see achieve acceptable levels

Figure 1).

Ha
n  PYSO:
PS

Profound increases in the rate of PS hydrogenation, run at higher
concentrations and without degradation, were obtained (Hucul and
Hahn, 2000). Instead of requiring 24 h with incomplete conversion,
complete saturation could be effected in 60 to 90 min.

%\é

PCHE
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of toughness (e.g., some
degree of ductility), a glassy polymer must have a molecular
weight more than ten times M. Unfortunately, this complicates
processing PCHE into the dimpled disks that are the basis for the
CD and DVD industry. Replicating the master patterns with
acceptable cycletimesisvirtually impossible at such elevated mol-
ecular weights due to high viscosity and melt elasticity.

Pentablock copolymers

Incorporation of PCHE into block copolymers represented a
changein strategy at Dow. Nanoscal e separation of rubbery polybu-
tadiene or polyisoprene blocksiswell known to impart toughness to
glassy polymers such as PS, even at reduced molecular weights
(Hsieh and Quirk, 1996). Original attemptswith aclassical CEC tri-

763



block architecture showed good processability and unexpected
toughness. (In our block copolymer notation, C and E are shorthand
for PCHE and PE, respectively.) Moreover, combining relatively
stiff semicrystalline PE (approximately, 40% crystallinity) with
glassy PCHE results in a superior elastic modulus, relative to the
precursor SBS, while simultaneously eliminating light scattering.
Fortuitously, PCHE (refrac-

glass content also was critical, representing a compromise between
toughness and stiffness. Once the composition is set, the molecular
weight controls Ty Above Tyyp, the material is ahomogeneous
melt that is easily processed. Hence, the pentablock architecture
overcomes brittleness at low temperature yet facilitates molding at
elevated temperatures by exploiting both the ordered and disor-
dered states, respectively.

tive index n=1.506) is nearly
index matched with semi-
crystalline PE (n=1.51), in
contrast with PS (n=1.59)
and 14PB  (n=1.515)
(Brandrup and Immergut,
1989). This combination of
refractive index matching
and nanoscale structure
results in exceptiona optical
clarity. Unfortunately, the
overall balance of properties
was not adeguate to penetrate
the optical media market. In
early 1997, we al wondered,
“How could this attractive
materia be further improved
without sacrificing the desir-
able characteristics?’

A possible  solution
emerged during a discussion
between project members,
“Why not couple the CEC tri-
blocks into CECEC
pentablocks?’ A single cova
lent bond would tie up al
PCHE center blocks in bridg-
ing or entangled looping con-
figurations, thereby covalent-
ly stitching every glassy
domain into the semicrys-
talline PE ones (see Figure 2).
This is straightforward to
accomplish in practice. Either
afive step sequentia addition
of styrene and butadiene
monomers, or the use of a
bifunctional coupling agent
after ani-onic polymerization
of three blocks, results in the

Figure 2. TEM images obtained from thin slices of the CECEC
pentablock copolymer after staining with Ru0,.
Cooling the melt below the order-disorder transition
temperature (T;,;;) leads to nanophase separation,
but only short-ranged order (left). Application of re-
ciprocating shear spontaneously aligns the lamellae
(right). The cartoon illustrates how the pentablock
copolymer is distributed within the lamellae, with
the center C block assuming bridging and looping
conformations. On average, half the blocks within
the C domains, and all the E blocks, are mechanical- on
ly coupled through bridging and looping. These
restrictions are speculated to inhibit coarsening of
the morphology shown in the left panel and are
associated with enhanced mechanical toughness.
Also, the nanoscale structure, combined with nearly
index matched semicrystalline E and glassy C
domains, results in outstanding optical properties.

Recent  experimentation
has revealed profound differ-
ences in the dynamics of
CECvs. CECEC near Ty
(Vigild et d., 2001). These
differences can be quite ben-
eficial. For example, the
pentablock exhibits superior
melt strength, which derives
from a higher molecular
weight; note, Ty changes
only dightly when CECis
coupled into CECEC. Also,
when cooled below Ty,
the pentablock develops a
very disorganized morpholo-
gy with only short-ranged
trandational order. Unlike
diblocks and triblocks
(Garetz et d., 1996), the
CECEC specimens fall to
nucleate large coherent
domains, ingtead freezing in
arather disordered nanoscale
structure (see Figure 2). We
suspect this effect, which is
advantageous to the optical
quality and mechanica prop-
erties of molded CDs,
derives from the redtrictions
molecular  mobility
imposed by the multiblock
architecture. Application of
shear ingtantly transformsthe
materia into a single crystal
form (see Figure 2).

Scientistsand engineers at
Dow quickly capitalized on
this new technology, scaling

CECEC

pentablock architecture.

Subsequent catarlytic hydrogenation with the Dow catalyst leads to
the desired product. Preliminary experiments at the University of
Minnesota validated the pentablock hypothesis, yielding surprising
improvements in tensile properties over anaogous triblocks.

The overall molecular weight of the CECEC pentablock copoly-
mer must be adjusted so as to place the order-disorder transition
temperature (Ty57) within the desired processing window, usually
around 280°C. At temperatures below Ty, incompatibility
between the PCHE and PE blocks produces microphase separa-
tion, into the familiar lamellae, cylindrical, and spherica mor-
phologies (Bates and Fredrickson, 1999) as the PCHE content is
increased (or decreased). For optica disks, finding the optimal
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up the polymerization and
catalytic  hydrogenation
processes and eva uating the potential for molding CDs. The CECEC
pentablocks gave a good overall combination of pattern replication,
low birefringence, moisture sengitivity, heat distortion, modulus, and
toughness. And the economics looked competitive as well. These
materials are now moving to the marketplace, just four years after ini-
tial conception in 1997. This year, Dow expects to produce about two
million pounds of the optical grade material for market evauation.

Collaboration

Industry-academic collaboration played a pivota role in this pro-
ject. Interactions with the Universities of Minnesota and California
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brought expertise in block copolymer phase behavior, rheology, and
structure/property relationships, dramatically speeding up and focus-
ing the project at Dow. Significantly, these relationships werein place
prior to recognizing that the block copolymer architecture represented
apotential solution to the technical hurdles thwarting development of
PCHE. Animportant component was Dow’s strategic decision to insti-
tute technical advisory boards (TABS) in key areas, such as materials
science. Glenn Fredrickson’s representation on the Materias TAB
provided an effective conduit for dissemination of research results
from Bates' laboratory into Dow’s R& D organization and served to
bresk down initial resistance to the block copolymer concept. When
materias and processing challenges arose, university and company
scientists and engineers were prepared to address them almost imme-
diately. Along with laboratory research and theoretica support, short
courses, sabbaticals, and visits between facilities expedited education
of company participants. Dow offered area plum to the universities.
In addition to the enabling catalyst technology, the company provided
afocus on markets, along with polymer material and industria pro-
cessing requirements. Perhaps, the greatest chalenge we faced
involved intellectual asset ownership and rights to practice. A work-
able balance must be struck where the university and company satisfy
their indtitutional needs. Our experience with the pentablock project
teaches us to establish quantitative and well-understood intellectual
asset agreements upfront. Ultimately, more than any other factor, the
success of this new product relied on the free exchange of ideas
between the scientists and engineers at al indtitutions.

While it is till too early to anticipate the totality of the market
response to PCHE-based pentablock copolymers, the very attrac-
tive property set and processing characteristics lead us to believe
that these materials will at the very least be competitive for plastic
optical media. We would be surprised if these polymers did not
also find many other applications demanding transparency, high
heat, and melt processibility—ultimately evolving into a major
new class of engineering or even commodity plastics.
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