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Current high-performance extended-chain and rigid-
rod polymers such as poly(p-phenyleneterephthalamide)
(PPTA or Kevlar), poly{(benzo[1,2-d;4,5-d"]bisthiazole-
2,6-diyl)-1,4-phenylene} (PBZT), and poly{(benzo-[1,2-
d;4,5-d’)-bisoxazole-2,6-diyl)-1,4-phenylene} (PBZO) form
fibers that are extremely stiff (modulus ~ 100-350 GPa)
and strong in tension (tensile strength ~ 2.0-3.5 GPa)
but are relatively weak in compression (tensile strength:
compressive strength ~ 10:1).I These relatively poor
compressive characteristics now limit the use of these
materials in structural applications. The weakness in
compression is presumably due at least in part to the ease
of buckling of individual molecules or microfibrils, resulting
from the lack of strong lateral interchain interactions.'®
The addition of transverse covalent bonding might improve
compressive strengths of these fibers. However, to main-
tain excellent tensile properties, we believe that it will be
necessary to preserve high chain orientation. These ideas
suggest the concept of an ordered, 3D polymer network.
Such a model might represent an intermediate structure
between carbon fiber (strong in compression and brittle)
and current high-strength aromatic polymer fibers (weak
in compression and tough). Figure 1 schematically rep-
resents the structures of these limiting cases and that of
a cross-linked, extended-chain polymer fiber. By con-
trolling the extent of lateral covalent bonding, it may be
possible to tune mechanical properties between these two
extremes.

To achieve a high level of chain orientation, fiber
processing schemes such as dry-jet wet-spinning of lyo-
tropic liquid-crystal solutions are often employed.? To
use these processing methods and also to introduce
interchain covalent bonding into such oriented fibers, a
chemical reaction must occur in the solid state following
fiber spinning. Polymer chains thus need to be equipped
with a reactive group that lies dormant throughout the
initial stages of fiber processing but which can be triggered
into a reactive state at some later time. In terms of the
established fiber processing schemes, it might be desirable
to design cross-link chemistry that could take place during
postspinning heat treatment. For such a system, pro-
cessing and chemical reactivity would be intimately
coupled; thus, attainment of optimal mechanical properties
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Figure 1. Schematic representations of the morphology of (a)
an extended-chain polymer fiber, (b) a carbon fiber, and (c) a
cross-linked, extended-chain polymer fiber. The extended-chain
polymer fiber (a) consists of highly oriented linear chains. These
fibers are strong and stiff in tension, but are weak in compression.
The carbon fiber (b) consists of highly oriented planes. These
fibers are strong and stiff in both tension and compression, but
they exhibit limited plastic deformation. A cross-linked, ex-
tended-chain polymer fiber (c), in which the degree of cross-
linking can be varied, may provide a means to fibers that are
strong and stiff in tension and compression, yet also tough.

might be strongly dependent on the timing of the chemical
event relative to the physical changes that accompany
postspinning heat treatment.

Attempts to cross-link aromatic polymer fibers are
known.? Sweeny3 has recently reported interesting work
on the cross-linking of PBZT and PPTA copolymers that
incorporate aryl halide comonomers. The thermal elim-
ination of halogen in these materials is apparently ac-
companied by interchain coupling, and improvements in
compressive properties based on shear modulus and recoil
stress-to-failure tests were demonstrated as the level of
cross-linking increased. While this work convincingly
established the importance of lateral bonding to com-
pressive strength, the chemical nature of this system has
several drawbacks. First, the cross-linking reaction is
relatively slow, requiring several minutes to hours for
significant extents of reaction to occur even at elevated
temperatures (e.g., for iodo-containing PBZT copolymers,
50% of total halogen loss required ca. 5 min at 500 °C).
Second, bromo- and iodo- were the most favorable halides,
meaning that the cross-linking reaction is accompanied
by a large loss of mass. This may lead to voids, perhaps
explaining the drop in tensile properties at high cross-link
levels. Third, at high halo-comonomer compositions,
lyotropic liquid-crystal ordering is not observed, and the
corresponding fibers show significantly reduced tensile
properties (fibers air-gap spun from isotropic solutions).

We previously described the synthesis of a new mono-
mer, XTA, designed specifically as a reactive derivative
of terephthalic acid that could be incorporated into many
types of currently-interesting rigid-rod or extended-chain
polymers.* This monomer contains the benzocyclobutene
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{BCB) moiety which has been shown to be a thermally
cross-linkable group.5 At elevated temperatures, the
cyclobutene ring opens to generate the reactive o-quin-
odimethane intermediate, which is capable of heterocy-
cloaddition chemistry if suitable dienophiles are available.®
In the absence of dienophiles, 0-quinodimethanes will
undergo cyclodimerization? followed by a cascade of
reactions that ultimately lead to poly(o-xylenes) or diben-
zocycloocta-1,5-dienes.? Thus, the anticipated cross-
linking reactions should not result in a change in mass.

The difference between XTA and other known BCB
monomers is that the cyclobutaarene ring of XTA is
incorporated directly into the polymer backbone instead
of being used as an end group or as a pendant group.
Consequently, we envisioned that XTA could be substi-
tuted for terephthalic acid in rigid-rod polymers without
disrupting the liquid-crystalline ordering characteristic
of many of these macromolecules. Besides the preservation
of liquid-crystalline order, several other points needed to
be demonstrated to show the potential of XTA as a useful
cross-linkable substitute for terephthalic acid. These
include the ability to synthesize high molecular weight
aromatic polymers and copolymers of XTA that maintain
adequate chemical and thermal stability in extreme
solvents such as 100% H,SO,. Moreover, the feasibility
of performing the cross-linking reaction in the solid state
and at low XTA compositions was unknown at the start
of this work. Finally, we hoped to confirm that the cross-
linking reaction could be executed with little change in
polymer mass. This preliminary report addresses these
issues using copolymers of phenylenediamine, terephthalic
acid, and XTA (see Scheme I).

Copolymers were prepared by an adaptation of the low-
temperature solution method typically used® for the
synthesis of PPTA (supplementary material; see paragraph
at end of paper). The mole fraction of diacid that was
XTAranged from 1t0100% (see TableI). Dilutesolutions
of the copolymers for characterization purposes were
readily prepared by heating the polymers in 98% sulfuric
acid at 60 °C. Using deuterated sulfuric acid, 'TH NMR
spectra of the copolymers were obtained. Arepresentative
spectrum, that for the copolymer incorporating 50 % XTA,
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Scheme I. Synthesis of PPTA-co-XTA Copolymers
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Table I. Viscosity, Solubility, and DSC Data of
PPTA-co-XTA Polymers

solubilitye of
heat copolymers in
inherent of rxn 98% Hq804
mol %  viscosity? Ty (kcal heat-
XTA¢ dLg?) (°C) mol)? pristine treated’
0 5.0 ND ND 8 8
1 4.9 ND ND 8 i
5 4.8 373 0.41 ) i
10 5.5 392 1.0 s i
25 4.8 379 2.3 8 i
50 5.5 380 4.5 8 i
100 4.5 375 8.1 8 i

@ Mole percent of total diacid that is XTA. ® Inherent viscosity at
30°C in 98% H.S0, at a concentration of 0.5 g dL.-L. ¢ Temperature
at which the maximum of the reaction exotherm was observed (heating
rate 15 °C min-!). ¢ Enthalpy per mole of copolymer repeat unit.
¢ g = soluble; i = insoluble. / Samples heated rapidly (ca. 100 °C min-1)
t0 400 °C and held at this temperature for 30 s. ND = no exotherm
detected by DSC.

T
8.0

Figure 2. Representative 'H NMR spectrum of the copolymer
containing 50 mol % XTA recorded in 98% D.SO, (room
temperature, 360 MHz).

is given in Figure 2. The singlet at = 3.2 corresponds
to aliphatic protons on the cyclobutaarene ring and is
evidence of the stability of this repeat unit in sulfuric
acid. The relative ratio of aliphatic to aromatic protons
confirms the chemical composition, and the absence of
observable end groups suggests high molecular weight
polymer. Thesespectrahave not provided any information
about the copolymer microstructure (assumed to be nearly
random). The 1H NMR spectra also confirm the absence
of trapped polymerization solvent which is prevalent if
adequate measures are not taken during polymer workup.
Finally, as judged by NMR, solutions of the XTA
copolymers are stable for extended time at room tem-
perature in concentrated sulfuric acid. Viscosity data on
the copolymers are provided in Table I. The inherent
viscosities in 98 % sulfuricacid at 30 °C and concentrations
of 0.5 g dL.-! were found to be in the range 4.5-5.5 dL g~*.
These values are comparable to those of commercially
available PPTA homopolymer and suggestive of high
molecular weight (>20 000).1°
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Concentrated solutions (20 wt %) of these copolymers
have been prepared in 100% sulfuric acid at 80 °C. As
determined by polarized light microscopy, polymers
incorporating 100% XTA are lyotropic at this concen-
tration. Attemperatures below ca. 100 °C, a birefringent
fluid is observed with a texture reminiscent of other
lyotropic aramid solutions.!! From preliminary fiber
spinning studies, these solutions appear to be suitable for
use in the dry-jet wet process. Optimization of fiber
spinning for the various copolymers is currently in progress.

The cross-linking reaction has been investigated by
differential scanning calorimetry (DSC), thermogravi-
metric analysis (T'GA), and solubility experiments. Table
Ishows that the temperature characterizing the maximum
of the reaction exotherm is about 380 °C regardless of
copolymer composition. The enthalpy of this reaction
varies approximately linearly with mole percent XTA (AH
~ 8.0 keal/mol of XTA). Following brief (30 s) exposure
at 400 °C in nitrogen, all of the copolymers shown in Table
I are no longer soluble in concentrated sulfuric acid. As
acontrol experiment, PPTA homopolymer (i.e.,0% XTA)
was found to fully redissolve after being subjected to
identical heating conditions. These results indicate that
XTA is directly responsible for the cross-linking reaction
and that this reaction can operate in the solid state.
Interestingly, the heat-treated copolymer that contained
only 1% XTA swelled considerably in 98% H,SO, to an
optically clear yellow gel that reversibly shrunk upon
coagulationin water.1?2 The ability to cross-link copolymers
having suchlow XTA compositions suggests that the cross-
link reaction need not require close proximity of two BCB
groups on neighboring chains. The chemical nature of
the cross-link juncture and the extent of cross-linking for
various XTA compositions are currently under study in
our laboratory.

TGA confirms that the XTA copolymers undergo cross-
linking without significant mass loss. Figure 3 shows
typical TGA curves for pristine copolymers in a nitrogen
atmosphere. In all of the samples, little mass loss occurs
before 500 °C, which is well above the cross-linking
temperature.

In summary, high molecular weight copolymers incor-
porating various contents of the thermally-reactive XTA
comonomer have been synthesized. These copolymers are
stable in sulfuric acid and at high concentrations these
solutions form birefringent fluids. The XTA copolymers
can be cross-linked without significant mass loss in the
solid state by brief exposure at 400 °C in nitrogen. Cross-
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of these macromolecules.
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Figure3. Thermogravimetric analysis traces recorded on pristine
copolymers at a heating rate of 15 °C min~! in a nitrogen
atm)gsphere: (a) 100 mol % XTA: (b) 50 mol % XTA; (¢) 25 mol
% XTA.

linking occurs even for copolymers that contain only 1
mol % XTA. Fiber spinning of these reactive copolymers
is in progress.
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