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Preface

During the last years, several new families of high performance
polymers and engineering plastics have been reported which find
enhanced application potential in the more challenging areas like
aerospace, defense, energy, electronics, automotives etc. as com-
pared to the commodity or conventional polymers. Such polymers
provide improved set of properties like higher service-temperatures
at extreme conditions and good mechanical strength, dimensional
stability, thermal degradation resistance, environmental stabil-
ity, gas barrier, solvent resistance, electrical properties etc. even
at elevated temperatures. Various categories of high performance
polymers include poly(phenylene ether), polysulfones, poly(aryl
ether ketone), poly(oxadiazole), poly(imide), poly(ether amide),
poly(ether amide imide), poly(naphthalene), liquid crystalline
polymers and poly(amide imide) etc. Owing to the large number of
such high performance polymers with accurately designable struc-
ture property correlations developed and reported in the recent
years, the book aims to focus on up-to-date synthesis details, prop-
erties and applications for such systems in order to stress the high
potential of these engineering polymers.

The subject of high performance polymers and engineering plas-
tics is introduced in Chapter 1 where a review of various categories
of materials such as poly(ether amide), poly(ether amide-imide),
poly(arylene ether), benzoxazine polymers, poly(ether ether
ketone) (PEEK), polytriazole, hyperbranched conjugated polymers,
are presented. Chapter 2 focuses on the synthesis and properties
of polyxadiazoles. The applications of these polymers are also dis-
cussed. Chapter 3 describes conjugated polymers based on benzo-
dithiophene for organic electronics. Polsulfone based iononers are
discussed in Chapter 4. Various routes of ionomer synthesis are
described. High performance processable aromatic polyamides are
reviewed in Chapter 5. Various polymerization strategies as well as

xiii



xiv PREFACE

applications of such polymer systems are presented. Properties and
applications of phosphorus-Containing polysulfones are the focus
of Chapter 6. Synthesis and characterization of novel polyimides
are then described in Chapter 7. The effect of chemical structure of
the polytriazole resins on thermal, mechanical, and dielectric prop-
erties are discussed in Chapter 8 while Chapter 9 describes various
high performance fibers synthesized from high performance poly-
mer matrices. Synthesis and characterization of poly (aryl ether
ketone) copolymers is the subject of Chapter 10 whereas synthesis
and properties of liquid crystalline thermoset epoxy resins are pre-
sented in Chapter 11.

It gives me immense pleasure to thank Scrivener Publishing
and John Wiley for kind acceptance to publish the book. I dedi-
cate this book to my mother for being constant source of inspira-
tion. I express heartfelt thanks to my wife Preeti for her continuous
help in co-editing the book as well as for her ideas to improve the
manuscript.

Vikas Mittal
May 10, 2011
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High Performance Polymers:
An Overview

V. Mittal

The Petroleum Institute, Chemical Engineering Department,
Abu Dhabi, UAE

Abstract

During the last years, several new families of high performance poly-
mers and engineering plastics have been reported which find enhanced
application potential in the more challenging areas like aerospace,
defense, energy, electronics, automotives etc. as compared to the com-
modity or conventional polymers. Such polymers provide improved set
of properties like higher service-temperatures at extreme conditions and
good mechanical strength, dimensional stability, thermal degradation
resistance, environmental stability, gas barrier, solvent resistance, electri-
cal properties etc. even at elevated temperatures.

Keywords: Poly(ether amide) and poly(ether amide-imide),
poly(arylene ether), benzoxazine polymers, poly(ether ether ketone)
(PEEK), polytriazole, hyperbranched conjugated polymers, alternating
copolymers

1.1 Introduction

During the last years, several new families of high performance
polymers and engineering plastics have been reported which find
enhanced application potential in the more challenging applica-
tion areas like aerospace, defense, energy, electronics, automotives
etc. as compared to the commodity or conventional polymers.
Such polymers provide improved set of properties like higher

Vikas Mittal (ed.) High Performance Polymers and Engineering Plastics, (1-20)
© Scrivener Publishing LLC



2 HicH PERFORMANCE POLYMERS AND ENGINEERING PLASTICS

service-temperatures at extreme conditions and good mechanical
strength, dimensional stability, thermal degradation resistance,
environmental stability, gas barrier, solvent resistance, electrical
properties etc. even at elevated temperatures. For example, aromatic
polyesters and polybenzamide have decomposition temperatures
around 480-500°C, whereas polybenzimidazole, polypyrrole and
poly(p-phenylene) decompose around 650°C. Various other catego-
ries of high performance polymers include poly(phenylene ether),
polysulfones, poly(aryl ether ketone), poly(oxadiazole), poly(imide),
poly(ether amide), poly(ether amide imide), poly(naphthalene), lig-
uid crystalline polymers and poly(amide imide) etc [1]. The raw
materials involved in the synthesis of poly(phenylene ether) are
described in Figure 1.1, whereas Figure 1.2 shows the chemical struc-
tures of the monomers used for the synthesis of poly(oxadiazole)
polymers [1]. Poly(aryl ether ketone)s have aromatic groups in the
main chain and both the ether group and the keto group are in the
backbone. Liquid crystal polymers partly maintain the crystal struc-
ture is in the liquid phase above the melting point and exhibit a
long range orientational order. Molecular structure/ processability /
property relationships of many of high performance polymers and
engineering plastics have been reported in the literature along with
their applications, a brief overview of a few of which is provided in
the following sections.

(a) CH, (b) CH,
Q= Q-
CH, HsC CH,
() (@ Br
HLC CH,
o] o)

OO+
H,C CH, }L

Figure 1.1 Monomers used for the synthesis of poly(phenylene ether) [1],
(a) 2,6-xylenol, (b) 2,3,6-trimethylphenol, (c) tetramethyldiphenylquinone and
(d) 4-bromo-4’,4”-dihydroxytriphenylmethane.



HicH PERFORMANCE POLYMERS: AN OVERVIEW 3

()
HOOC@-O@- COOH

Figure 1.2 Monomers used for the synthesis of poly(oxadiazole) [1],

(a) 1,4-phenylene-5,5-tetrazole, (b) isophthaloyl chloride,

(c) 1,4-benzenedicarboximidic acid dihydrazide and (d) 4,4’-diphenylether
dicarboxylic acid.

1.2 Poly(ether amide) and Poly(ether
amide-imide)

Vora (2] reported the synthesis and properties of high-perfor-
mance thermoplastic fluoro-poly(ether amide)s (6F-PEA), fluoro-
poly(ether amide-imide)s (6F-PEAI), and their co-polymers. The
synthesis was based on the 6F-polyimide chemistry using using the
novel state-of-the-art 2-(3,4’-carboxy anhydrophenyl-2(4-carboxy-
phenyl) hexafluoropropane (6F-TMA) and 2,2'-bis(4-carboxyphe-
nyl) hexafluoropropane (6F-DAc) monomers. Various co-polymers
like fluoro-copoly(ether amide-(ether imide))s (6F-co(PEA-PEI)),
fluoro-copoly(ether amide-(ether amide-imide))s (6F-co(PEA-
PEAID) and fluorocopoly(ether amide-imide-(ether imide))s
(6F-co(PEAI-PEI)) were also synthesized. The authors synthesized
the films of the polymers and studied their their solution proper-
ties, solubility, morphology, thermal and thermo-oxidative stability,
and moisture absorption. The polymers had high viscosity and high
degree of polymerization with narrow polydispersity between 1.7
and 2.9. Figure 1.3 shows the synthesis schemes for these polymers
and copolymers. It was ascertained by XRD spectroscopy that the
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Figure 1.3 Chemical structures of the monomers, poly(ether amide) & poly(ether

amide-imide) polymers and their copolymers. Reproduced from reference 2 with
permission from Elsevier.

polymers were amorphous in nature as no peaks were observed in
the diifractograms measured in the range of 10 to 35° 26. The poly-
mers were observed to be soluble in almost all organic solvents and
the films prepared by thermal curing at elevated temperature were
either partially soluble or insoluble in such solvents indicating
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increased solvent resistance. The polymers were observed to pos-
sess moderate to high glass transition temperatures (Tg). The TGA
analysis indicated that the 5% weight losses for the polymers in
air were in the range of 480-515°C. The weight loss in nitrogen
was observed on an average about 15-25°C higher than in air. The
polymers also had excellent thermal resistance in isothermal heat-
ing at temperature 300°C for 300 h. Most of the polymers had low
moisture uptake at 100% relative humidity at 50°C over 100 h. The
amorphous nature of the polymers led to their easy processability
into films, sheets, molded articles, etc. Dielectric constant values
of all the synthesized fluorinated polymers was observed in the
range of 2.85 to 3.1 measured at 1 kHz at 25°C. These values were
also lower than the values reported for the commercially available
non-fluorinated polymers. The authors also commented on the
enhancement of polymer properties by the addition of inorganic
montmorillonite clays as filler.

Xie etal. [3] also reported the synthesis of polyimides with
low moisture absorption and high hygrothermal stability. Four
different aromatic dianhydrides, viz. 4,4’-oxydiphthalic anhydride
(ODPA), 3,3’ 44'-benzophenone tetracarboxylic dianhydride,
4,4'-(hexafluoroisopropylidene)diphthalic anhydride, and pyro-
mellitic dianhydride were used during the synthesis and the result-
ing polyimides are shown respectively in Figure 1.4. The authors
observed better solubility over a wider range of solvents in the case
of chemically imidized films when compared to the films prepared
by thermal methods owing to more compact structure due to stron-
ger aggregation of the polyimide molecules during thermal imidi-
zation. The authors also suggested that the cemical method leads
to incomplete imidization which was the cause of lower stability of
the films generated by this method.

Rajagopalan et al. [4] reported the synthesis of sulphonated
polyetherimide and subsequent synthesis of ionic polymer metal
composites (IPMC) by depositing platinum on both sides of the
polymer membrane by electroless plating process for use in actua-
tors. The TGA and NMR analysis confirmed the successful incorpo-
ration of sulfonic groups in the polymer backbone. The content of
sulfur in the polymer membrane was measured to be 4.68% by EDX
analysis and the degree of sulfonation could also be controlled.
SEM micrographs of the composite membrane also confirmed
the uniform formation of small platinum particles on the surface
of polymer membrane as shown in Figure 1.5. The thickness of
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Figure 1.4 Structures of poly(ether imide) polymers synthesized from 1,3-bis
(4-amino-2-trifluoromethylphenoxy)benzene and various anhydrides.
Reproduced from reference 3 with permission from Elsevier.

platinum coating was observed to be 15-18 pm. The surface of the
uncoated membrane was very smooth whereas platinum deposi-
tion led to the formation of rough surface morphology. The ionic
polymer-metal composite actuator showed good harmonic and
step responses similar to an electro-active polymer.

Guhathakurta et al. [5] characterized the polyelectrolytes based
on sulfonated PEI and triazole. Bisphenol A based polyetherimide
was sulfonated using trimethylsilylchlorosulfonate (TMSCS) as sul-
fonating agent. Polyelectrlayes were prepared by solution blending
of sulfonated PEI and triazole in the presence of dimethylacet-
amide. The amount of sulfonated PEI and traizole was altered, the
PEI had also different degrees of sulfonation. The effect of degree of
sulfonation in the sulfonated PEI and triazole concentration in the
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Figure 1.5 SEM micrographs of the (a) surface and cross-section of the
sulfonated PEI membrane and (b) surface and cross-section of the platinum
coated sulfonated PEI membrane. Reproduced from reference 4 with permission
from Elsevier.

blend on size, shape and crystal morphology of triazole crystals in
sulfonated polyetherimide were examined. It was observed that ata
constant triazole weight percent, increased sulfonation level caused
enhanced nucleation density, reduction of crystallite size and their
uniform distribution throughout the polymer matrix as shown in
Figure 1.6. The crystal domains were also elevated at lower sulfona-
tion level and embedded at higher level of sulfonation.

1.3 Poly(arylene ether)

Dharaet al. [6] reviewed the synthesis and properties of poly(arylene
ether) polymers. The role of trifluoromethyl groups on the polymer-
ization process and polymer properties was also demonstrated. Kim
et al. [7] also reported the synthesis of hyperbranched pol(arylene
ether) polymer. The selective and sequential displacement of the
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Figure 1.6 Tapping mode three dimensional topographic images of suphonated
PEI and triazole (70:30) polyelectrolytes. Degree of suphonation (a) 22%, (b) 48%
and (¢) 62%. Reproduced from reference 5 with permission from Elsevier.

fluorine group and the nitro group of 5-fluoro-2-nitrobenzotriflu-
oride was used as a basis for the synthesis of the hyperbranched
poly(arylene ether) containing pendent trifluoromethyl groups as
shown in Figure 1.7.

1.4 Benzoxazine Polymers

Liu et al. [8] reported improved processability of main-chain ben-
zoxazine polymers by synthesizing novel benzoxazine main-chain
oligomers which are low in viscosity. Bisphenol-F based benzox-
azine monomers were obtained from the reaction of bisphenol-F
isomers, para-formaldehyde and aniline in toluene. Main chain
benzoxazine oligomers were obtained by the reaction involving
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Figure 1.7 Synthesis of hyperbranched poly(arylene ether). Reproduced from
reference 7 with permission from American Chemical Society.

bisphenol-F isomers, aniline, 4,4'-diamino-diphenylmethane and
para-formaldehyde. The polymer films from both monomers and
oligomers were obtained by casting followed by thermal curing.
For the thermoset polymerized from benzoxazine monomers, the
glass transition temperature (Tg) was determined to be 154°C.
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On the other hand, the crosslinked polybenzoxazine derived
from benzoxazine oligomers had a glass transition temperature of
213°C. The increase in glass transition temperature for the cross-
linked polymers from oligomers was due to the presence of the
difunctional amine linkage. The polybenzoxazines derived from
the oligomers also showed an increase in 5% weight loss tempera-
ture as compared to polybenzoxazines derived from the monomers
owing to reduced evaporation rate around 300°C. Figure 1.8 shows
the synthesis strategy of bisphenol-F isomer-based benzoxazine
monomer and oligomers.

Choiet al. [9] also reported the synthesis of functional benzoxazine
monomers and polymers containing phenylphosphine oxide.
Phosphorus-containing group was introduced into polybenzoxa-
zine via monomer modification. Three phosphorus-containing
bisphenol compounds, bis(4-hydroxyphenyl)phenylphosphine
oxide (BHPPO), bis(4-hydroxyphenoxyphenyl) phenylphosphine
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Figure 1.8 Synthesis of bisphenol-F isomer-based benzoxazine monomer and
oligomers. Reproduced from reference 8 with permission from Elsevier.
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oxide (BPPPO), and bis(4-hydroxyphenoxy)phenylphosphine
oxide (BPHPPO) were synthesized as starting materials for the
synthesis of benzoxazine monomers. Polymerization was carried
out by ring opening polymerization initiated thermally. The pres-
ence of phenylphosphine oxide group in the polymer chain led
to an improvement in the thermal stability of polybenzoxazines.
Figure 1.9a shows the scheme of the synthesis of bis(4-benzyloxy-
phenoxy)phenylphosphine oxide (BBHPPO) and bis(4-hydroxyphe-
noxy)phenylphosphine oxide (BPHPPO). A schematic representation
of the synthesis of BPHPPO-based benzoxazine monomers (R1, R2,
and R3 represent methyl, phenyl, and 3-ethynylphenyl, respectively)
is shown in Figure 1.9b. Thermal degradation patterns were found
to be similar for all the BHPPO-based, the BPPPO-based and the
BPHPPO based benzoxazine polymers. Methylamine and aniline-
based polymers showed a distinct two-stage degradation pattern
while the acetylene functionalized polymers showed a one-stage
degradation pattern. The extent of char yield was also different in
the different polymers. As an example, in BPPPO and BPHPPO, the
aniline-based polymers showed a char yield of 51% (thus significant
improvement of thermal stability) as compared to the methylamine-
based polymers (31% char yield).

1.5 Poly(ether ether ketone) (PEEK)

Sulfonation of polymers is an important chemical modification pro-
cess utilized for enhancing proton conductivity of proton conduc-
tive polymers. Inan ef al. [10] reported the sulfonation of PEEK by
reaction with concentrated sulfuric acid. The glass transition tem-
perature was reported by the authors to be affected significantly
by the degree of sulfonation of the polymer. Figure 1.10 shows the
enhancement if the glass transition temperature as a function of
degree of sulfonation. At 80% degree of sulfonation, the glass tran-
sition temperature increased from 167°C for pure PEEK to 238.5°C
upon sulfonation owing to the incorporation of bulkier sulfonyl
groups in the polymer chain.

Blends of PEEK with other high performance polymers have
also been reported for applications like fuel cells. Inan et al. [10]
reported the blend of sulfonated PEEK with poly(vinylidene fluo-
ride) (PVDEF). Effect of the type and molecular weight of the flu-
orinated polymer was investigated for low temperature fuel cell
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Figure 1.9 (a) Scheme showing the synthesis of bis(4-benzyloxyphenoxy)
phenylphosphine oxide (BBHPPO) and bis(4-hydroxyphenoxy)phenylphosphine
oxide (BPHPPO) and (b) schematic representation of the synthesis of BPHPPO-
based benzoxazine monomers (R1, R2, and R3 represent methyl, phenyl, and
3-ethynylphenyl, respectively). Reproduced from reference 9 with permission
from Elsevier.



HicH PERFORMANCE POLYMERS: AN OVERVIEW 13

Tg (°C)

T T

T
0% 20% 40% 60% 80%
DS

Figure 1.10 Increase in glass transition temperature as a function of degree of
sulfonation. Reprinted from reference 10 with permission from International
Association of Hydrogen Energy.

applications. Figure 1.11 shows the SEM micrographs of the blend
membranes of sulfonated PEEK with varying amounts of PVDF of
different molecular weights. The blend membranes were observed
to have homogeneous structure and no phase separation was
observed. Phase separated morphology was however observed
for PVDF-HFP (Figure 1.11d) in all concentrations suggesting that
PVDF-HFP and sulfonated PEEK are thermodynamically immis-
cible due to their dissimilar structures.

Fu et al. [11] reported the acid-base blend membranes based on
2-amino-benzimidazole (basic polymer) and sulfonated poly(ether
ether ketone) (SPEEK) (acidic polymer) for direct methanol fuel
cells. A novel polymer, polysulfone-2-amide-benzimidazole (PSf-
ABIm), using carboxylated polysulfone and 2-amino-benzimid-
azole was synthesized for this purpose. The blend membrane of
SPEEK/PSf-ABIm showed high performance a s represented by
Figure 1.12. The blend membrane with 3 wt% PSf-ABIm was evalu-
ated continuously for 120 h and little or no decline in performance
was found after 120 h. On the other hand, the Nafion 112 mem-
brane standard was observed to have a decline in performance due
to a much higher amount of methanol crossover.

The authors opined that the membranes based on acidic and
basic polymer blends can offer a promising strategy to replace
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Figure 1.11 SEM micrographs of the sulfonated PEEK/PVDF blend membranes
with different amounts of PVDF (a) Mw = 180,000 g/mol (b) Mw = 275,000 g/mol
(c) Mw = 530,000 g/mol and (d) Mw = 130.000 g/mol PVDF-HFP (Poly(vinylidene
fluoride-co-hexzafluoro propylene)). Reprinted from reference 10 with permission
from International Association of Hydrogen Energy.

lithium ion batteries in portable electronic devices like laptop com-
puters and cell phones.

1.6 Polytriazole

Boaventura et al. [12] reported the generation of polytriazole based
proton conducting membranes. Sulfonated polytriazole mem-
branes were doped with three different agents: 1H-benzimidazole-
2-sulfonic acid, benzimidazole and phosphoric acid. Figure 1.13
also shows the storage modulus and tan 6 curves for pure polymer
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Figure 1.12 Long-term performance tests carried out with the (a) SPEEK/
PSf-ABIm blend membrane and (b) Nafion 112 membrane. Reproduced from
reference 11 with permission from Elsevier.

membrane and membranes after doping with different amounts of
1H-benzimidazole-2-sulfonic acid (BiSA) and benzimidazole (BI).
The glass transition temperature was observed to generally decrease
with increasing the doping agent concentration. This was attrib-
uted to the plasticization of the chain backbone after doping. The
plasticizing effect in the case of doped membranes also led to the
reduction in the storage modulus. It was further observed that add-
ing BI and BiSA to polytriazole did not significantly improve the
conductivity of the membranes, whereas doping with phosphoric
acid led to the generation of membranes with conductivity of 2.10-3
S cm™ at 120°C and 5% relative humidity.

1.7 Hyperbranched Conjugated Polymers
Hyperbranched conjugated polymers (HBPs) are specialty

high performance polymers which possess advanced structure
and properties as compared to conventional linear conjugated
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Figure 1.13 Storage modulus and tan & curves (a) for pure polymer membrane
and doped with 9, 15, 20 and 30 mol% of BiSA and (b) for pure polymer
membrane and doped with 9, 15, 20 and 30 mol% of BI. Reproduced from
reference 12 with permission from International Association of Hydrogen Energy.

polymers. Tang et al. [13] reported the synthesis and photovol-
taic properties of three HBPs photosensitizers (H-tpa, H-cya, and
H-pca). The chemical structures of these Hyperbranched polymers
are shown in Figure 1.14. The polymer had the same conjugated
core structure and different functional terminal units. The poly-
mers were synthesized following Wittig-Horner polymerization
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Figure 1.14 Chemical structure of the hyperbranched conjugated polymers.
Reproduced from reference 13 with permission from Elsevier.
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method. The polymers had broad absorption band in the range of
260-600 nm which was consistent with the hyperbranched struc-
ture of conjugation chain length. Two distinct absorption bands
were exhibited by all the polymers: one absorption band is in
the UV region (271-284 nm) and the other is in the visible region
(413455 nm). The authors reported that the donor-m-acceptor
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architecture in hyperbranched molecule benefited intramolecular
charge transfer and consequently increased the generation of pho-
tocurrent. It was observed that the three-dimensional (3D) steric
configuration of generated hyperbranched polymers effectively
suppressed the aggregation of dyes on TiO, film, which was ben-
eficial for achieving good photovoltaic functional performance.
Qu etal. [14] reported the synthesis of carbazole-based hyper-
branched conjugated polymers. These carbazole-based hyperbran-
ched conjugated polymers which were linked with triphenylamine
and benzene moieties were synthesized by Sonogashira coupling
polycondensation of N-octadecyl- and N-octyl-3,6-diethynylcar-
bazoles with tris(4-iodophenylamine and 1,3,5-tribromobenzene.
Figure 1.15 shows the synthesis strategy for these polymers. The
generated polymers were solvent-soluble polymers and had num-
ber-average molecular weights in the range of 3500-21,000. The
absorption spectrum of polymers was red-shifted as compared to
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Figure 1.15 Polycondensation reaction of N-alkyl-3,6-diethynylcarbazoles

1 and 2 with tris(4-iodophenyl}amine (3) and 1,3,5-tribromobenzene (4) for the
synthesis of carbazole based hyberbranched conjugated polymers. Reproduced
from reference 14 with permission from Elsevier.
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carbazole which confirmed the extension of conjugation length. The
fluorescence quantum yields of the hyperbranched polymers reached
67% in CHCL,, which were larger than those of polyacetylenes carry-
ing carbazole moieties in the side chains. There were differences in the
fluorescence quantum yields among the polymers, as the fluorescence
quantum yields of poly(1/3) and poly(1/4) which had longer N-alkyl
chains were larger than those of poly(2/3) and poly(2/4), respectively.
The branched structure of the polymers was observed to be effective
to suppress the decay of fluorescence. The polymers were observed to
be electronically redox-active.

1.8 Alternating Copolymers

Lim et al. [15] reported the synthesis of a new thienylenevinylene—
benzothiadiazole copolymer, poly{1,2-(E)-bis[2-(5-bromo-3-dodecyl-
2-thienyl)-5-thienyl]ethene-2,1,3-benzothiadiazole} (PETVTBT) for
potential use in solar cells. Thus generated alternating copolymer
comprised of electron-rich 1,2-(E)-bis[2-(5-bromo-3-dodecyl-2-
thienyl)-5-thienyl]ethane and electron-deficient 2,1,3-benzothiadia-
zole units. Figure 1.16 shows the synthesis scheme of the PETVTBT
polymer. The copolymer was thermally stable with a decomposi-
tion temperature of 390°C (loss of less than 5% of weight). The dif-
ferential scanning calorimetry analysis revealed the glass transition
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Figure 1.16 Synthesis scheme for PETVTBT polymer. Reproduced from reference
15 with permission from Elsevier.
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temperature of 149°C for the polymer. The UV-vis absorption
spectrum of PETVTBT covered a broad absorption range 350-700
nm. The optical band gap of PETVIBT was observed to be 1.57 eV,
which lied near to the ideal band gap for a polymer solar cell. The
potential of the usefulness of the generated copolymer in polymer
solar cell applications was further confirmed by low HOMO level
of about 5.1 eV and relatively high hole mobility of 0.025 cm?/Vs.
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Synthesis and Properties of
Polyoxadiazoles

Dominique de Figueiredo Gomes
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Abstract

This chapter is focused on polyoxadiazoles, whose mechanical properties
are high enough to enable their use as film, fibers, membranes, sheets or
polymer matrices for composites. Although the synthesis of polyoxadia-
zoles, has been a known process for more than forty years, many aspects
related to the synthesis of high molecular weight polyoxadiazoles have
not been properly understood yet. Probably the observed experimental
fluctuations in laboratory scale have been the major drawback for the sys-
tematic use of polyoxadazole in certain applications and for the design
and scale-up of its synthesis. An understanding and proper control of its
synthesis is described here as an essential prerequisite to achieve tailor-
made polyoxadiazoles with great potential for engineering applications
requiring thermally and chemically resistant polymers.

Keywords: Polyoxadiazole, molecular weight, mechanical properties,
thermal stability, sulfonation, composites, coating, corrosion, fuel cell,
PEMEFC, proton conductivity, carbon nanotubes

2.1 Introduction

There have been many misunderstandings as to how the well known
chemically, thermally and mechanically stable polyoxadiazoles
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synthesized in actual lab-scale polymerization reactors do not ful-
fill these properties as stated. While during the 60’s the majority of
the works relied on insoluble aromatic polyoxadiazole in common
organic solvents [1], e.g. with a phenylene group attached to the
main chain, in the 90’s polyoxadiazoles with easier processability
but at the same time with unexpected lower chemical and mechani-
cal stabilities have been investigated [2—4]. Gomes et al. [5-7] have
shown that not only poor micromixing is the major drawback for
the polyoxadiazole synthesis but also the chemical group attached
to the main polyoxadiazole chain. For instance, the replacement of
an ether electron-donor substituent (-O-) in para position to the oxa-
dizole groups in the main chain by an electron-withdrawing group
(-C-(CF,),”) in para position increased significantly the chemical sta-
bility of the polyoxadiazole [6]. While for polyoxadiazole contain-
ing diphenyl ether groups after treatement for 1 h in lower acid
concentration, H,SO,: oleum (20% SO,) (3:1), the molecular weight
decreased significantly (from 358000 to 17000 g mol™) [7], for the
fluorinated polyoxadiazole no changes in the molecular weight
could be observed even in more drastic conditions, 19 days in
H,SO,: oleum (30% SO,) (2:1) [6].

Whatever the kind of the chemical group attached to the main
polyoxadiazole chain as well as the synthesis route, correlations
among final polyoxadiazole properties with the synthesis param-
eters remained unclear for a long time. Different methods for
polyoxadiazole synthesis have been described in the literature
[8-13]. However, two of these methods seem to be more advan-
tages to synthesize polyoxadiazole (preparation of polymers with
higher molecular weight and lower residual hydrazide content):
the solid state cyclodehydration of polyhydrazides [8, 11-13], and
the polymerization of a dicarboxylic acid and a salt of hydrazine
in solution [2, 4, 5, 10, 13]. Both methods are presented schemati-
cally in Figure 2.1. Gomes et al. [5, 10, 14] have performed the first
systematic studies on the influence of distinct synthesis parameters
on the final properties of a polyoxadiazole containing a diphenyl
ether group attached to the polymer chain by both methods. These
works [10, 14] were also the firsts that relied on a statistical experi-
mental design to analyze the simultaneous effects of various syn-
thesis parameters. Therefore, it was not surprising to find out that
these works were the firsts to report reproducibility problems dur-
ing the polyoxadiazole synthesis, which is the realm of these syn-
theses. During the synthesis of the polyoxadiazoles an intermediate



SYNTHESIS AND PROPERTIES OF POLYOXADIAZOLES 23

Method 1: Cyclodehydration of polyhydrazide

| = Ly e

Method 2: Polymerization in solution of a dicarboxylic acid with a salt of hydrazine
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Figure 2.1 Common methods used for the polyoxadiazole synthesis.
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Figure 2.2 Poly(1,3,4-oxadiazole-hydrazide) copolymer.

linear polymer, polyhydrazide, is formed. Depending on the reac-
tion conditions, residual hydrazide groups can be present in the
final polymer [15], leading to the formation of a poly(oxadiazole-
hydrazide) copolymer (Figure 2.2). However, the hydrazide groups
present neither the thermal nor the chemical stability of the oxa-
diazole rings. Particularly, the outstanding thermal stability of
poly(1,3,4-oxadiazole)s (stable up to 450°C) was ascribed to the fact
that the oxadiazole ring is spectrally and electronically equivalent
to the p-phenylene ring structure.

The polymerization in solution of a dicarboxylic acid with a salt
of hydrazine follows the classical mechanism of polymerization by
polycondensation [16}). In this case, the polymerization takes place
by the continuous reaction between the functional groups of the
multi-functional molecules. The basic characteristics of these reac-
tions are known since the beginning of the 20’s century [17] and
include the continuous growth of the average molecular weight
with the time, the high sensitivity to mono-functional impurities and
the possibility of formation of three-dimensional crosslinked struc-
tures, when there is presence of three or more reactive groups per
molecule. The main sources of fluctuation of the average molecular
weight presented by the polymerization in solution of a dicarboxylic
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acid in poly(phosphoric acid) are the high viscosity of the reaction
medium, degradation reactions caused by the acid solvent, and the
occurrence of secondary reactions (non-linear cyclodehydration
reaction and crosslinking reaction) which compete with the linear
cyclodehydration reaction of polyhydrazide into polyoxadiazole.
The influence of each of these factors will then depend even more
on the chemical group attached to the main polyoxadiazole chain,
resulting in some cases in powder polyoxadiazoles with very low
mechanical stability or “spaghettis” structures with very higher
molecular weights and outstanding chemical stabilities (Figure 2.3).
For this reason, the polyoxadiazole synthesis may present low
reproducibility and different polymer materials may be produced
at similar reaction conditions at actual lab-scale polymerization
reactors [10]. These observed experimental fluctuations constitute a
major drawback for the systematic use of polyoxadiazole in certain
applications and for the design and scale-up of its synthesis.

2.2 Synthesis of Polyoxadiazoles in
Poly(phosphoric acid)

The pioneering work of Iwakura ef al. [1] regarding a route for pro-
duction of polyoxadiazole based on the reaction of hydrazine sul-
phate with dicarboxylic acids, was published for more than forty
years ago. Nevertheless, correlations among final polyoxadiazole

Figure 2.3 Morphologies of polyoxadiazole with different chemical groups
attached to the main chain.
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properties with the synthesis parameters remained unclear for a long
time. So far, many aspects regarding the synthesis of high molecular
weight polyoxadiazole have not been properly understood yet.

One of the factors affecting the reproducibility of the polyoxa-
diazole synthesis in poly(phosphoric acid), PPA, is poor micro-
mixing, given the high viscosities of the reaction medium during
the course of polymerization. The high viscosity of the reaction
medium may cause significant fluctuations of local monomer com-
positions, leading to decrease of the polymer chain length. Gomes
et al. [5, 10] suggested that homogenization should be improved
through addition of an inert solvent into the reaction medium in
order to improve the reproducibility of the polyoxadiazole prop-
erties synthesized at similar reaction conditions. Addition of
small solvents amounts to PPA does not lead to improvement of
mixing conditions [5]. The addition of large amounts of solvent
into PPA could eventually cause the reduction of the solution vis-
cosity. In this case, however, polymerization rates can be severely
reduced, as reaction is catalyzed by PPA. Addition of small quan-
tities of water into the reaction medium may be effective to reduce
the PPA viscosity [10]. However, water may also interfere with
the condensation reaction and modify the final polyoxadiazole
properties.

Gomes et al. [5] have shown that the reproducibility of the polym-
erization in solution of a dicarboxylic acid with a salt of hydrazine
is improved when the reactor load increases, indicating that micro-
mixing effects may be indeed fundamental for proper understand-
ing of the polyoxadiazole synthesis. It is also shown that removal of
the residual acid solvent by tight control of the pH during polyoxa-
diazole purification exerts a significant impact on the final proper-
ties of the polymer material, which indicates that purification is a
key process step during polyoxadiazole production.

Regarding the influence of the anhydride content (P,0,) in
PPA, when the reactions were carried out in the presence of P,0,
[4], by keeping all reaction variables constant (temperature, time,
monomer concentration, molar dilution) and then adding different
amounts of P,O, to the medium does not lead to any significant
improvement of the reproducibility. Addition of P,O, increased
further the reaction medium viscosity, reaction mixture cannot be
stirred in a reaction apparatus, decreasing homogenization.

More recently, Gomes et al. [18] have shown that by increasing the
catalyst activity of PPA (or at least to keep it) without decreasing the
homogenization of the reaction medium and avoiding micromixing
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effects in the polymerization medium, polyoxadiazole with very
high mechanical properties and a narrow final distribution of the
molecular weight was achieved (Table 2.1). Figure 2.4 shows the
stress-strain curves of the polymer film (The insert shows the SEC
profile relative to polystyrene standard).

By aging treatment of PPA, free phosphoric acid content in
the poly(phosphoric acid) has been increased, and in turn, its
catalyst activity. The increase of phosphoric acid content in the
poly(phosphoric acid) was followed by *'P NMR spectroscopy anal-
ysis. Figure 2.5 shows the *P NMR the PPA spectrum after thermal
treatment with the respective assignments for the phosphorus spe-
cies. Table 2.2 shows the relative amounts of the three phosphorous

Table 2.1 Mechanical properties of POD by the previous method and
after PPA aging.

Sample Young Tensile Elongation
Modulus Strength (MPa) at Break
(MPa) (%)
Previous method 4016 + 194 100+ 5.04 14+3.20
After PPA aging 3802 + 268 190+ 7.82 57+5.03
200
150 4
£
=
w 100
g
7
504

S
Molecular weight/g mol™
0 10 20 30 40 50 60
Strain (%)

Figure 2.4 Stress-strain curves of the POD film, whose polymer was

synthesized with the optimized reaction condition by thermal treatment of the
poly(phosphoric acid).
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Figure 2.5 P NMR the PPA spectrum after thermal treatment.

Table 2.2 Relative amounts of the phosphorous species before and after
PPA aging.

PPA Aging P, P, P_ Free Phosphoric Content
Time (h) PJ/P,+P+P )

0 1.05 | 1598 [ 17.24 0.030

3 139 | 17.58 | 15.49 0.044

species before and after PPA aging, which were determined by inte-
grating the individual P, P_ and P peaks. The analysis of Table 2.2
indicates that after PPA aging an increase of free phosphoric acid
concentration and a decrease of the mid-chain phosphorous in the
PPA are observed. The amount of free phosphoric acid is estimated
to increase around 40%, which is enough to improve the catalyst
activity of the PPA and therefore resulting in polyoxadiazole with
very high molecular weights and mechanical properties.

2.3 Thermal and Mechanical Properties of
Polyoxadiazoles

A series of polyoxadiazoles were synthesized by the single-step
optimized method of synthesis at high temperature (160°C)
using hydrazine sulfate in poly(phosphoric acid) during 3 to 6 h.
Chemical structures of the polyoxadiazoles are shown in Figure 2.6.
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Figure 2.6 Polyoxadiazole structures with different chemical groups attached to
the main chain.

The poly(phenylene-1,3,4-oxadiazole), pPOD, was synthesized in
fuming sulfuric acid 20% SO, because the oleum has been shown
to be a better solvent than poly(phosphoric acid) for this polymer
[19-20]. The introduction of different groups in the main polyoxa-
diazole chain offers many advantages as the improve of polymer
processability, thermal and chemical stability as well as allowing for
design of specific properties (e.g. proton and electrical conductiv-
ity, gas selectivity and permeability, corrosion inhibition potential,
outstanding chemical stability etc) relevant for different application
fields. Most of time a compromise should be found when design-
ing polymer molecular structures. For instance, the increase of
polymer solubility in organic solvents normally is accompanied by
a simultaneous decrease of chemical and/or hydrolytic stability.
An additional factor is also that the chemical group changes mono-
mer reactivity and solubility which further affects the polymeriza-
tion design conditions. Therefore, the choice of the polymerization
conditions depends on many factors such as the reactivity of the
monomers, reaction time, solvent, homogeneity, polymer or mono-
mer degradation stability, crosslinking and solubility of the polymer.
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Whether the final mechanical and thermal properties of the poly-
mers depend only on the chemical structure is not well addressed
today. Iwakura et al. [21] have, for instance, reported poly-1,3,4-
oxadiazoles where the phenylene ring has been replaced by a
pyridine ring. These polymers were indeed soluble in formic acid
and organic solvents; however polymers with very low inherent
viscosities were obtained. Similarly, when polyoxadiazoles were
synthesized under the same conditions by replacing a diphenyl
ether group (SPODDPE) by a pyridine group (PODpy) a significant
lower molecular weight was obtained for the PODpy (73.000 g/
mol instead 358.000 g/mol) [22]. The PODpy polymer was soluble
in formic acid and organic solvents but mechanical properties were
very low and no film forming property was found.

pPOD and PODSF should have outstanding chemical stability
but were insoluble in organic solvents and also the synthesis param-
eters to obtain high molecular weight polymers are not described
in details in literature. Polyoxadiazoles containing sulfone link-
ages have already been prepared by cyclodehydation of their sol-
uble intermediate polyhydrazide polymers [23]. Tensile strengths
of these final polyoxadiazoles should be lower than 90 MPa, the
maximum strength obtained for the intermediate polyhydrazides.
As reported by Gomes [14], after polyhydrazide cyclodehydra-
tion significant decrease of molecular weight, and in turn, decrease
of mechanical property occurs. Homopolymers or copolymers of
polyoxadiazoles reported in literature so far are limited by a ten-
sile strength of 100 MPa [23-28]. Except for SPODPE, where tensile
strengths up to 250 MPa [29] have been obtained. In this section,
emphasis will be given to the SPODDPE and POD-6F structures
once many details regarding their synthesis to obtain high mechan-
ical and thermal stability were pointed out [4-7, 10, 29].

The thermal stability of the poly(hexafluor propane-1,3,4-oxa-
diazole), POD-6F, was analyzed by thermogravimetric analysis
(TGA) and dynamic mechanical thermal analysis (DMTA). No
weight losses of eventually absorbed water were detected in the
temperature range from 20 to 150°C. Furthermore in the range of
temperatures between 275 and 375°C no loss of water which could
result from conversion of hydrazide groups to oxadiazole [15] was
observed. These results confirm the high hydrophobicity of the
polymer, which first starts to decompose at 430°C. The mechanical
property of the polymer was evaluated by means of DMTA. Good
dimensional stability and high storage modulus (E") of about 1 GPa
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at 250°C were observed. With a molecular weight of 200000 g/
mol, the glass transition temperature (T ) is in the range 295-304°C
(measured by DSC and DMTA) [6].

The thermal and mechanical properties of the sulfonated poly-
oxadiazole (SPODDPE) membranes in salt and in acid form were
evaluated by means of dynamic mechanical thermal analysis. All
SPODDPE show 5% weight loss in the range of 463—470°C and the
residue at 500°C was in the range of 79-81%. Sulfonated polyoxa-
diazoles with high thermal stability with T_ranging from 364 to
442°C in sodium salt form and from 304 to 340°C in acid form and
with good mechanical properties (storage modulus about 3 GPa at
300°C) have been prepared.

Table 2.3 shows the T_ taken as the maximum in the tan § and loss
modulus (E”) curves. The increase of the sulfonation level of poly-
mers resulted in an increase of the T . This result may be attributed
to the introduction of bulky substituent on the aromatic rings, an
increase of chain-chain interactions though hydrogen bonds and the
inonic character of the substituent [30, 31]. As shown in Table 2.3,
the type of counterion has a very strong effect on the dynamic
mechanical properties of the membranes. When converted to the
H-form, the T_ shifted to slightly lower temperatures. A higher T,
for the sodium salt form is expected [30, 311, since the dipole- dlpole
interaction between sodium sulfonate groups is much stronger than
hydrogen-bond interaction between the SO,H groups.

The tensile properties of polymer samples are directly affected by
the molecular weight values [29]. Figure 2.7 shows the tensile strength

Table 2.3 T, values of sulfonated poly(diphenyether-1,3,4-
oxadiazole) membranes.

S/C Tg Q)
(molar ratio)?
E” Tan &

-Na -H -Na -H
0.065 364 304 396 307
0.098 415 322 429 328
0.103 416 321 430 333
0.124 430 330 442 340

2determined by elemental analysis.
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Figure 2.7 Tensile properties of polyoxadiazole samples as a function of
molecular weight (M ).

values as a function of molecular weight. For the same polydisper-
sity, as high the molecular weight as high the tensile strength. Similar
trend has been observed by a NASA group when tensile strength is
plotted as a function of polyimide molecular weights [32]. Additional
factor is the sulfonation level which influences the dipole-dipole
interaction between the sulfonated groups and as a consequence the
Tg and mechanical properties. As sulfonated samples prepared by a
direct method still have very high molecular weights in contrast to
the sulfonated samples prepared by a post-sulfonation route [7], T
increases with sulfonation level. For similar molecular weights an.
polydispersity, the sample with higher sulfonation level shows the
higher tensile strength, once the introduction of sulfonic acid groups
increases the intermolecular interaction [33).

The effect of the bath time on the molecular weight, thermal sta-
bility and tensile properties of SPODDPE was for the first time ana-
lyzed. Sulfonated polyoxadiazoles with excellent and reproducible
tensile properties (tensile strength up to 200 MPa, elastic modulus
around 4 GPa and elongation at break in the range 40-60%) could be
synthesized through a polycondensation reaction of the hydrazine
sulphate salt and an aromatic dicarboxylic acid in poly(phosphoric
acid) in the frame of time of 4-5 h. The tensile properties of the sul-
fonated polyoxadiazole films obtained in this study, confirms the
classification of this polymer as high performance polymers with
great potential for engineering applications.
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Figure 2.8 Tensile properties of high performance polymers (SPODDPE,
sulfonated polyoxadiazole; PEEK, poly(ether ether ketone); PES,

poly(ether sulfone); Vespel®, Poly(pyromellitimide-1,4-diphenyl ether); Torlon®,
poly(amide imide); Ultem®, poly(ether imide); LaRC, aromatic poly(imide) [34, 35].

Figure 2.8 shows the maximum reproducible tensile strength
(190 + 6.9 MPa) obtained [29]. The comparison of the tensile prop-
erties of the sulfonated polyoxadiazoles (SPODDPE) according to
the ASTM D 882- 00 with other high performance polymers accord-
ing to the ASTM D 882- 00 (marked with * in Figure 2.8) as well
as according to the ASTM D 638 clearly shows that the SPODDPE
offers high strength, making it useful for high strength/ high heat
applications.

2.4 Application Fields

Polyoxadiazoles, like most thermally stable polymers, are good can-
didates for applications that require flame-resistance, fire-resistance
or self-extinguishing properties. The polyoxadiazole fibers are
competitive in performance when compared to other reinforcing
agents, such as glass, steel and commercial high-temperature fibers
(Kevlar, X-500, Cermel, Nomex) [36-38]. They are good candi-
dates for application as high temperature fibers [36}, reinforcement
materials [39], graphitized fibers [39], acid sensors and emissive
layers in light-emitting diodes [40], membrane materials for gas
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separation, ultrafiltration, reverse osmosis and fuel cell [6, 7, 37,
41, 42, 44] as well as inhibitor materials for the corrosion of met-
als [45]. In this section the application fields for the homopolymers
and/or copolymers of SPODDPE and POD-6F, whose mechanical
properties are high enough to enable their use as film, fibers, mem-
branes and sheets will be discussed in more details when applied
as coating materials, fuel cell membranes and polymer matrices for
composites.

Coating Materials

One of the most coating effective and simple techniques for intro-
ducing a metallic coating to a substrate is by electrochemical plat-
ing. Other coating possibilities are conversion coating, anodizing,
chemical vapor deposition, organic coatings and others. Organic
coating systems are typically used in the final stages of a coat-
ing process and can include a variety of different processes that
make use of organic polymers, such as painting, powder coating,
E-coating, sol-gel process, plasma polymerization and others [46].
Polymers with electron-withdrawing units like aromatic oxadiazole
rings have strong electron affinity and as a result they are capable
of enhancing their electron transport properties. Conducting poly-
mers are promising materials for corrosion protection of metals [46]
because of the four possible mechanisms: (1) the coating acts as a
barrier (2) it acts as sacrificial anode (3) the coating act as a reser-
voir for corrosion inhibiting ions that are released as the conducting
polymer changes its redox state (4) the conducting polymer could
stabilize a passive oxide layer.

Heterocyclic compounds containing sulphur, nitrogen and oxy-
gen have been seen as effective inhibitors for the corrosion of met-
als and alloys in different corrosive environments [47-51]. The
effectiveness of organic compounds containing sulphur as cor-
rosion inhibitors for steels in sulphuric acid is well known. They
suppress the anodic and/or the cathodic reactions involved in the
corrosion process by adsorbing on the metal surface [52]. Different
organic groups have been reported to inhibit corrosion of mild steel
in acidic media, including oxadiazole groups [53]. Polyoxadiazole
containing a hydrophobic group (POD-6F) in the main chain has
been shown to afford an excellent corrosion protection of magne-
sium allloy [45]. The corrosion resistance of the polyoxadiazole
coated sample was about 5 orders of magnitude higher than the
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bare metal. After 36h immersion in 0.1IM NaCl, polarization resis-
tance was 1.31 x 10° ohm.cm? while for the coated Mg alloy with
polyoxadiazole the coating resistance value was kept constant after
36h about 8.0 x 107 ohm.cm? Polarization curves for the bare metal
and the coated samples in 0.1M NaCl are shown in Figure 2.9. The
polyoxadiazole coated sample showed a significant improvement in
the corrosion resistance than the bare metal. The corrosion current
density of the polyoxadiazole coated sample decreased to 1.4 x
10 mA.cm™ from 5.6 x 102 mA.cm™2 of the bare metal. Moreover,
the polyoxadiazole coated sample did not show any break-down
potential even up to 1000mV above corrosion potential. This shows
the higher stability of the coating in the corrosive environment.
Water permeation through coatings was shown to be an impor-
tant factor to be considered in the polyoxadiazole coating for-
mulation [45, 46]. Generally, water becomes the major cause of
swelling and loss of adhesion of the coating and eventually allows
the electrolyte to contact the bare metal and accelerates the cor-
rosion process [46]. Another important parameter is the polymer
adhesion to the metallic surface. To improve adhesion of the aro-
matic polyoxadiazole coating, a copolymer containing hydrazide
groups (-CO-NH-NH-CO-) groups has been shown to enhance
both adhesion as well as the anti-corrosion ability of the polyoxa-
diazole coating, 1,2,3-benzotriazole (BET) inhibitor was added to

Bare metal
B POD-6F
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Figure 2.9 Polarization curves for polyoxadiazole coated and uncoated
magnesium alloy.
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the poly(hydrazide oxadiazole) copolymer [54]. A second layer
composed of only a hydrophobic fluorinated polyoxadiazole
was used to avoid that water penetrates through the coating. The
poly(hydrazide oxadiazole) copolymer presents both sulfonated
and fluorinated groups, which should improve the interaction with
the BET inhibitor by “self-doping” effect (nitrogen protonation by
the sulfonic acid groups) and the interaction with the top layer,
respectively.

The structure of the copolymer was quantitatively determined
by elemental analysis and interpretation of "H-NMR spectrum.
Figure 2.10 shows the 'H-NMR spectra and the structures of the
fluorinated polyoxadiazole (a), of the sulfonated polyoxadiazole
(b) and of the sulfonated/fluorinated poly(oxadiazole hydrazide)
copolymer, DPE-HF (c). Duplets at 7.59 ppm for the H, protons
and at 8.17 ppm for the H, protons are observed for the fluorinated
polyoxadiazole, as expected by analyzing the structure of this poly-
mer (Figure 2.10a). The sulfonated polyoxadiazole shows signals at
7.20 ppm, 7.36 ppm, 8.15 ppm, 8.21 ppm and 8.58 ppm relative to
the H,, H,, H,, H, and H, protons, respectively (Figure 2.10b) [44].
The DPE-HF copolymer spectrum shows additionally to all the sig-
nals for aromatic protons present in the fluorinated and polyoxa-
diazole samples, small signals at 10.9-10.5 ppm and in the region
of aromatic protons at 8.52 ppm, 8.01 ppm, 7.59 ppm and 7.14 ppm
(assigned with * in Figure 2.10c), which are relative to hydrazide
groups [15]. Based on these assignments, the amount of repeat-
ing units containing hydrazide groups was equal to 39% and the
amount of repeating units containing fluorinated groups was equal
to 14%, with 86% constituting of ether groups.

For the polyoxadiazole coating composition containing 0.36%
BET, a corrosion inhibition efficiency of 67% was obtained [54]. This
result indicates that BET molecules adsorbed on the metal surface
retarding the dissolution of metal atoms from the reactive sites.
Heterocyclic compounds containing nitrogen have seen as effec-
tive inhibitors for the corrosion of metals because they can form
complex with metals. The formation of complex is the result of the
reaction between the triazole on the metal surface through the NH
group and the metal cation formed during the corrosion of metal.

Further characterization on the DPE-HF coated samples was
conducted by XPS analysis after immersion in NaCl solution used
for electrochemical characterization confirmed this result. Two
components at 399.3 (H-N-C = O) and 401.0 (N*-R) eV in the XPS
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spectra were observed in the N 1s region [54-57]. The presence of
the positively charged nitrogen atoms (N*-R) is due to the nitro-
gen protonation by the sulfonic acid groups (“self-doping’). With
addition of BET, N 1s region experiences a dramatic change result-
ing in a decrease of the main component centered at 401.0 eV. The
doping level, calculated by the N+ (at 401.0 eV)/N (centered at
400.0 eV) ratio, decreased from 31.8 to 10.9 after addition of 0.36%
BET, indicating that the protonation effect of the nitrogen atoms
was significantly weakened and more neutral nitrogen atoms
were generated. Other works have also analyzed the doping level
using XPS technique by a close inspection of the N 1s region [49,
55-57]. Liu et al. [55] have shown that formation of complexes
between nitrogen atoms of amine groups and metal copper ions
has improved after reduction of the doping level. The surface
complexes are formed because nitrogen atoms share a lone pair
of electrons with the electron-withdrawing metal ions. A decrease
of nitrogen protonation reduces electrostatic repulsion and results
in more neutral amine groups available for metal adsorption.
Therefore, after addition of 0.36% BET, as more neutral nitrogen
atoms are available, stronger nitrogen absorption on the metal
surface should be favored.

When a second layer of fluorinated polyoxadiazole is applied
to the DPE-HF coated sample containing 0.36% BET, a significant
decrease in corrosion current and increase in the corrosion poten-
tial was observed. The significant improved results have been
ascribed to the inhibition effect of the BET. In the monolayer con-
stituted only of poly(hydrazide oxadiazole) copolymer DPE-HF,
because of the high hydrophilicity of this coating conferred by the
sulfonated groups, the water permeates through the coating. After
addition of a second hydrophobic layer, the water is avoided to
penetrate though the coating. The thickness values of both bilayer
and monolayer containing fluorinated polyoxadiazole were simi-
lar, 29 + 4 pm and 28 + 6 pm, respectively. Figure 2.11 shows the
electrochemical impedance spectra of bare metal, fluorinated poly-
oxadiazole and bilayer polyoxadiazole coated AZ31 magnesium
alloy. As it can be seen the bilayer coated sample showed a very
high coating resistance, about three orders of magnitude higher
than the monolayer of fluorinated polyoxadiazole coated sample.

The significant improved results have been ascribed to the
inhibition effect of the BET as well as to the high polyoxadiazole
hydrophobic second layer, avoiding water permeation though
the coating.
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Figure 2.11 Electrochemical impedance spectra of bare metal, fluorinated
polyoxadiazole (POD-6F) and bilayer polyoxadiazole (DPE-HF) coated AZ31
magnesium alloy.

Fuel Cell Menbranes

Polymers containing heterocyclic rings with basic character have
been shown to be quite interesting for polymer electrolyte for fuel
cells application, since they are able to transport protons above 100°C
when doped with phosphoric acid [6]. Sulfonated oxadiazole-based
materials for fuel cells have been reported by Gomes et al. [6, 7, 44].
They have shown that the presence of (C = N) pyridine-like N sites
favor additional points for proton jumps, contributing to the proton
conductivity [6, 7, 44, 58, 59]. Thus, the use of polyoxadiazoles as
polymer material for fuel cell presents two advantages: it offers a
new alternative for proton transport, and opens the possibility to
operate the fuel cells at temperatures above 100°C. It is expected that
the availability of materials for operation at such condition will be
an important step for the establishment of the fuel cell in large-scale
deployment in the sector of energy conversion for automotive and
stationary applications. By 2050 the reserves of fossil fuel will be
critical and alternative energy carriers will be essential. It has been
predicted that hydrogen will then be dominant in the market, pow-
ering about 50% of automobiles. In this scenario, the fuel cell will be a
breakthrough technology path for future transportation applications.
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Recently, it was demonstrated that during the synthesis of poly-
oxadiazole by reaction between dicarboxylic acid and a salt of
hydrazine a partial sulfonation occurs [44]. This fact had been over-
seen in the previous papers describing or applying this synthesis
route [13, 60, 61]. However, the recognized level of functionaliza-
tion, i.e. the ion-exchange capacity (IEC) of 1.26 mequiv g™, was too
low to result in a polyoxadiazole with acceptable proton conductiv-
ity. The polyoxadiazole “dopping” by treatment with sulfuric acid
in mild conditions [43] led to higher proton conductivity values
(order of magnitude of 1025 cm™ at 50-80°C), but covalently bond-
ing sulfonic groups to the polyoxadiazole chain should potentially
be a much more effective strategy to increase the polymer applica-
bility in fuel cells. Optimized synthesis methods for the synthesis
of sulfonated polyoxadiazoles (SPODDPE) with molecular weight
in the order of magnitude of 10° g/mol and ion-exchange capac-
ity (IEC) higher than 1.26 mequiv g' were then later successfully
been reported [7]. Figure 2.12 shows the proton conductivity of
SPODDPE membranes with different IEC as a function of relative
humidity (RH) measured at 80°C. As expected, the conductivity
of SPODDPE membranes has a strong dependence on the level
of hydration. The high proton conductivity values at RH = 100%
sharply decrease upon dehydration. The high proton conductivity
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Figure 2.12 Proton conductivity of SPOD-DPE membranes with different IEC as
a function of relative humidity (RH) measured at 80°C.
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for the SPODDPE membrane with IEC equal to 2.15 mequiv g
may be attributed to the high water retention capacity of this mem-
brane, keeping a minimum hydration level in the membrane. As
one may see, for all membranes high proton conductivity in the
order of magnitude of 1025 cm™ at 20% RH were obtained. Taking
into account the low level of external humidification under this
condition, this result can be attributed first to the fact of the -SO,H
groups are not much separated from each other and also to the
presence of additional sites for protonation which strengthen the
mechanism of proton transport by the diffusion of protons within a
hydrogen bonded structure. Due to the high number of interaction
sites not only the transport is favored but the water is also better
retained. In polymers with lower functionalization the hydrogen
bond structure for the proton transport can not be well formed and
the proton conductivity is much reduced at low humidity level. The
high proton conductivity values at low humidity conditions are the
main advantage of the sulfonated polyoxadiazole in comparison
with the (sulfonated poly(ether ether ketone), SPEEK. It has been
shown in literature that the conductivity of the SPEEK is only in the
order of magnitude 10> S cm™ at high levels of hydration, at low
levels of hydration the conductivity is significantly lower (order of
magnitude 10° S cm™ at 40% RH) [62].

Addition of sulfonated dense silica particles containing oxadia-
zole groups has shown promissory results at conditions of high rel-
ative humidity (100% RH) when added to a SPEEK and attributed
to the amphoteric character of the sulfonated oxadiazole oligomeric
segments containing both sulphonic acid groups and basic nitro-
gen sites [58]. This result motivates further develop of new poly-
mers containing both acidic (-SO,H group) and basic sites (basic
nitrogen) in the repeating unit. Addition of hydrophilic sulfonated
silica to a non-functionalized hydrophobic fluorinated polyoxadia-
zole resulted in porous membrane and very low proton conductiv-
ity in the order of magnitude of 10® S cm™ was obtained at low
humidity condition (20% RH) [6]. Taking into account the high pro-
ton conductivity values in the order of magnitude of 105 cm™ at
low humidity conditions (20% RH) {7] as well as its excellent ther-
mal and mechanical stability, sulfonated polyoxadiazole was then
further tested as the polymeric matrix [63]. The ionic conductivity
data at 120°C and under 5-25% RH for the polyoxadiazole plain
mebrane and for the polyoxadiazole composite membrane are
shown in Figure 2.13. As expected, the composite membrane had
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Figure 2.13 Ionic conductivity data at 120°C and under 5~25% RH for the
polyoxadiazole plain membrane and for the polyoxadiazole composite
membrane.

higher proton conductivity than the pristine polymer membrane
in all range of relative humidity. The significant difference between
conductivity data of composite membranes and the pristine poly-
mer membrane at low relativity humidity (e.g. 15 RH%) is probably
a consequence of the better water retention capacity of the com-
posite membrane conferred by the sulfonated silica. The membrane
containing 5 wt.% silica-telechelic exceeds the value obtained for
the pristine polymer membrane by one order of magnitude.
Nanocomposites can offer advantages when dealing with the
following fuel cell key issues: optimization of the membrane-
electrode-catalyst interface, preparation of membranes able to effec-
tively operate above 100°C and under external low humidification
in fuel cells fed with hydrogen and preparation of membranes with
low alcohol crossover [64, 65]. Above 100°C and under external low
humidification most of the available membranes starts to dehy-
drate, requiring more complex operating conditions to compensate
the consequent conductivity decrease. The motivations for operat-
ing at high temperatures are improved reaction kinetics, minimi-
zation of catalyst poisoning by CO, simplification of the heat and
water (humidification) management in the cell, improved gas trans-
port and other issues associated with catalyst and design [64, 65].
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Polymer Matrices for Composites

In recent years, high temperature resistant engineering polymers
have gained acceptance for use as matrices in advanced polymer
composites for aerospace structural applications, including mili-
tary aircraft and missiles [39, 66]. Recent applications of reinforced
polymers in aircraft propulsion systems have resulted in substan-
tial reductions in both engine weight and manufacturing costs.
Unfortunately, the low thermal-oxidation stability of these mate-
rials severely limits the extent of their application. Commercially
available state-of-the-art high-temperature fiber-reinforced poly-
mers, such as graphite fiber /PMR-15 polyimide, can be used at tem-
peratures between 290 and 345°C. Continued improvements in the
stability of polymer matrices coupled with improvements in poly-
mer/ fiber interfaces, composite processing, and oxidation-resistant
coatings will yield fiber-reinforced polymers for use at high tem-
peratures. A major effort underway in this area is the development
of high-temperature fiber-reinforced polymers to 425°C.

Poly(1,3,4-oxadiazole)s have been the focus of considerable inter-
est with regard to the production of high-performance materi-
als, particularly owing to their high thermal stability [39]. In-situ
polymerizations of sulfonated polyoxadiazole through a polycon-
densation reaction of hydrazine sulphate and aromatic dicarboxylic
acid monomers with carbon nanotubes (CNTs) in poly(phosphoric
acid) were recently successfully performed [67]. Against what
could be expected taking into account that polycondensation reac-
tions could be draw backed in the presence of CNTs, which could
act as an “impurity”, innumerous works have shown that polymer
composites can be successfully in-situ polymerized with CNTs [68-
71]. High molecular weights in the order of magnitude of 10° g/mol
with polydispersity around 2 for the CNT-based composites were
obtained.

The composites show electrical conductivity in the order of
magnitude 10 S m™, indicating that they can be used as antistatic
materials and at temperatures as high as 470°C [67]. The sulfonated
polyoxadiazole itself is a semiconductor material with an electrical
conductivity of 2.3 x107 S m™ [67], higher than insulating polymers
with the order of magnitude in the range 1010 Sm [72-74]. The
semiconductor behavior of the sulfonated polyoxadiazole samples
is a consequence of the conjugated and aromatic character of the
polyoxadiazole chains as well as of the sulfonation level once the
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introduction of sulfonic acid groups and the consequent presence
of mobile metal counter-ions might increase the electron transport
[75]. Therefore, the electrical conductivity of the sulfonated poly-
oxadiazole samples depends not only on the content of CNT in the
composite but also on the content of sulfonic acid groups acting as
a self doping agent.

Thermal degradation behavior of polyoxadiazole composites
was analyzed by TGA and the results are shown in Table 2.4. CNT-
based polyoxadiazole composites exhibits excellent thermal stabil-
ity, showing 5% weight loss (T ) in the range of 465-472°C with
residue at 700°C in the range of 57-63%.

High storage modulus values up to 3.6 GPa at 300°C were
obtained for composite films with similar T_ (tan 8 around 430°C)
of the pristine sulfonated polyoxadiazole, exhibiting 44% incre-
ment compared with the polymer. The T, values of the composites
are affected both by the sulfonation level as well as by the CNT
content. These composites exhibit 44% increment in the storage
modulus compared with the pristine sulfonated polyoxadiazole.
The significant improvement in the storage modulus can be attrib-
uted to the high performance and well dispersion of CNTs in the
sulfonated polyoxadiazole matrix. SEM images show a uniform
distribution of CNTs in the sulfonated polyoxadiazole matrix,
indicating that the CNTs are well dispersed in the composites
(Figure 2.14).

Lim etal. [38] have proposed bow-type SWCNTs based on
dot-like structures observed by AFM top-view images with dot
diameter of 20-30 nm and 7-8 nm in height. Figure 2.15 shows AFM
images of the sulfonated polyoxadiazole nanocomposite film sur-
faces containing 1 wt.% of CNT. The particles shown in the images
are 20-60 nm in width and 9-11 nm in height. Similarly, Phang et al.
[76] have also observed CNT composites with dot-like structures
by AFM with diameter of 25-66 nm.

The development of high-performance polymers has been a
demand from the aerospace industries seeking for new materials.
Particularly polyoxadiazoles have a great potential as structural
material because of their superior mechanical and thermal prop-
erties. With proper control of synthesis, it has been shown that
polyoxadiazoles with molecular weight in the order of magnitude
of 10° g/mol and with excellent reproducible tensile properties
(tensile strength up to 200 MPa, elastic modulus around 4 GPa
and elongation at break in the range 40-60%) can be obtained.
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Figure 2.14 SEM image of polyoxadiazole composite containing 1 wt.% CNT.

0 1.00 um g 1. 00 pm

Figure 2.15 AFM images of the sulfonated polyoxadiazole nanocomposite film
surfaces containing 1 wt.% CNT. (Left) Tapping mode AFM topography. (Right)
Phase mode AFM image of the same area.

Due to their outstanding thermal stability, i.e. degradation tem-
peratures about 500°C and glass transition temperatures up to
442°C and high chemical stability, polyoxadiazoles have a great
potential for engineering applications requiring thermally and
chemically resistant polymers.
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Abstract

Conjugated polymers based on benzol[1,2-b:4,5-b’]dithiophene (BDT) are
one of the most important classes of polymers for applications in organic
electronics. The BDT monomer has a rigid, planar and symmetric struc-
ture, which imparts a few unique features to BDT based polymers. The
spectral and electronic properties of the BDT based polymers, such as
highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels, as well as the band gaps, can
be tuned by the copolymerization of the BDT unit with different chromo-
phores (co-monomers) or through the attachment of substituents or even
side chains. In this chapter, we summarized the synthetic methods of BDT
monomers and BDT based polymers. A few unique features of BDT based
polymers were discussed, including planar polymer backbone, high crys-
tallinity and high mobility. All these have contributed to the tremendous
development in BDT based materials for applications in organic electron-
ics over the past decade.

Keywords: Conjugated polymers, polymer solar cells, organic field effect
transistors, molecular orbital

3.1 Introduction

Conjugated polymers based on benzo[1,2-b:4,5-b']dithiophene
(BDT) are one of the most important classes of polymers for
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applications in organic electronics (Scheme 3.1). The BDT mono-
mer has a rigid, planar and symmetric structure, which imparts
a few unique features to BDT based polymers, such as a planar
polymer backbone, high crystallinity and high mobility. The spec-
tral and electronic properties of the BDT based polymers, such as
highest occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) energy levels, as well as the band
gaps, can be tuned by the copolymerization of the BDT unit with
different chromophores (co-monomers) or through the attachment
of substituents or even side chains. These unique features enable
wide-spread usage of BDT based conjugated polymers in organic
electronics, especially in organic field effect transistors (OFET) [1, 2]
and polymer solar cells (PSC) [3-5]. For example, BDT based poly-
mers have been demonstrated with OFET mobility up to 0.4 cm?/
(V-s) [6] and power conversion efficiency over 7%, [7-10] which
are among the highest mobility and efficiency in OFET and PSC
fields, respectively. The first half of this chapter will be focused on
the syntheses of monomers and polymers. We will first summarize
the synthetic methods for the BDT monomer, followed by a dis-
cussion of advantages and drawbacks of different polymerization
methods used to prepare BDT based polymers. The second half of
this chapter is dedicated to the applications of BDT based polymers
for OFET and PSC. We will first introduce basic concepts of OFET
and PSC, and then further elaborate the development of the BDT
based polymers for OFET and PSC applications with a focus on the
design strategies.

3.2 General Synthetic Methods for BDT
Monomers and Polymers

The first synthesis of BDT molecule was reported in as early
as 1971 [11]. However, the early synthetic approach was rather

R

S
P 4 Chromophore

w

R= H, alkyl chain or alkoxy chain

Scheme 3.1 General structures of benzo[1,2-b:4,5-b’1dithiophe (BDT) unit (left)
and BDT based copolymers (right).
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lengthy and accompanied with low yields. In 1986, Beimling et al.
summarized several improved synthetic routes of preparing BDT
monomers [12]. The polymers based on BDT monomers emerged
much later, with the first soluble BDT based polymers with high
molecular weight synthesized by Yamamoto et al. in 2002. The same
authors also studied the electronic and stacking properties at solid
state of these materials [13-15]. The following decade witnessed
different polymerization methods applied to achieve numerous
BDT based copolymers with different chromophores.

3.2.1 Synthesis of BDT Monomers

The report in 1971 by MacDowell and Wisowaty on the synthesis
of BDT unit started from thiophene derivatives [11, 16], which was
further improved by Beimling et al. in 1986 (Scheme 3.2) [12, 17].
Instead of using 3-thiophenecarboxaldehyde and 2,3-dibromothio-
phene as starting materials in the original report, the improved
method started with only 3-bromothiophene. It was first converted
to 3-bromothiophene-2-carbaldehyde, which was then treated with
3-thienyllithium to afford compound 1. The newly formed hydroxy!
group was reduced off to afford compound 2. The bromine on the
3 position of compound 2 was lithiated and quenched by N,N-
dimethylformamide (DMF) to yield compound 3, which under-
went a cyclization in 48% hydrobromic acid solution to complete
the synthesis of BDT monomer 4 with high yield.

However, the aforementioned syntheses not only require thio-
phene derivatives as key starting materials, also are rather lengthy

Li

/ OH
S LOATHE OC S+ _cHo (s—\j s
\ — \ @ LAH, AIC,
ormylpiperidine —-70°C
Br 97% Br 69% Br sg:zr

S ) S
\ 7\ n-BuLllEther,—70C; \ i N\ HBr, Reﬂux
Br o) DMF HO °S 87%
49%
3

2

Scheme 3.2 Synthetic route of BDT monomer 4.
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with low overall yield of the BDT monomer. An significantly
improved synthesis was reported by Takimiya and coworkers [18],
which started with a readily prepared benzene derivative 5. The
intermediate 6 with sulfur anion was generated by halogen-lithium
exchange and quenching with sulfur (Scheme 3.3). A final intra-
molecular cyclization reaction formed BDT core 7 with a reason-
able yield. In addition, this method is particularly useful to make
benzol[1,2-b:4,5-b"]dichalcogenophenes because of the limited avail-
ability of selenophene and tellurophene derivatives (Scheme 3.3).

The rigidity and planarity of the BDT unit usually helps its poly-
mers exhibit enhanced interchain packing. However, this strong
stacking — though desirable for applications such as OFET and
PSC - often introduce concomitant issues such as limited solubility
and low molecular weight of BDT based polymers [19]. One popu-
lar and very effective solution is to attach solubilizing side chains
onto the center benzo unit. BDT units with side chains are usually
made from benzol1,2-b:4,5-b’]dithiophene-4,8-dione (10), whose
synthesis was first reported by Gierer et al. and later improved
by Yang and coworkers [20, 21]. As shown in Scheme 3.4, N,N-
diethylthiophene-3-carboxamide (9) was first prepared from acyl
chloride and diethylamine almost quantitatively (95% yield), and
compound 10 was obtained by compound 9 reacting with n-buyl-
lithum with a yield of 75%.

Compound 10 serves as a key intermediate towards any further
functionalization of the center benzo unit. For example, BDT unit
with alkoxy side chains (11) was prepared from dione 10 through
the reduction with zinc dust in aqueous sodium hydroxide solution
followed by the alkoxylation with alkyl bromide or alkyl toluene-
sulfonate [12, 21]. The synthesis of alkylated BDT unit 13 was first
reported by Ong et al. (Scheme 3.4¢). In their approach, reacting

T™S ™S
Br Y t-Buli N A EtOH
—._’ _ .—.—’
Z Br Sg & S
T™S
T™S 5 6
[ Y X
s )-ms AR, ({;@:} g;@:/)
7 8 X:SeorTe

Scheme 3.3 Synthetic route of BDT monomer 8.
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Scheme 3.4 Synthesis of BDT monomers with various side chains.

alkynylmagnesium chloride or alkynyllithum with dione 10 fol-
lowed by a reduction with SnCl, under acidic conditions afforded
dialkynyl-substituted intermediate 12. Dialkylated BDT unit 13
was then prepared readily from Pd catalyzed hydrogenation of
12 with hydrogen gas [22]. With a similar methodology, Yang et al.
reported the synthesis of BDT unit bearing alkylated thiophene as
side chains (Scheme 3.4d) [23]. Instead of acetylene, alkylated thio-
phene derivatives were first lithiated and then reacted with dione
10. The BDT unit with alkyl thiophene side groups 14 was then
isolated in 44% yield.

3.2.2 Polymerization Methods of Polymers
Incorporating BDT Unit

Two main polymerization methods have been employed dispro-
portionally towards the synthesis of these BDT based copolymers.



54 HicH PERFORMANCE POLYMERS AND ENGINEERING PLASTICS

Oxidative coupling: A few simple BDT copolymers were prepared
by oxidative coupling of the monomers with iron(Ill) chloride
[17, 24, 25]. As exemplified in Scheme 3.5, a homopolymer would be
obtained if only one type of monomer were used, whereas employ-
ing two different monomers would lead to a random copolymer.

The disadvantages of this method include: (a) the degree of
polymerization is usually low; (b) a high level of defects along poly-
mer backbones due to coupling reactions occurring at positions
other than 2-position of thiophenes; (c) oxidative polymerization
with ferric chloride can result in doping the polymer by residual
catalyst [26, 27]. This inevitable doping, which changes electronic
properties of semiconducting polymers, is detrimental to the appli-
cation of polymers as semiconductors in FET and solar cells. As a
result, this method is much less favored in preparing polymers for
organic electronics.

Transition metal catalyzed coupling polymerization: The most popu-
lar method for the synthesis of BDT based conjugated polymers
takes advantage of the well-developed transition-metal mediated
coupling reactions, featuring mild reaction conditions, remarkable
functional group tolerance and high yields (Scheme 3.6).

Stille coupling polycondensations have been used in the syn-
thesis of most BDT based copolymers [28-32]). Monomers for Stille
coupling polymerizations are relatively stable and usually remain
as solids at room temperature, a feature that allows easy purifica-
tions of the monomers (e.g., via recrystallization). These ultra-pure
monomers of solid state are beneficial in achieving an accurate stoi-
chiometry of the two constituting monomers, a general requirement
to obtain high molecular weights via polycondensations. The major
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Scheme 3.5 Oxidative coupling polymerization.
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Scheme 3.6 Transition metal catalyzed coupling polymerization.

drawback of Stille coupling reaction resides in the use of toxic trialkyl
tin chloride during the monomer preparation. Compared with the
Stille coupling, Suzuki coupling is a greener alternative [23], because
organo-boron compounds are usually non-toxic, environmentally-
friendly and insensitive to moisture. However, it is relatively dif-
ficult to control the stoichiometry of the two co-monomers for the
polymerization, due to the well-known problems in purifying the
monomers containing boronic acids. Finally, Yamamoto-type poly-
condensation has also been used to prepare BDT based copolymers
[14]. Though this method is experimentally simpler than Suzuki/
Stille couplings, the rather expensive nickel(0) reagent must be used
stoichiometrically. In addition, the scope of monomers polymeriz-
able via the Yamamoto-type polycondensation is rather limited.

Although transition metal-mediated coupling reactions have
received great successes in the syntheses of conjugated polymers,
there are still a few outstanding issues. First, it is generally difficult
to completely remove residual metal particles formed during the
polymerization and trapped within conjugated polymers. Common
practices such as extraction of polymers by soxhlet extraction and/
or purification by passing the polymer solution through a silica gel
column can remove most of the metal particles. However, for the
application in organic electronics, even a very low level of metal
residue could be catastrophic. Complete removal of those residual
metal particles usually requires the addition of chelating reagents,
followed by precipitation and soxhlet extraction to remove chelat-
ing reagents [33]. Second, monomers containing functional groups
that can bind to the metal catalysts cannot undergo transition-metal
mediated coupling methods to achieve polymers of high molecular
weights: usually no polymerization or oligomers of low molecular
weights would be obtained instead.
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Microwave assisted coupling reactions have been developed to
significantly accelerate the reaction time and suppress side reac-
tion, mainly because of the direct transfer of energy to reactants.
Similarly, in microwave assisted polymerizations, polymers can
be prepared with much shorter reaction time with high purity.
In addition, polymers with ultra-high molecular weight and low
polydispersity can be accomplished through this method. Since
polymers with high molecular weight, and low defect level usually
exhibit enhanced performance in organic electronics, microwave
assisted transition metal-mediated polycondensation is increas-
ingly adopted in synthesizing high performance conjugated poly-
mers [9, 10, 34].

3.3 Application of BDT-Based Polymers in OFET
and PSC

Organic semiconductors have been widely applied as active mate-
rials for organic light emitting diode (OLED), organic thin film tran-
sistors (OFET) and organic solar cells (OSC) [35]. Compared with
small organic molecules such as rubrene or pentacene, polymeric
materials offer notable advantages such as tunable electro-optical
properties, solution processability, and excellent mechanical prop-
erties. In addition, BDT based polymers usually have planar poly-
mer backbones, strong polymer chain interactions and the further
tunability of material properties — including solubility, opto-electric
and photophysical properties — by different functional groups and
side chains. Therefore BDT based polymers have attracted signifi-
cant amount of attention in OFET and PSC fields. In this section,
we will first introduce basic concepts of OFET and PSC and then
focus on the design strategy and development of the BDT based
polymers tailored for OFET and PSC applications.

3.3.1 Introduction of OFET

As a low-cost alternative to traditional inorganic semiconductors
based transistors, organic field effect transistors are ideally posi-
tioned for applications such as radio frequency ID tags, sensors,
and smart banknotes [36-40]. An archetypical structure of a bot-
tom-gate top-contact OFET is shown in Scheme 3.7a. Other device
architectures have also been employed depending on the relative
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Scheme 3.7 a) a typical structure of bottom-gate top-contact OFET; b) bottom-
gate top-contact; ¢) bottom-gate bottom-contact; d) top-gate bottom-contact;
e) top-gate top-contact.

position of the contacts to the dielectric/semiconductor layers
(Scheme 3.7¢-3.7e) [2]. A typical OFET device includes three elec-
trodes (source, drain and gate), a gate dielectric layer, and a poly-
mer semiconductor layer. Desirable properties of OFET devices
include a high field-effect mobility (1), a large current on/off ratio
/1) and a low threshold voltage (V).

In general, polymer based FETs exhibit much smaller hole mobil-
ity than that of small molecules based OFET devices (esp. single
crystals OFET devices). However, a few unique advantages exist
for using polymeric materials. First, polymeric materials are gener-
ally soluble in appropriate organic solvents to form polymer “inks”
with large viscosity. This allows easy and cheap processing of poly-
mers into smooth and uniform films by spin-coating, doctor-blad-
ing or other printing techniques, which are adaptable to roll-to-roll
fabrication on large flexible substrates. Second, polymer crystalline
domains are typically much smaller than the length scale of organic
electronic devices and randomly oriented. These result in less vari-
ability of device performance and an isotropic charge transport char-
acteristic, which is especially important for real world applications.

With the increasing demand for polymer based FETs of higher
performance, the search for newer and better polymeric materials
— the core part of polymer FETs — has accelerated. In addition to
the desired high mobility, a few other criteria have emerged from
the perspective of the manufacturing [41-45], including (a) good
solution processability especially on flexible polymer substrates,
(b) short time or no annealing to enable high-speed mass production
of OFET, (¢) high operational stability under ambient conditions
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without a costly protective barrier layer, (d) ability to self-organize
into a higher structural order to achieve high charge-carrier mobili-
ties, and (e) facile and economically feasible syntheses which can be
scaled up for mass production.

3.3.2 BDT Based Polymers in OFET Application

The first application of BDT based polymers in OFET was reported
by Ong et al. in 2006 [22]. At that time, only a few polymeric semi-
conductors offered OFET mobility over 0.01 cm?/(V:s). The highest
mobility of 0.1 cm?/(V-s) was obtained by regioregular poly(3-hexyl-
thiophene) (P3HT) [46]. However, the mobility of P3HT is signifi-
cantly affected by the structure (the higher the regioregularity of
P3HT, the higher the mobility [47]) and the operational condition/
air stability (e.g., measured under ambient conditions leads to much
lower mobility than in inert atmosphere [48]). The homopolymer of
BDT unit (P1) was therefore synthesized [22] as an attempt to solve the
regioregularity and stability issues obsessing P3HT [23]. Compared
with asymmetric 3-hexylthiophene, the repeating unit of P3HT, the
BDT unit features a C,, symmetry, thereby eliminating any poten-
tial regio-irregularity. In addition, BDT unit has elevated oxidation
stability ascribed to the center benzo unit fused into the bithiophene
unit. This center benzo unit also offers two positions for anchoring
solubilizing chains with a minimum impact on the planarity of the
conjugated backbone and promoting stacking of polymer chains at
the solid state. Although a low molecular weight of 2.1 kg/mol was
obtained for such a homopolymer even with two dodecyl side chains
per repeating unit, a good hole mobility of 0.012 cm?/(V-s) was still
observed in Ong’s report [22]. Indeed, XRD study indicated a high
crystallinity of P1 and a high molecular order in the solution-cast
thin film. Additionally, the stability of P1 was much improved from
P3HT with the decomposition temperature around 450°C.

Further improvement was achieved from copolymerizations of
BDT unit with more thiophene unit (P2 in Figure 3.1) [24]. The incor-
poration of two thienyl units in between the BDT monomer units of
P1 extended the effective n-conjugation and widened the spacing of
pendant alkyl side chains along the polymer backbone. Thus polymer
chain packing and molecular ordering through intermolecular inter-
digitation were much improved [44, 49]. In addition, a short methyl
group on the 4 position of thiophene was used to ensure regioselective
polymerization on C-5 via the oxidative polymerization. Compared
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Figure 3.1 Chemical structures of BDT based polymers as OFET materials.

with P1, P2 with a high molecular weight of 16 kg/mol exhibited a
higher mobility of 0.15 cm?/(V's). It is worth noting that the post-
deposition thermal annealing — a process required for P3HT based
OFET devices to reach higher mobility — was not needed for OFET
devices based on P2. This annealing-free feature of P2 is extremely
attractive to the mass production of OFET devices.

Shortly after the successful introduction of P2, several groups
performed detailed studies on the positions and lengths of side
chains on the thiophene-BDT-thiophene backbone in order to fine-
tune polymer properties. P3 with no side chains on BDT unit and
long dodecyl groups on thiophene unit was reported by Kwon and
coworkers [17], attempting to enhance stability and film orderness.
However, the oxidative polymerization resulted in crosslinking
of polymer chains. This was attributed to the oxidative coupling
of other active sites in the monomer, such as the benzene ring or
4-position of the thiophenes. This ill-defined polymer structure
failed to achieve an effective packing of polymer chains and an
efficient charge transport. As a result, a very low mobility (on the
order of 107 ecm?/(V-s)) was obtained. However, when the same
polymer was synthesized using the Stille coupling polymeriza-
tion to overcome the problems caused by oxidative polymeriza-
tion [50], a number-average molecular weight over 20 kg/mol was
reported and the hole mobility was enhanced by a factor of 100.
The impact of the length of side chains on material performance
was investigated further with polymers with longer alkyl chains
on thiophene units (P4 and P5). It was observed that polymers with
shorter chains exhibited higher hole mobility. The authors argued
that the longer the side chain, the larger the influence of the insu-
lating side chains on film formation and on film morphology at
interfaces where the charge transport occurs. In the meantime, a
strong molecular weight dependent of the OFET performance was
also discovered for BDT based polymers [50]. Different molecu-
lar weight fractions were separated by the soxhlet extraction and
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characterized. In general, the mobility of high molecular weight
polymers was one order of magnitude higher than that of lower
molecular weight polymers, though both with identical conjugated
backbone.

P6 with alkyl chains evenly distributed along the polymer back-
bone was synthesized by Ong et al. using oxidative polymerization
[6]. Ahigh molecular weight of 16.3 kg/mol and a very high mobility
up to 0.4 cm?/(V-s) were successfully demonstrated. Furthermore,
Pé not only required no post-deposition thermal annealing, also
exhibited relatively stable performance over 30 days in ambient
environment at 20% relative humidity. Assisted by the Grazing-
incidence X-ray diffraction (GIXRD) measurement, the authors dis-
covered a well-organized lamellar layered structure of P6 thin films
which was oriented normal to the silicon substrate pre-modified
with octyltrichlorosilane (OTS-8) [51, 52].

All these above-mentioned polymers exhibited HOMO levels
around — 5.7 eV, which would increase the oxidation stability and
current on/off ratio of related OFET devices. However, such a low
HOMO energy level would also introduce a large barrier for hole
injection into conjugated polymer and large threshold voltages. To
achieve a better energetic match with the commonly employed Au
contact electrodes (work function of - 5.1 eV), the HOMO energy
level of conjugated polymers would need to be increased. In this
regard, electron donating alkoxy side chains would be a better
choice than alkyl chains. Additionally, oxygen atom can interact
with sulfur atoms in neighboring thiophene units and the smaller
van der Waals radius of oxygen atom over a methylene group
would also lead to a smaller steric hindrance. P7 was thus designed
and synthesized by the Stille coupling polymerization. Indeed,
the introduction of alkoxy side chains decreased the band gap by
0.18 eV and moved HOMO level up to — 5.1 eV. However, thermal
stability of P7 was largely decreased because alkoxy side chains are
thermally less stable than alkyl side chains [53]. The as-fabricated
OFET devices showed an ideal injection from gold electrodes into
the polymer, with a hole mobility of 2 x 10° cm?/(V-s) and an
on/off ratio over 10° achieved with annealing. Even with the
reduced thermal stability of P7, it is worth noting that the P7 based
OFET devices showed no significant degradation over 5 weeks.

BDT isomers and related polymers have recently been developed
by Miillen and co-workers [41, 42]. Depending upon the geometrical
arrangement of the thiophene units and the benzo unit in the fused
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BDT monomer, a varying degree of curvature could be introduced
into the polymer backbone, as exemplified by the five isomeric
polymers shown in Figure 3.2. The monomer angle is defined by the
angle introduced by the benzodithiophene unit with two flanking
thiophene units. From P3 to P11, as the monomer angle decreased,
both amplitudes and wavelengths of the sine-shaped contour lines
increased. (Table 3.1) Their study showed that the optical band gap

Figure 3.2 Chemical structures of P3 and its analogs with different geometric
arrangements.

Table 3.1 Geometry of polymers {41].

Polymer | Monomer Backbone Amplitude | Wave
Angle Length
P3 180° 0.14 nm |1.47 nm
P8 169° |y 029nm |2.82nm
P9 127° 031nm |[2.83nm
P10 113° 059 nm |[2.75nm
ri1 106° 0.88nm [2.32nm
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increased with increasing curvature from P3, P9 to P11, probably
because of a reduced effective conjugation length of the polymers.
Similar band gap increase was observed for P8 and P10, where
the sulfur atoms arranged meta to the benzene unit also resulted
in a less effective conjugation. XRD study showed the film order-
ing in bulk was suppressed with increased curvature, however, the
n-stacking distance was unaffected. Additionally, the mobility did
not show strong correlation with the polymer backbone curvature.

3.3.3 Introduction of PSC

Polymer solar cells (PSC) have attracted significant research atten-
tion, due to their unique features including low-cost, flexibility,
solution processability and light weight. As a rather young research
field — less than 20 years since the first discovery of the efficient
and rapid charge transfer between conjugated polymers and
fullerenes (54, 55], polymer solar cells have witnessed significant
improvements in both device performances and the understanding
of the underlying physical mechanisms. With the state-of-the-art
efficiency already over 8% [56, 57] and newer and better materi-
als emerging in an accelerated speed, the realization of commercial
applications of polymer solar cells appears extremely promising.

The single most important performance parameter of a solar cell
is the power conversion efficiency (PCE or 1), which is related with
the open circuit voltage (V ), short circuit current (J ) and fill factor
(FF) through equation (1). All of those parameters can be extracted
from the J-V curves under the 1 sun condition (100 mW /cm?, simu-
lated AM1.5 solar illumination) (Scheme 3.8). The PCE is calculated
by the following equation:

PCE = V.. xJ.. X FF @
In
And FF is defined as:
V. X
FF = _™PP ]mpp ?)
VOC X ]SC

WhereV___and ] _are the voltage and current at the maximum
. TP, m .
power point in the ]-{7 curve, respectively (Scheme 3.9).
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Schemte 3.8 Schematic illustration of the structure of a typical bulk
heterojunction polymer solar cell device.
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Scheme 3.9 An illustration of current density-voltage (J-V) curve of a polymer
solar cell (left) and energy levels of “ideal polymer” and PCBM (right).

To date, the most successful method to construct the active layer
of a polymer solar cell is to blend a photoactive polymer and an
electron acceptor in a bulk-heterojunction (BHJ) configuration to
maximize the interfacial contact and surface area (Scheme 3.8).
Typical acceptors are generally soluble fullerene derivatives such
as PC,BM, which does not absorb light efficiently. Therefore,
the conjugated polymer of the active layer not only serves as the
main absorber to solar photon flux, also must transport the holes
effectively. Design and synthesis of high performance conjugated
polymers to optimize these two functions is, therefore, of great
importance.

Specifically, to improve the power conversion efficiency of poly-
mer-based BHJ photovoltaic cells, one has to carefully address the
following three issues:

a. Open circuit voltage (V_). V__is correlated with the
energy difference between the HOMO energy level
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of the donor polymer and the LUMO of the acceptor.
Therefore, the HOMO and LUMO energy levels of the
donor and acceptor components need to have an opti-
mal offset to maximize the attainable V_. Furthermore,
it is estimated that a minimum energy difference of 0.3
eV between the LUMO of the donor and that of the
acceptor is required to facilitate exciton splitting and
charge dissociation. Since the most successful accep-
tor material PC, BM has a LUMO energy level of — 4.2
eV, the lowest possible LUMO level of the donor poly-
mer would be near — 3.9 eV (Scheme 3.9). Generally,
the lower the HOMO level of the donor, the higher the
V.. however, a lower HOMO level would lead to an
increased band gap of the donor polymer and less effi-
cient light absorption.

b. Short circuit current (J ). The theoretical upper limit
for | of a polymer solar cell is set by the number of
excitons created during solar illumination. The absorp-
tion of the active layer should be compatible to the
solar spectrum to maximize exciton generation. Lower
band gap polymers absorb more light, which would
potentially increase the | ; however, lowering the band
gap would require an increase of the HOMO level of
the donor polymer (since the LUMO level of the donor
polymer cannot be lower than — 3.9 eV), which would
reduce the V_. Thus, an optimal band gap of 1.5 eV is
proposed to be a compromise between these two con-
tradictory factors [58, 59], which would thereby posi-
tion the HOMO of the “ideal” polymer around —-5.4 eV.

c. Fill factor (FF). The morphology of the active layer
governs the physical interaction between the donor
polymer and the acceptor. It should be optimized to
promote charge separation and favorable transport
of photogenerated charges, thereby maximizing the
attainable | _and FF.

To summarize, in order to exhibit high photovoltaic properties,
the “ideal” polymer should have (a) good solubility; (b) high molec-
ular weight; (c) HOMO level around - 5.4 eV; (d) a narrow band
gap around 1.5 eV; (e) a high hole mobility; and (f) an optimized
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active layer morphology [3, 58, 60]. Therefore, designing new
polymers with all these properties presents a daunting challenge to
the research community.

3.3.4 BDT Based Polymers for High performance
PSC

BDT based polymers have witnessed even more successes in organic
solar cells than in organic field effect transistors. In fact, more than
half of the high performance polymers for PSC with power conver-
sion efficiency over 6% incorporate the BDT unit as part of their
conjugated backbones [61].

There are several structural advantages associated with the BDT
unit. First, BDT has a large planar conjugated structure and eas-
ily forms strong s-n stacking, which can improve the mobility of
related conjugated polymers. For example, previous discussion
already showed that polymers based on BDT have exhibited a
hole mobility as high as 0.4 cm?/(V-s) [6]. Second, the benzo core
of BDT unit renders BDT a relatively electron-deficient unit (com-
pared with bithiophene or thiophene), which could lead to a low-
lying HOMO level for BDT based copolymers (and a higher V__ of
related BHJ solar cells) [62]. Third, it is well documented that the
band gap of conjugated polymers is very sensitive to the conju-
gated backbone twisting between repeating units. The smaller the
chain twist, the lower the band gap. Since the solubilizing chains
on the BDT based polymers can be anchored on the center benzo
unit which is flanked by the relatively small sized thiophene units,
the steric hindrance between BDT and other chromophores (co-
monomers) is very small, which leads to a more effective conju-
gation and thereby a smaller band gap. Finally, BDT unit can be
easily alkylated or alkoxylated. This allows not only additional
control on the HOMO energy level of BDT based conjugated
polymers, also fine-tuning these side chains (length and branch-
ing) of conjugated polymers to further optimize solar cell perfor-
mances [63].

Since the homopolymer of the BDT unit has a wide band gap,
[22, 57] incorporation of other chromophores (usually electron-
accepting moieties) as co-monomers is necessary to tune the band
gap and energy levels of the BDT based copolymers. These copo-
lymers of BDT with other chromophores can be readily prepared
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by the transition metal-mediated copolymerization as discussed
earlier (Section 3.2.2).

For example, Yang and coworkers have synthesized and charac-
terized a series of BDT based copolymers P12 to P19 [21](Figure 3.3).
Their study showed that the polymers P13, P14 and P15 with elec-
tron-rich chromophores such as ethylene, thiophene, and ethyl-
enedioxythiophene (EDOT) exhibited similar band gap in regard
to the homopolymer P12. However, when electron-deficient units
were employed, these D-A type copolymers exhibited noticeable
band gap reductions (P16-P19), which was ascribed to the internal
charge transfer (ICT) between these D-A units [64, 65]. The observed
smaller band gaps of P18 was mainly due to the elevated HOMO
level compared with that of the homopolymer of P12. This much
elevated HOMO level led to instability of the copolymer P18. On
the contrary, the benzolc][1,2,5]thiadiazole (BT) unit (P17) or the
benzo(c][1,2,5]selenadiazole (BSe) unit (P19) lowered the band gap
by mainly reducing the LUMO levels. These authors further studied
the photovoltaic properties of these polymers based BHJ devices.
The lower the HOMO levels of the copolymers, generally the higher
the V__ of the BHJ devices. But ] seemed independent of the band
gap of these polymers, which indicated the significant contribu-
tion of other factors in addition to energy levels and band gaps.
The highest efficiency of 1.6% was obtained from devices based on
P14:PC, BM.

Li et al. also studied the copolymer of BDT unit with a simple
vinylene linkage (P20) [66], which has an identical conjugated back-
bone as that of P13, but with different side chains (2-ethylhexyloxy

C,,H
C12H25\ A CiaHos_ 1272y
g S,
s S Y, 7 S S 4 n
4 n n
{'(/;(EE/# {_@fj:E/)_/‘% W s Y o
O. [N
O\Cmst R IS
P12

\C|2H25

P14 P15
P13: R= n-dodecyl

O Q P20: R= 2-ethy! hexy!
CH CaH
szst\ — C12H25\o s, 12 25‘0 12725 . N’SeN
Q N s N\ /N S s s M4
: ‘ " O
O~ % %;t;vﬁ’ M
N
OC,Hys \C12H25 M \cwszs
P19

\CIZHZS

P16 P17 P18

Figure 3.3 Structures of P12 to P20.
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on P20 vs. n-dodecyloxy on P13). With the help of PC_BM, which
has better light absorption than PC_BM, a PCE of 2.63% was
achieved in P20 based BH]J devices, over ten times higher than the
efficiency obtained by P13 based devices. This study underscores
the great influence of the side chain selection on photovoltaic prop-
erties of conjugated polymers.

Because BDT is generally regarded as an electron-rich “donor”,
a number of electron-deficient “acceptor” units have been
employed to construct the D-A copolymers with smaller band
gaps via the ICT. One such “acceptor” is the diketopyrrolopyrrole
(DPP) unit, which was polymerized with the BDT unit to offer
copolymers P21 through P23 in Figure 3.4. The DPP unit has an
extended conjugation which would lead to strong polymer chain-
chain interactions, in addition to its strong electron-withdrawing
ability offered by the electron-deficient lactam subunit. Therefore,
P21 synthesized by Yang et al. exhibited a small band gap of only
1.31 eV [67]. Its BH] devices fabricated with PC_ BM reached a
PCE of 2.53%. More recently, Patil and coworkers replaced these
thiophene units flanking DPP with benzene units, converting P21
into P22 [68]. A much larger band gap of 1.70 eV was observed
due to the steric hindrance introduced by the benzene unit with
adjacent BDT and DPP units. However, incorporating benzene
units effectively decreased the HOMO level of P22, leading to
a higher V__of 0.78 V in BHJ devices compared with that of P21
based devices. Unfortunately, the | was significantly lower,
which concluded a total PCE of 1.51% of its BHJ device with
PC,,BM as the acceptor.

Another excellent electron-accepting building block is the
newly developed thieno[3,4-c]pyrrole-4,6-dione (TPD) unit, which
was first incorporated in BDT copolymers by Leclerc et al. (P24
in Figure 3.5) [69]. When TPD is co-polymerized with BDT, the
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Figure 3.4 Structures of DPP containing polymers P21 to P23.
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Figure 3.5 (a) TPD containing polymers P24 to P28, (b) 2D grazing incidence
X-ray scattering (GIXS) patterns of films of P24, P27, and P28. (c) Out-of-plane
linecuts of GIXS. Inset: Schematic illustration of the face-on orientation of the
polymers with the backbone parallel to the substrate. The lamellar spacing and
the n-stacking distance are labeled d1 and d2, respectively [72].

resulting copolymer not only has a small band gap for a high J_,
also maintains a low HOMO energy level which is desirable to
increase the V. P24 exhibited a high number average molecular
weight of 13 kg/mol measured via GPC in trichlorobenzene (TCB)
running at 140°C. The UV-vis absorption spectrum of P24 in solu-
tion was very similar to that obtained in the solid state, indicat-
ing a similar rigid-rod conformation in both states. The HOMO
and LUMO energy levels determined by cyclic voltammetry were
- 5.56 eV and - 3.75 eV, respectively. Therefore, a high V__of 0.85
V was demonstrated in the solar cell device with PC, BM as the
acceptor. Along with a J_ of 9.81 mA/cm? and a fill factor (FF) of
0.66, a PCE of ~5.5% was obtained. It is particularly worth men-
tioning that Leclerc et al. obtained these impressive values from
devices with an active area of 1.0 cm? Achieving high efficiencies
on devices of large area is advantageous for real world application
of PSC, because efficiencies obtained on areas smaller than 0.2—0.3
cm? may become strongly substrate size-dependent, in addition to
the possible over-estimation of the ] due to a very small device
area. Similar polymers with identical conjugated backbone but
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having different solubilizing chains were independently reported
by Xie et al. and Jen et al. (P25 and P26). These polymers showed
similar band gaps and energy levels with those of P24. PCEs of
related BHJ devices with PC, BM varied from 3.42% to 4.79% after
some optimization [70, 71].

Realizing the important role of these side chains on the photo-
voltaic properties of conjugated polymers based solar cells, Fréchet
and coworkers carefully studied the impact of these side chains on
the TPD-BDT copolymer [72]. P24 and two other copolymers (P27
and P28) with different alkyl side chains on the TPD unit were syn-
thesized and PCEs between 4% and 6.8% were reported. It is also
worth noting that the photovoltaic properties of these polymers
were investigated with PC, BM as the acceptor. High boiling-point
additive 1,8-diiodooctane (DIO) was attempted to optimize the per-
formance [73-75]. Simply by modifying side chains on the TPD unit,
the PCE increased from 3.9% for BH] devices based on P27 with
an ethylhexyl side chain, to 5.4% for P28 with a dimethyloctyl side
chain, whereas the elimination of branching on the side chain of TPD
in P24 further enhanced PCE to 6.8%. The addition of DIO greatly
improved the performance of P27 and P28, but only observed slight
enhancement for P24. Further investigation of the active layers
by grazing incidence X-ray scattering (GIXS) (Figure 3.5) showed
that the use of high-boiling-point additives promoted the packing
of these polymers while avoiding excessive crystallization of the
fullerene. This optimized morphology was believed to account for
the large enhancement in the device performance of P27 and P28. In
addition, the (010) peak corresponding to the m-stacking of the poly-
mers was more prominent in the out-of-plane direction for all three
polymers, which suggests that most of the polymer backbones were
oriented parallel to the substrate (inset, Figure 3.5). This face-on ori-
entation is beneficial for charge transport in the PSC device, and
the effect would be further enhanced by reducing the n stacking
distance between polymer backbones (d, in Figure 3.5c). Therefore
by replacing the bulky ethylhexyl side chain on P24 with less bulky
dimethyloctyl and straight octyl chains on P27 and P28, the value
of d, decreased from 3.8A to 3.6A, which correlated well with the
increased | _ due to the improved charge transport.

An interesting electron-deficient heterocycle, pyrido[3,4-b]pyr-
azine (PP), was also copolymerized with BDT unit (P29) by Wei
et al.[76] (Figure 3.6). Compared with the quinoxaline in P16, the
extra electron-withdrawing nitrogen atom in the PP unit would
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Figure 3.6 Structures of copolymers P29 to P33.

render the PP more electron deficient. Thus the internal charge
transfer from BDT unit to PP unit would be stronger [77, 78], result-
ing the red-shift of the absorption and lower HOMO level of P29
relative to those of P16. Therefore, both of the | and V__ of P29
based devices fabricated with PC, BM were improved compared
with those of P16. And a total PCE of 1.2% was demonstrated. In
order to broaden the light absorption of the conjugated polymer
P29, the same authors attempted a random copolymer approach by
combining BDT, PP and thiophene units into the conjugated back-
bone (P30). This new polymer was able to absorb the solar spectrum
from the visible to the near infra-red region. As a result, improved
photocurrents were achieved with P30 based BHJ devices, leading
to an improved PCE of 2.35%.

Very recently, Liand co-workers reported several new BDT based
copolymers (P31 and P32) incorporating bithiazole (BTz) or thia-
zolothiazole (TzTz) [79] (Figure 3.6). Thiazole is a well-known elec-
tron-deficient unit because of the electron-withdrawing nitrogen in
the form of the imine (C = N). Conjugated polymers bearing BTz
or TzTz units have demonstrated high mobilities (hole or electron)
in OFET devices [80, 81]. Moreover, low HOMO energy levels were
observed for these polymers containing BTz or TzTz, which led to
relatively high voltages of 0.73 V and 0.77 V for BH]J devices based
on P31 and P32, respectively. However, P31 and P32 exhibited large
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band gaps around 2 eV, which limited the efficient absorption of
solar flux. Thus preliminary studies on photovoltaic devices of P31
and P32 only showed efficiencies over 2%. Interesting, when the
branched side chains of P32 were replaced with straight dodecyl
chains in P33 [82, 74], the PCE was improved to 2.72% with PC, BM.

Di-2-thienyl-2,1,3-benzothiadiazole (DTBT) has been widely
used as the acceptor unit to create “donor-acceptor” low band gap
polymers with high performance, due to a few structural features of
the DTBT. First, the two flanking thienyl units relieve the otherwise
possibly severe steric hindrance between adjacent units. Thus, the
synthesized donor-acceptor polymers would adopt a more planar
structure, thereby reducing the band gap. In addition, a more planar
conjugated backbone would facilitate the chain-chain interactions
among polymers, improving the charge carrier mobility. Second,
while the electron accepting BT unit maintains the low band gap,
the two electron rich, flanking thienyl units would help improve
the hole mobility. For example, Yang et al. recently demonstrated
efficiencies up to 5.66% for BHJ devices based on a copolymer
combining BDT with novel thienyl side chains and the DTBT unit
(P34) [23] (Figure 3.7). The thienyl side chains which are not copla-
nar with the BDT unit did not contribute to any possible polymer
backbone twist and a small band gap of 1.75 eV was still obtained.
The observed high V__of 0.92 V was attributed to the lower HOMO
level of the polymer and a larger nt-r interaction distance between
polymers caused by these thienyl side groups.

There is one catch with the incorporation of the DTBT unit: due to
the excellent stacking ability of the DTBT unit [60], DTBT based poly-
mers usually exhibit low molecular weights and limited solubility

P35:R=2-ethylhexyl R’=H R”= n-hexyi
P36:R= 2-ethylhexyl R'=H R’= n-hexyloxy
P37:R= 3-butyinonyl R'= n-hexy! R"= H
P38:R= 3-hexylundecyl R'=H R”=H

Figure 3.7 Structures of copolymers P34 to P38 based on DTBT acceptor unit.
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in organic solvents. Therefore, side chains are commonly anchored
on the DTBT unit to improve the solubility of related polymers.
Compared with the BDT-DTBT copolymer P38 with no solubilizing
chains on the DTBT, polymers of identical conjugated backbone but
with more side chains showed much higher molecular weights, as
reported by Yang et al. and You et al. [19, 83] (Figure 3.7). However,
the anchoring position of these extra side chains on the DTBT had a
significant impact on the band gaps and energy levels of these poly-
mers, as well as photovoltaic properties of related devices. When
alkyl chains on the DTBT unit were positioned close to the BT core
(P35), the polymer backbone was twisted at the linkage between
the thienyl and the BT, leading to a large band gap (1.85 eV) and
weak chain-chain interactions. Switching to electron-rich alkoxy
side chains yielded a lower band gap polymer P36 (E, = 1.55 eV),
but at the cost of an elevated HOMO level (4.8 eV). Only through
anchoring the alkyl chains on the 4% position of the thienyl units
(P37) could one simultaneously achieve the desired good solubility,
high molecular weight, small band gap and low HOMO level with
P37. Moreover, the enhanced solubility led to a better mixing of P37
with PC_BM to form a smooth active layer. A PCE of 4.31% was
thereby achieved for P37.

A few BDT based copolymers with DTBT derivatives were
recently explored by You and coworkers (Figure 3.8) [9, 10, 84].
In one study, a strong acceptor unit di-2-thienyl thiadiazolo[3,4-c]
pyridine (DTPyT) was synthesized by replacing the benzene unit
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Figure 3.8 Structures of copolymers P38 to P42 with DTBT derivatives.
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in the acceptor DTBT with a more electron-deficient pyridine unit
[84]. The resulting polymer (P39) showed lower LUMO level and
slightly reduced HOMO level than those of P38. More importantly,
the enhanced ICT between adjacent BDT unit and DTPyT unit led
to a smaller band gap of 1.51 eV of P39 compared with that of P38
(1.7 eV). With additional 2-ethyl hexyl chains on the DTPyT unit,
P39 also exhibited good solubility and ultra-high molecular weight
via microwave assisted Stille coupling polymerization. All these
contributed to a PCE over 6% observed in initial solar cell studies.

In another study, You et al. incorporated fluorine substitutions
on the BT unit and carefully studied the impact of the fluorine
substitution [9]. Fluorinated organic molecules exhibit a series of
unique features such as great thermal and oxidative stability [85],
elevated resistance to degradation [86], enhanced hydrophobicity
and high lipophobicity in perfluorinated substances [87]. In addi-
tion, these fluorine atoms often have a great influence on inter- and
intramolecular interactions via C-F--H, F---S and C-F--x interac-
tions [86, 88]. Therefore fluorinated benzothiadiazole (ffBT) was
developed as a novel structural unit for high performance solar cell
materials [9]. Interesting, the difluorinated polymer (P40) showed
decreased HOMO and LUMO levels and a similar band gap when
compared with its non-fluorinated analog (P38). Preliminary tests
on P40 BHJ device demonstrated both increased V _(0.91 V) and J_
(12.9 mA /cm?). With an also enhanced fill factor of 0.61, an impres-
sive PCE of 7.2% was thus obtained without special treatments.

In another related study, BDT based copolymers with di-2-thie-
nyl-2,1,3-triazole (TAZ) (P41) or its difluorinated derivative (P42)
as the acceptor unit were synthesized {10]. Both of the polymers
exhibited medium band gaps of 2.0 eV compared with that of the
DTBT based polymer (P38). This is because that the lone pair on
the nitrogen atom of the triazole unit is more basic than the lone
pairs on the sulfur of the benzothiadiazole and is thereby more
easily donated into the triazole ring, making it more electron-
rich compared with the original benzothiadiazole. Thus the ICT
between BDT unit and TAZ unit would be reduced, leading to
the observed wider band gap. Surprisingly, in spite of a medium
band gap of ~2.0 eV, the currents of both polymers were larger than
10 mA/cm? which can be explained by ultra-high molecular
weights and large hole mobilities of both polymers. A PCE of 4.3%
was reported for P41 based photovoltaic devices with PC, BM as
the acceptor. More interesting results came from the di-fluorinated
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P42. The application of the two fluorine atoms had a minimal effect
on the optical and electrochemical properties of the polymer, but
had a profound effect on the hole mobility of P42 and thus the
photovoltaic performance of its devices. BH] devices based on
P42 consistently showed a higher FF and J_ than those of devices
based on P41 at comparable thicknesses. A peak PCE of 7.1% was
obtained in BHJ devices of P42:PC BM without annealing and
additives. Remarkably, P42:PC,BM solar cells can still achieve
over 6% effciency even at an unprecedented thickness of 1 ym (of
the active layer), which makes P42 an excellent polymer for tan-
dem solar cells.

Besides copolymerizing electron-deficient chromophores to
construct “donor-acceptor” type low band gap polymers (since
BDT is electron-rich), BDT based copolymers of small band gaps
designed by the “quinoid” approach have also been investigated
and received significant successes [7, 8, 89-93]. Yu et al. first
reported such a polymer by alternating the thieno[3,4-b]thiophene
(TT) unit with the BDT unit in the conjugated backbone (P43) [89],
which had a very small band gap of 1.48 eV. Such a small band
gap was attributed to the unusual stability of the quinoid form of
the TT unit, which can be better understood through a schematic
comparison of the possible quinoid stabilization for both TT and
BT (Figure 3.9). In the quinoid structure of the TT unit, the five-
member ring on the top can form a stable thiophene unit, whereas
there is no such extra stability when the BT unit adopts the quin-
oid form. Therefore the TT unit would stabilize the quinoid struc-
ture far better that the BT unit, leading to a smaller band gap of
P43 compared with that of P17. A PCE of 5.6% was demonstrated
in devices fabricated from a 1:1.2 (by weight) blend of P43 and
PC, BM.

The relatively high HOMO level of the original BDT-TT poly-
mers resulted in a small V__ (0.58 V). In order to lower the HOMO
level and enhance the V__of BH]J devices, an electron-withdrawing

S, .S
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_ \ —_— v/
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Figure 3.9 Aromatic and quinoid forms of TT and BT units.
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P43: X;= H X,= H R=CgH,; R'= C,,H,5;  P45: X= H R= CgH,; R’= Cj;Hos

P44: X,= F X,= H R= R’= 2-ethylhexyl P46: X= F R= 2-ethylhexyl R'=n-C;H,s
P47: X,= H Xy= F R= R’= 2-ethylhexyl

P48: X;= F X,= F R= R’= 2-ethylhexyl

Figure 3.10 Structures of copolymers P43 to P48 containing TT or its derivatives.

fluorine atom was introduced onto the TT unit [90] (Figure 3.10).
By further fine-tuning the length and shape of side chains, PCE up
to 7.4% has been achieved in single layer photovoltaic devices of
P44 when PC_BM is used as the acceptor [7]. Grazing-incidence
wide-angle X-ray scattering studies showed the polymer chain was
stacked on the substrate in the face-on conformation which favors
charge transport [91, 94].

Alternatively, Li and coworkers replaced the electron-donat-
ing alkoxy group on the TT unit with the alkyl group (P45) [93]
(Figure 3.10). As expected, HOMO level of P45 was 0.2 eV lower
than that of P43, which was largely converted into the observed
0.12 V increase on the V__of BHJ devices based on P45 compared
with that of P43 based devices. The average PCE obtained from
more than 200 devices reached 6.3%. The subsequent introduction
of the fluorine onto the TT unit further lowered both HOMO and
LUMO levels. Therefore, P46 based devices exhibited efficiencies as
high as 7.7% by taking advantages of a low HOMO level and long
wavelength absorption [8].

Yu et al. further showed that the incorporation of the fluorine
on various positions of the polymer backbone significantly affected
the performance of related solar cells [92]. Depending upon which
hydrogen of the conjugated backbone was substituted with the flu-
orine, PCE of corresponding BH]J devices could vary from 2.3% to
7.2%. They also observed that fluorination of the BDT unit lowered
both the HOMO and LUMO levels of P47 but widened the band
gap. Further, perfluorination of the polymer backbone led to a poor
compatibility of P48 with the PC, BM molecule, thus poor solar
cell performance was observed. In addition, perfluorination of the
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polymer backbone resulted in poor photochemical stability against
singlet oxygen attack [92].

3.4 Outlook

In this chapter, we summarized the synthetic methods of BDT
monomers and BDT based polymers. A few unique features of BDT
based polymers were discussed, such as planar polymer backbone,
high crystallinity and high mobility. All these have contributed to
the tremendous development in BDT based materials for applica-
tions in organic electronics over the past decade. We believe more
and better materials incorporating BDT as the structural unit still
remain to be discovered.
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Polysulfone-Based Ionomers
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Abstract

This chapter is a review focussed on the development of ionomers based
on aromatic polysulfones for their application as Polymer Electrolyte
Membrane (PEM) in Proton Exchange Membrane Fuel Cells (PEMFC) or
in Direct Methanol Fuel Cells (DMFC). Different types of synthesis routes
have been discussed in this chapter in order to obtain ionomers based
on polysulfones with variation in structural designs. Special attention is
given to the impact of the structural design of the ionomer on various
properties such as membrane morphology, thermo-mechanical stability
and protonic conductivity of the membranes for their utilization as PEMs.

Keywords: Jonomers, fuel cells, membranes, polysulfones, sulfonation,
phosphonation, nano-structuration

4,1 Introduction

Polymer Electrolyte Membrane Fuel Cells (PEMFC) have attracted
considerable attention as candidates for alternative power sources
due to their high power density, good energy conversion efficiency,
and zero emissions levels [1-3]. Perfluorosulfonic acid (PFSA) based
polymers such as Nafion® (DuPont) are the most promising and
state-of-the-art Polymer Electrolyte Membranes (PEM) for PEMFC.
However, the PFSA polymers have several shortcomings which
limit their utility and performance, such as low proton conductiv-
ity at elevated temperatures (>80°C), high methanol crossover, high
gas diffusion, environmental incompatibility (poor recyclability),
and significant manufacturing costs [4-6]. Hence, finding an alter-
native is essential for the commercialization of PEMFC technology
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for energy production and consequently, a lot of effort has been put
to develop novel hydrocarbon PEMs based on aromatic polymers,
which have enough good physical properties and are inexpensive.

The cheapest alternative is sulfonated polystyrene [7, 8] but, due
to the high sensitivity of its benzylic sites to free-radicals and oxi-
dants, it cannot be used as a PEM.

Recently, the most widely investigated PEMs include sulfo-
nated derivatives of poly(arylene ether sulfone)s (SPSU), [9, 10]
poly-(arylene ether ether ketone)s (SPEEK), [11-13] poly(arylene
sulphide sulfone)s (SPSS), [14, 15] polyimides (SPD), [16, 17], poly-
phenylenes (PP) [18, 19], etc.

The PEM are usually based on thin ionomer (polymer func-
tionalised with acidic function) films. The main roles served by
membrane are to separate the electrodes, to allow proton transpor-
tation from anode to cathode and to create a barrier against the pas-
sage of gases or fluids (e.g. methanol). Nevertheless the ionomer
itself does not provide any appreciable conductivity and so must
be swollen by molecules, e.g. water, to ensure proton conductivity.
Water uptake by the membrane is therefore one of the most essen-
tial parameters in obtaining high conductivity levels.

The proton conductivity of ionomers is proportional to the IEC
(Ion Exchange Capacity) and it often increases abruptly at some
specific IEC in relation with the ionomer structure and percolation
limit [20-22]. Many ionomers show sufficiently high conductivities
only at highIECs and high IECs cause extensive water uptake above
a critical temperature and consequently a dramatic loss of mechani-
cal properties due to dimensional swelling is observed that renders
them unsuitable for practical PEM applications. The dimensional
stability and proton conductivity of aromatic ionomers are crucial
issues that require improvement through careful structural design.
These issues can be sorted out by fine-tuning several parameters
such as acidity, number and position of ionic groups, main-chain
and/or side chain structures, composition and sequence of hydro-
philic and hydrophobic components, and membrane morphology.

Among these, acidity of ionic groups and membrane morphol-
ogy appear to be crucial, and they are inter-related. Kreuer et al. [23]
reported that typical sulfonated aromatic polymers are unable to
form defined hydrophilic domains, as the rigid aromatic backbone
prevents the formation of continuous conducting channels. Thus,
various strategies have been pursued to obtain efficient ionic net-
works for enhancing the proton conductivity.
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Presently, there has been a lot of interest generated for the produc-
tion of polysulfones based ionomers for their utilization as polymer
electrolyte membrane in High Temperature-PEMFCs (HT-PEMFC)
due to their very high thermo-mechanical and chemical stability
which are required for HT-PEMFC application.

The polysulfone ionomers are obtained by chemical modifi-
cation of commercial polysulfone or by polymerization of ionic
monomers using step-growth polymerization. In order to enhance
their performance as a PEM, different approaches (enlisted below)
have been reported which will be discussed thoroughly in this
chapter.

1. One approach is to increase the acidity and the sta-
bility of acidic function by moving the acid function
from the ortho-to-ether position to the ortho-position
of a strongly electron-withdrawing units i.e. ortho-to-
sulfone position connecting the phenyl rings in the
case of polyether sulfone (UDEL).

2. Another approach is to induce distinct phase separa-
tion between the hydrophilic region containing acidic
ionic function and the hydrophobic region composed
of polymer main-chain by positioning the acid groups
on side chains grafted onto the polymer main-chain.
If the polymer structure consists of flexible pendant
side chains carrying ionic function moieties linked
to the polymer main-chain, nano-phase separation
between hydrophilic and hydrophobic domains might
be improved.

3. A third approach is to induce nano-phase separation
through block copolymer architecture, whereby acidic
ionic groups are concentrated in one of the blocks
along the polymer chain. In this regard, multiblock
acidic polymers were prepared with a promising mor-
phological structure by polycondensation.

4.2 Polysulfone Backbone and Selection of the
Ionic Function

The polysulfone are amorphous thermoplastics polymers possessing
unique high performance properties such as high thermal, chemical
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and mechanical stability, wide electrochemical stability window over
wide temperature range, self-extinguishing properties, transparency
and resistance to greases. From the chemical point of view, usually,
the polysulfones are the polymers containing aryl groups linked by
sulfonyl (-SO,-) and ether (-O-) groups (Scheme 4.1). The different seg-
ments in the structure of polysulfones impart different properties to
this polymer. The arylene ether segment and isopropylidene groups
are electron-donating and non-polar in nature and provides chain
flexibility. On the other hand, the arylene sulfone segment is strongly
electron-withdrawing and polar in nature and hence provides rigid-
ity to the polymer along with resistance to heat and oxidation.

These polymers have high glass-transition temperatures while
their solubility in usual organic solvents enabling chemical modifi-
cations, is an indisputable asset. Moreover, as contrary to other aro-
matic polymers such as polyetherketone, polyether ether ketone,
the polysulfone are fully amorphous; their mechanical strength
does not depend on crystallinity ratios and melting temperatures
which are very sensitive to the nature of chemical modifications
and to their extent.

Concerning polysulfone functionalised with acidic function, spe-
cial attention has to be paid to the selection of the anionic group
which must be both electrochemically stable and must provide high
proton conductivity. By definition, acidic solid-state ionomers, even
if swollen by water, have a cationic transport number T* equal to
1. As in any electrolyte the conductivity depends on the concentra-
tion of charge carriers and their mobility, the proton concentration is
proportional to the acid concentration and its dissociation in PEM.
In order to optimize the dissociation, the organic anions have to be
selected from among the conjugated bases of strong acids to super-
acids. The various acidic functions which can be easily attached to
the polysulfone backbone include carboxylic acid, alkyl, aryl or per-
fluoro sulfonic acid, phosphoric acid, perfluorosulfonyl imide acid.

o~ ) o e

RADEL;R= -
UDEL;R= C(CH),

Scheme 4.1 Widely studied commercially available polysulfones.
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The acidity and stability of carboxylic acid is not enough high for this
kind of application and therefore will not be discussed here. Among
the other acidic function, the sulfonic acid units have been by far
the acidic moiety of choice. This is due to the wide range of reac-
tants that are commercially available for sulfonation and also due
to their enough high acidity and stability. Another ionic function i.e.
phosphonic acid is largely described in the literature while any work
on the polysulfone functionalised with perfluorosulfonyl imide acid
has not been reported. The main advantage of phosphonic acid moi-
eties is the increased chemical and thermal stability in comparison
to sulfonic acid moieties [24, 25]. Also, they show greater ability to
retain water than sulfonic acid units [26] along with higher degree of
self-dissociation and hydrogen bonding [27], and this is crucial for
maintaining high conductivities at elevated temperatures.

4.3 Ionomer Synthesis and Characterization

In order to attach the acidic ionic function on the polysulfone main-
chain, two main approaches have been developed:

1. Chemical modification of commercially available polysulfones

Among the available commercial polysulfones, UDEL has been
largely reported in the literature. The advantage of this polymer is
its better solubility in organic solvents compared to other polysul-
fone (i.e. RADEL) which enables to use different reactions for the
chemical modification i.e. (i) electrophilic substitution which lead
to chloromethylation, halogenation, and sulfonation, (ii) nucleo-
philic substitution by use of lithiation chemistry.

Although this approach has been widely developed, there are
certain shortcomings of this approach as follows (i) the limitation
in chemical backbone structure, (ii) the random distribution of ionic
function (iii) the side reactions during the modification, i.e. sulfo-
nation may lead to main-chain breaking and reticulation (iv) the
reaction reproducibility.

2. Polymerisation of ionic monomers by step- growth polymerisation

This approach is complementary to chemical modification of
available commercial polysulfone and its main advantages include
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(i) a high diversity in the chemical structure of the backbone;
(ii) synthesis of hydrophobic-hydrophilic block copolymers that
allow separation between the mechanical and conduction proper-
ties and (iii) control of the polymer molecular weight.

4.3.1 Chemical Modification of Commercially
Available Polysulfones

The ionic function can be added by (i) electrophilic substitution in
ortho-to-ether position on arylene ether segment due to its elec-
tron-donating nature or by (ii) aromatic nucleophilic substitution in
ortho-to-sulfone position. Due to the electron withdrawing nature
of sulfony! link present in arylene sulfone segment, the acidic char-
acter of hydrogen atom present ortho-to-sulfone link is quite high
and hence, activated for nucleophilic substitution using lithiation
chemistry.

4.3.1.1 Acidic Ionic Function Attached Directly at
Ortho-to-Ether Position of the Polymer

By electrophilic substitution the sulfonic acid and phosphonic acid
groups were grafted on the backbone (Scheme 4.2 and Scheme 4.3).
It is well known that the acidity of phosphonic acids is lower than
that of sulfonic acids.

The electrophilic sulfonation of polysulfones can be achieved by
many ways such as by using fuming sulphuric acid or by trimeth-
ylsilyl chlorosulfonate [28, 29] or by chlorosulfonic acid [30, 31]
(shown in Scheme 4.2). Since trimethylsilyl chlorosulfonate is
milder in nature compared to chlorosulfonic acid, it is preferred
since the latter one requires proper attention and also leads to sig-
nificant chemical degradation of the polymer [32]. The degree of
sulfonation (DS) depends on the molar ratio of sulfonating agent
and polymer-repeating units. The membranes obtained form the
sulfonated polysulfone (IEC = 1.2 meq /g) show the conductivity in
the range of 1-10 S/cm at 100°C, 98% RH (relative humidity) [29].
But the membranes with high IEC value lose mechanical stability
due to extensive swelling at temperature above 80°C and the mem-
branes with [EC = 1.6 meq/g become water-soluble [33].

The electrophilic phosphonation of polysulfones is achieved
by a two-step reaction (i) bromination (ii) phosphonation of bro-
minated polymer. Brominated sites located ortho to ether linkage
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Scheme 4.2 Sulfonation of UDEL and RADEL.

can be selectively metalized in a second step reaction followed by
phosphonation [34] as shown in Scheme 4.3a. Though in order to
achieve monosubstitution of phosphoric acid unit and avoid cross-
linking, one has to select the reaction parameters (i.e. reactivity of
the nucleophile, nature of electrophile, solvent, reaction time and
temperature) carefully. A study by Allock et al. [35, 36] showed that
the phosphonating agents had to be added very quickly and a lot
more in excess to effectively quench all the lithiated sites and to sup-
press any coupling reaction between already grafted phosphonic
ester units and lithiated sites resulting in the displacement of the
phenoxy- or ethoxy- groups. Jannasch et al. [34] prepared the ortho-
to-ether phosphonated polysulfones as shown in Scheme 4.3(a)
with the phosphonation degree achieved up to 50% which was not
very high due to competing crosslinking side reaction. The phos-
phonated polysulfone showed very high thermal stability up to
350°C (and high T, as well) under nitrogen atmosphere but also
showed bad membrane forming properties which is possibly due
to the reduced mobility of the flexible ether segment of the polymer
due to substitution of phophonate unit at ortho-to-ether position in
the ether segment [34].
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Scheme 4.3 Phosphonation of polysulfones at ortho-to-ether position.

Thabit et al. [37] also proposed the utilization of chlormethylated
polysulfones for the preparation of phosphonic acid functionalized
polysulfones with high degree of phosphonation (Scheme 4.3(b)).
The reaction involved phosphonation of chloromethylated polysul-
fone by using Diethyl Carbitol (DEC) and Triethyl Phophite (TEP)
in N-Methyl-2- Pyrrolidone (NMP) as solvent followed by hydroly-
sis. The phosphonated PSU membrane obtained with a DP (Degree
of Phosphonation) of 0.4 and IEC = 0.9meq/g took up 18 wt% of
water under immersed conditions. The highly phosphonated mem-
brane with a DP of 1.5 and IEC = 3.8meq/g took up 52 wt% water.
The highest phosphonic acid content membrane with DP of 1.5
reached a conductivity of 12mS/cm at 100°C under fully hydrated
conditions. Furthermore, the synthesized membranes possessed
high thermal stability up to 252°C and low methanol permeability
compared to the sulfonic acid based ionomers such as Nafion which
is advantageous in case of operation of direct methanol fuel cell.

Although the sulfonic acid-based polysulfones show bet-
ter proton conductivity, they are highly susceptible to hydrolytic
desulfonation (i.e. loss of sulfonic acid unit through hydrolysis)
at elevated temperatures [39]. Hence, it is required to either find
a solution of this critical issue or develop phosphonic acid based
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membranes with improved architecture to enhance their water-
uptake and hence water-assisted conductivities.

4.3.1.2 lonic Function Attached Directly to Ortho-to-Sulfone
Position of the Polymer

Kerres et al. [38] reported that the sulfonation close to electron-
donating substituents (i.e. ortho-to-ether position) of the main
aromatic polymer chain is normally more easily activated for
hydrolytic desulfonation in acidic media compared to sulfonation
close to electron-withdrawing substituents (i.e. ortho-to-sulfone
position). An electrophilic route does not allow acidic ionic groups
to be located on the ortho-to-sulfone position in the arylene sulfone
segment where it should be, at least slightly, more dissociated than
an acidic ionic function located at the ortho-to-ether position in the
arylene ether segment.

The sulfonation at ortho-to-sulfone position involves three suc-
cessive steps, metalation—sulfination—oxidation as reported by
Kerres et al. [38] (Scheme 4.4).

The polymer lithiation is performed, under argon, by treatment
of THF solution of the polymer with highly concentrated n-butyl
lithium. Lithiation is followed by SO, addition which leads to an

OO OOl
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2.HM,0 1 NaOH
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Scheme 4.4 Sulfonation and phosphonation of polysulfone in ortho-to-sulfone
position.
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arylsulfinate, whose oxidation leads to the sulfonate. Although
highly sensitive to oxidants, lithium sulfinated polysulfone may
be used as nucleophilic agents. Thus, some of them may therefore
be used to insure the membrane crosslinking, while most of them
are converted into sulfonates [42]. The membrane with IEC = 1.15
showed T_ of 180°C and T, of 432°C in sodium form (the tempera-
ture at which polymer had lost 5% of its original weight was taken
as the degradation temperature T, using thermo-gravimetric analy-
sis) with water uptake of 22% at 25°C under immersed state and
60% at 80°C along with proton conductivity of 107’S/cm at 100°C.
Increase in IEC from 1.15 to 1.83 meq/g increased T  from 180°C
to 328°C (in sodium form) and water uptake from 239 to 77% at
room temperature but similar proton conductivity were reported
by Jannasch et al. [40]. The high uptake of water led to compromise
of mechanical properties due of high degree of swelling which is
explained very well by the SAXS measurements done by Kreuer
et al. [23]. The SAXS profiles of the main-chain sulfonated PSUs
showed much broader ionomer peaks shifted to higher q values, as
compared to the profile of Nafion®. This indicated a smaller cluster
separation, d =~ 25 A, with a significantly wider distribution. The
polymer main-chain is far less hydrophobic and the sulfonic acid
groups far less acidic than in Nafion®, leading to less regular phase
domains in the main-chain sulfonated PSU membranes.

Phosphonated PSU by nucleophilic substitution was reported by
Jannasch et al. [34] using directly metalation-phosphonation method
shown in Scheme 4.4(b) and these membranes showed even higher
thermal stability than membranes phosphonated at ortho-to-ether
position (up to 375°C) under nitrogen atmosphere. This may be
explained by both the lower phosphonation degree (around 45%)
and the stabilization effect because of the location of the phosphonic
acid units on the electron-poor segments of the polysulfone main-
chain. This membrane gained insignificant amount of water (<2%)
due to its high Tg value and low phosphonation degree, thereby
unable to reach high levels of water-assisted conductivities.

4.3.1.3 lonic Function Attached to Main-Chain Through Side
Chains

The studies on above mentioned directly sulfonated polysulfones in
context of PEMFC application show that these are water soluble at
high degree of sulfonation i.e. 0.8 sulfonic acid group per repeating
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unit (high degree of sulfonation required to ensure enough good
proton conductivity) and hence not having dimensional stabil-
ity required for the PEMFC application. This is explained on the
basis of the fact that there is very small spatial separation between
hydrophilic sulfonic acid groups and hydrophobic polymer main-
chain as the sulfonic acid groups are substituted directly on the
main-chain. So when the swelling pressure becomes too high, the
polymer loses morphology and hence mechanical stability. In order
to overcome this problem, there have been certain approaches in
the literature recently which involve (i) cross linking of the sulfo-
nated-polysulfones to acquire enough good dimensional stability
(though covalent cross linking imparts brittleness to the membrane
[41, 42] and weakening of ionic cross links at high temperature was
observed [43]) (ii) placement of pendant groups carrying terminal
acid moiety away from the main-chain (iii) concentration of the
ionic function on the specific chain segments in order to have nano-
scale separation between hydrophobic and hydrophilic regions of
the polymer to achieve enough good dimensional stability along
with high proton conductivity.

Jannasch et al. [40, 44] synthesized and studied various types
of aromatic poly (arylene ether sulfone) ionomers functionalized
with mono-, di- and tri- sulfonic acid groups isolated on different
aromatic/aliphatic short side chains to enhance hydrophilic-hydro-
phobic separation (Scheme 4.5(a) and 4.5(b), Table 4.1).

The SAXS measurements of sulfobenzoyl functionalized PSU
(sb-PSU) showed very weak ionomer peaks meaning no signifi-
cant ionic clustering of acid groups. The reason behind this could
be the reduced mobility of the acid moieties due to ortho-position
to ketone link and close to main-chain. A rather narrow ionomer
peak (resembling that of Nafion®) was observed for the membrane
prepared from sulfonaphthoxybenzoyl functionalized PSU (6snb-
PSU and 7snb-PSU) indicating the formation of ionic clusters. The
SAXS profile of disulfonaphthoxybenzoyl functionalized PSU
(dsnb-PSU) showed an ionomer peak corresponding to lower inter-
ionic cluster distances (d) indicating formation of larger ionic clus-
ters in the polymer membrane. Also, the ionomer peak shifted to
even lower d values with increasing IEC values meaning reduced
distance between the ionic domains with increasing concentration
of sulfonic acid groups [40]. The PSU membrane functionalized
with trisulfonaphthoxybenzoyl side chains (tsnb-PSU) showed
similar behavior. The results of the SAXS study demonstrated that
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Table 4.1 Water up-take, IEC, conductivity and thermal characteristics
of different sulfonic acid functionalized polysulfone ionomers.

Membrane | IEC | %W, "[06(S/m)?| T (°C) T, 0?3
(meq/g) in sodium | in sodium
form form;N,
atm.
se-PSU 1,1 24 18 x10% na 370
sp-PSU 1,5 37 40 x 10% na 350
st-PSU 1,2 25 22 %107 na 340
sb-PSU 1,12 21 1x107? 173 310
6-snb-PSU | 0,77 13 1x107? 270 404
7-snb-PSU 0,8 15 2,5x 107 309 431
dsnb-PSU 1,18 27 6x107? 194 442
tsnb-PSU 1,27 44 1x10" 199 431

("): membranes humidified until equilibrated in liquid water and proton conductivity
measured under humidifying conditions in an air-tight cell.

M: %W~ % uptake water when immersed in water at room temperature;
% Wwater = [(Wwet _wdry) /dey]*l 00
(®): 6 — Proton conductivity at 120°C with membranes fully immersed in water.

(): The temperature at which polymer loses 5% of its original weight after the pre-dry at
150°C for 10 minutes.

the concentration of the acidic groups to side chains promoted a
high degree of phase separation and ionic clustering in the mem-
branes. However, the case of the sulfobenzoyl functionalized PSUs
showed that the side chains need to have a proper configuration for
the ionic clustering to be efficient. In conclusion, the study showed
that highly phase separated ionomer membranes may be achieved
with side chain sulfonated polymers with a proper macromolecular
design.

The TGA analysis of these membranes showed T, in the range
of 175-300°C and T, in the range of 300-400°C depending on the
structure shown in Table 4.1. It can be said that these membranes
show enough good thermal properties required for the PEMFC
application.

The water uptake by membranes (shown in Table 4.1) in
immersed state in water at room temperature shows that tsnb-PSU
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took maximum amount of water which must be due to the high-
est concentration of hydrophilic sulfonic acid moieties and sb-PSU
(with similar IEC value) took minimum amount of water which
must be due to poor ionic clustering as observed in SAXS measure-
ments. While comparing sulfoalkylated PSUs, it can be seen that
sp-PSU gained maximum amount of water probably due to higher
IEC value than other two [44]. Moreover, all these membranes swell
up to limited extent at elevated temperature (80-100°C) except
tsnb-PSU which swells extensively leading to membrane disinte-
gration [40].

It can be seen from the Table 4.1 that all the membranes have
comparable conductivities with tsnb-PSU showing the maxi-
mum value at 120°C. The reason must be the higher concentration
of sulfonic acid units thereby higher water gain and hence higher
water-assisted conductivity [40]. But this membrane also observed
morphological disintegration at elevated temperatures.

It is assumed that dissociation of aryl sulfonic acids is probably
higher than that of alkyl sulfonic acids. However, similar conductivi-
ties (as shown in Table 4.1) have been reported for polymers bearing
either a dangling alkyl sulfonic acid or an aryl sulfonic acid located on
the main-chain of an ionomer [40, 44].

Another type of modification involving placement of a perfluo-
rinated sulfonic acid group as side chain on the PSU main-chain
has been achieved by Yoshimura et al. [47]. PES-PSA was synthe-
sized by a coupling reaction at 120°C using copper (Scheme 4.6).
The obtained polymer had an IEC of up to 1.58 meq/g with water
uptake of 157% under immersed state and showed proton conduc-
tivity of up to 0.12 S/cm at 80°C under 90% relative humidity. They
also compared various characteristics of Nafion® and PES-PSA
(IEC =1.34 meq/g) as both carry similar side chains. It was observed
with the help of SAXS measurements that the latter did not show
any significant peak in dry state contrary to former but formation
of cluster channels took place in wet state (water content = 38%)
with 3.7 nm as cluster size. However, the cluster size for PES-PSA
was smaller than for Nafion®112 (cluster size ~ 4.2 nm, water con-
tent 23%) which could be due to the rigid main-chain in PES-PSA
preventing aggregation of the side-chain. The DMA measurements
showed that PES-PSA (188°C) had higher a-relaxation temperature
than Nafion®112 (126°C). The in-plain proton conductivity for PES-
PSA (IEC = 1.34meq/g, thickness = 47 ym) was 0.077 S/cm at 80°C
under 90% RH as compared to 0.089 S/cm for Nafion® 112 under
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similar conditions. The through-plain proton conductivities of
Nafion®112 and PES-PSA were 0.060 and 0.063 S/cm, respectively.
The difference in proton conductivity might account for ambiguous
micro-phase separation/anisotropy in PES-PSA.
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Lafitte et al. [45] reported polysulfone ionomers functionalized
with benzoyl(difluoromethylenephosphonic acid) side chain (bfp-
PSU) as an alternative to sulfonic acid based PSU ionomers shown
in Scheme 4.8(a) and Table 4.2. The degree of phosphonation (DP)
was achieved up to 53% and this membrane took higher amount of
water (6%) under immersed state at room temperature compared
to membrane with phosphonic acid directly attached to main-chain
at ortho-to-sulfone position taking 2% water as discussed before.
The probable reason is the increased acidity of the phosphonic acid
unit. The thermal stability was found to be inferior to sulfonated
derivatives due to the presence of aryl -CF,-P linkage [45].

Jannasch et al. [27] also tried to further increase the acidity of the
phophonated PSUs by preparing PSUs with short alkyl chains car-
rying diprotic phosphonic acid (mp-PSU) and tetraprotic (bisphos-
phonic acid) (dp-PSU) to promote water assisted conductivity
as shown in Scheme 4.7(a) and 4.7(b) respectively and Table 4.2.
mp-PSU with IEC = 0.8 meq/g showed water uptake of 8% under
immersed conditions while dp-PSU having higher acidity and
IEC gained more water (water uptake = 28%; IEC = 3.4meq/g).

Table 4.2 Water uptake, IEC, conductivity and thermal characteristics
of different polysulfone ionomers functionalized phosphonic acid.

Membrane DP IEC % W, ... | 6 (mS/cm)y’ T, (°CY
(meq/g) In acid form;
N, atm,
bfp-PSU 0,53 1,79 6 5(at 100°C) 227"
mp-PSU 0,8 14 8,2 4 337
dp-PSU 1,4 34 28 25 248
PSU-PVPA 0,1 2,9 31 32 320
(32% PVPA
content)

M: %W~ % uptake water when immersed in water at room temperature;
% Wwater = [(Wwet ——Wdry) /dey]*l OO'

(3): ¢ — Proton conductivity at 120°C with membranes fully immersed in water.

(): The temperature at which polymer loses 5% of its original weight after the pre-dry at
150°C for 10 minutes.

(): The temperature at which polymer loses 2% of its original weight after the pre-dry at

150°C for 10 minutes.
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Scheme 4.7 Different chemical modifications to synthesize phosphonated-
polysulfones with mono- & di- phosphonic acid goups attached away from the
polymer main-chain.

The TGA results showed that C-P bond was weaker in the bisphos-
phonic acid, as compared to the monophosphonic acid and hence
lower T, was observed for dp-PSU compared to mp-PSU. This
was expected because the arrangement of two electron withdraw-
ing phosphonate units bonded to the same carbon decreases the
strength of the C-P bonds [27].

Parvole et al. [46] have synthesized multifunctional membranes
with phase separated morphology to achieve high proton conduc-
tivity under dry and wet conditions along with good mechanical
properties. The work involved anionic grafting of polyvinyl (phos-
phonic acid) side chains as phosphonated component onto polysul-
fones (PSU-PVPA) shown in Scheme 4.8(b) and Table 4.2.
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Scheme 4.8 Different chemical modifications to synthesize phosphonated-
polysulfones with phosphonic acid attached away from the polymer main-chain.

Due to higher local phosphonic acid group concentration and
morphology with presumably larger phosphonated phase domain,
it had greater ability to take up and accommodate more water and
there must be formation of large H-bonded aggregates (due to high
local phosphonic acid group concentration) to higher anhydrous
proton conductivity. Hence, overall there was an increase in water
uptake compared to other phosphonic acid based PSUs but still
restricted one compared to sulfonated PSUs helping in avoiding
mechanical disintegration of membrane. The thermal stability of the
membranes was sufficiently high under air with T, at 260-340°C,
depending on IEC and DP. The membrane with the highest PVPA
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content in the study (57 wt %) & IEC = 5.3meq/g reached a conduc-
tivity of 4.6 mS/cm under nominally dry conditions and 93 mS/cm
under 100% RH at 120°C. However, at high temperatures the per-
formance of this membrane was limited by condensation reactions
under dry conditions and, especially, by high levels of water uptake
under immersed conditions [46].

4.3.2 Polymerisation of Ionic Monomers by Step
Growth

The synthesis of polysulfones by polycondensation using specifi-
cally designed monomers can act as an asset in comparison to the
chemical modification of the commercially available Polysulfone in
certain ways such as (i} designing of new and more stable main-
chains than commercially available polysulfone (ii) incorporation
of specific functional groups on the polymer main-chain (iii) addi-
tionally, the synthesis from ionic and non-ionic monomers allows
the ionomer to be separated between hydrophobic and hydrophilic
blocks, whereas the chemical modification of commercial polymers
results in functional groups that are randomly distributed along the
macromolecular backbone. As a result, this synthesis route, which
should restrict the swelling of the membrane to the hydrophilic
domains, improves both the dimensional stability and the tensile
strength of the membranes.

4.3.2.1 Ionomers Containing Hexafluoro-Isopropylidene orfand
Polar Functions

The most studied commercial polymer in the chemical modifica-
tion, Udel polyethersulfones are based on bis-phenol A, in which the
electron-donating isopropylidene moiety increases the electronic
density of the whole phenoxy sites and, in particular, increases the
ether basicity. This may favour chain breaking during the sulfona-
tion step [29, 32] the former may favour free-radical attacks on the
aromatic rings.

Moving from bis-phenol A (BPA) to its fluorinated form (BHFPA)
(by replacing iso-propylidene by hexafluoro- isopropylidene), is
one of the ideas to overcome both drawbacks. In addition, due to the
perfluorinated moiety of BHFPA, a decrease in the hydrophilic char-
acter of the related ionomer can be expected. Kim et al. [48] reported
the effects induced by BHFPA and non-ionic polar monomers in
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sulfonated polysulfones. The properties of poly(arylene ether sul-
fone) copolymers prepared from BHFPA, biphenol and non-ionic
polar monomers, based on benzonitrile and tri-phenyl phosphine
oxide, were compared (Scheme 4.9) [48].

In spite of the decrease in the basicity of BHFPA that should lower
their reactivity in nucleophilic aromatic substitution, the ionomer
synthesis was successful. Surprisingly, the water uptake depen-
dence of the ionomers on IEC was found to be almost unaffected
by the presence of the BHFPA repeat unit. This result, in agreement
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Scheme 4.9 Structure of different main-chain, containing specific functional
groups, obtained by polycondensation.
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with other data obtained with similar materials, [49-51] is prob-
ably related to the dominating effect of the ionomer structures in
blocks. The authors claimed conductivity that was twice as high as
the unfluorinated ionomers at the same IEC (Table 4.3).

In contrast to the fluorine moiety, the presence of polar func-
tions such as CN or P = O induces a decrease in both water uptake
and conductivities. Both nitrile and phosphine oxide groups are
known to be strongly polar and have a fairly high donor number
(DN) (Lewis basicity) that favours strong interactions with aprotic
and protic polar groups. Table 4.3 presents data on a variety of
ionomers. Although it was expected that these polar groups may,
according to the IEC, improve the conductivity of ionomers, to the
contrary they strongly decrease both water uptake and conductivity.
Furthermore, interactions between polar groups and acidic ones
should be significantly favored in acidic ionomers. Whatever be the
kind of inter-chain interaction, it acts as a physical cross-link, thus
restraining free-volume and water uptake.

While the conductivity decrease is a shortcoming of polar groups,
their incorporation may lead to advantages in terms of (i) mechani-
cal performance, (ii) decrease in membrane—electrode interfacial
resistance, and (iii) decrease in methanol crossover, which is an
asset for an implementation in direct methanol fuel cells (DMFC),
provided high selectivity (ratio of proton conductivity to metha-
nol permeability) is retained [52]. While comparing the effects of
polar groups, it appears that phenylphosphine incorporation,

Table 4.3 Effect of polar groups on water uptake and proton
conductivity [48].

Membrane IEC (meq/g) Do W ... 6 (mS/cm)?
BP-PSU 1.11 23 23
BP-PSU 1.34 31 40
BHFP-PSU 1.12 23 55
BHEP-PSU 1.3 31 92
BHFP-CN-PSU 1.16 18 35
BHFP-CN-PSU 1.33 24 58
BP-PPO-PSU 1.4 26 35
M: %W, - % uptake water when immersed in water at room temperature.

(9): 0 - Proton conductivity at 80°C with membranes fully immersed in water.
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although significantly lowering methanol permeability, did not
improve the selectivity with respect to the bisphenol-based copo-
lymers. The incorporation of benzonitrile, on the other hand, led
to the most selective copolymer, BPCN, as presented in Table 4.4.
Thus, both fluorinated (BHFP-PSU) and unfluorinated polymers
(BP-PSU) exhibited increase in selectivity because of the benzoni-
trile incorporation.

4.3.2.2 Multi-block Ionomeric Polycondensates Based on
Medium to Long Blocks

To synthesize multiblock copolymers, there are usually two
approaches. In one approach, a terminal-activated oligomer is first
synthesized. The oligomer is then copolymerized with other mono-
mers to prepare multiblock copolymers [53]. Another approach
uses the reaction between different types of terminal-activated
oligomers {54, 55].

However, this reaction has to be performed at high reaction tem-
perature when chloride end-capped oligomers are used [56] and can
induce an ether—ether interchange reaction that could lead to ran-
domized polymer architectures, multi-block copolymers therefore
not being obtained. McGrath and co-workers solved this problem,
using highly reactive fluorine end-capped oligomers instead of chlo-
ride end-capped ones, and successfully prepared sulfonated multi-
block poly (arylene ether) copolymers under milder conditions

Table 4.4 Polycondensation from ionic and usual monomers.

Membrane PPO (or c Methanol Methanol
benzonitrile) | (mS/cm)’ | permeability | selectiv-
content (x10) (cm?/s) | ity (x10%)
(wt%) (S m/s)
BP-PPO-PSU 17.2 21 0.55 3.8
BP-PPO-PSU 10.5 38 1.02 3.7
BP-CN-PSU (17.2) 78 1.44 5.4
BHFP-CN-PSU (14.1) 58 1.32 3.6
BHFP-PSU 0 55 1.66 33
BP-PSU 0 72 1.55 47
Nafion® 0 111 472 2.6

("): © — Proton conductivity at 80°C with membranes fully immersed in water.
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[57, 58]. Nakabayashi et al. used DecaFluoroBiphenyl (DFB) as a
chain extender because of its high reactivity in nucleophilic aromatic
substitution reaction [59, 60]. They demonstrated an easy synthesis
method of sulfonated multiblock copoly(ether sulfone)s by the cou-
pling reaction, at low reaction temperature, between hydroxyl end-
capped poly(ether sulfone) oligomers and hydroxyl end-capped
sulfonated poly(ether sulfone) oligomers, DFB acting as the chain
extender and leading to high molecular weight multiblock copoly-
mers with Mw of 100 000 g mol/1 (Scheme 4.10, Table 4.5).

While equal hydrophobic and hydrophilic block lengths were
selected to perform the multi-blocks synthesis, the authors per-
formed a wide investigation on the impact of the block lengths on
the membrane properties that are gathered in Table 4.5.

Proton conductivities higher than the Nafion® were reported at
95% relative humidity (10 S cm™) for all membranes. The effect of
the oligomer lengths on proton conductivity was, however, clearly
observed under low relative humidity (50% relative humidity).
The membrane BP-PSU14 showed good conductivity of 7.1 x
102 S cm™ at 50% relative humidity. On the other hand, the con-
ductivity of the BP-PSU 6 membrane was 3.0 x 102 S cm? at 50%
relative humidity. The same behaviour was observed for the mem-
branes based on BP-BHF-PSU. These data demonstrate that there
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Scheme 4.10 Synthesis of multi-block ionomeric Polysulfones [59].
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Table 4.5 Molecular weights of the oligomers and block copolymers.

Copolymer Mn (SEC) of IEC Mn Mw/Mn
each oligomer | (meq/g)) (g/mol)
(g/mol)
BP-PSU_ 14 000/14 000 2 68 000 25
BP-PSU , 10 000/10 000 2 74 000 33
BP-PSU, 6 000/6 000 1.99 55 000 4.4
BP-BHF-PSU,, | 14 000/14 000 1.95 70 000 4.1
BP-BHF-PSU | 10 000/10 000 1.97 60 000 3.5
BP-BHF-PSU 6 000/6 000 1.99 84 000 49

is a strong relation between proton conductivity and block lengths.
The membranes with the longest block lengths exhibited, in agree-
ment with the water uptake behaviour, the highest conductivity at
50% relative humidity. It may be assumed that, thanks to their lon-
gest block lengths, the hydrophilic blocks allow maintaining high
water uptake, in particular at 50% relative humidity. In addition,
by increasing the lengths of hydrophilic and hydrophobic blocks,
a better phase separation into hydrophobic/hydrophilic domains
is obtained. Besides, Atomic Force Microscopy (AFM) observations
of the multiblock copolymer membranes supported the formation
of a surface hydrophilic/hydrophobic, phase-separated structure
[59, 60]. In particular, the hydrophilic domains of high block length-
based copolymers are larger and better interconnected, thus result-
ing in the highest conductivities for the longest block lengths.

4.3.2.3 Multi-block Copolymers and Random- Ionomeric
Copolymers

A lot of works reported that multiblock copolymer showed higher
water uptake, proton conductivity, proton/methanol selectivity,
thermal stability, etc. thanasimilarrandom copolymer [61-63]. Liang
et al. [64] have shown recently the morphology differences between
random and multiblock copolymers (Scheme 4.11, Table 4.6) and
the effects of the membrane morphology on the properties of the
membranes.

The effects of the microstructures of the copolymers on the
membrane morphology, water uptake, proton conductivity, and
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Liang et al. [64].

methanol permeability and selectivity of the membranes are gath-
ered in Table 4.6. At similar IECs, the water uptake and conductiv-
ity of the multiblock MBC-PSU membranes were higher than that
of the random RC-PSU membranes. For random SPAES copoly-
mers, the sulfonic acid groups would be randomly distributed in
the copolymer chain [65]. Unlike random RD-PSU copolymers, the
multiblock MBC-PSU copolymers had repeated hydrophilic and
hydrophobic units. These (repeated units) were thought to be able
to assemble into cluster like structures or spherical or cylindrical
micelles [66] as also confirmed by AFM and SAXS measurements.
These kinds of structures made the hydrophilic domains well con-
nected and tended to effectively keep more water in the membranes.

By SAXS measurements they observed intensity peaks at q val-
ues of approximately 1.64 and 4.30 nm™ for the Nafion® 117 and
multiblock MBC-PSU3 membranes, respectively. These peaks were
supposed to be caused by the clustering of the ionic groups in the
polymer matrix [67, 68]. The Bragg spacing (d) for the Nafion® 117
and multiblock MBC-PSU3 membranes were determined to be 3.8
and 1.5 nm, respectively. For the random RC-PSU2 membrane, no
obvious peak was observed. These SAXS investigations suggested
that the multiblock MBC-PSU3 membrane had nanoscale clusters.
Both the random and multiblock polysulfone membranes showed
higher proton/methanol selectivity than the Nafion® 117 mem-
brane. The random copolymers had similar IECs, the multiblock
PSU membrane showed slightly higher methanol permeability
while the multiblock membranes showed quite high selectivities.
In particular, because of the low methanol permeability, the MBC-
PSU1 membrane exhibited the highest methanol selectivity among
these membranes.
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44 Conclusion

Due to their high thermo-mechanical perfomance, wide electro-
chemical stability window and good chemical inertness, high-per-
formance polysulfone ionomers are excellent candidates among
the alternative membranes to perfluorinated membranes for their
implementation as PEMs in fuel cells. Despite the fact that sulfonated
polysulfones show lower stability compared to the phosphonated
polysulfones, they are more promising due to their higher conduc-
tivity and easier synthesis route. Among the ionomers function-
alised with sulfonic acid function, the block copolymers seem to be
more promising than chemically modified commercial polysulfones.
However, these alternative membranes face many harsh challenges
as follows: (i) they have to acquire enough good thermo-mechanical
properties along with required conductivities to allow PEMFCs and
DMFCs to be operated at least up to 120°C, and (ii) their lifespan has
to be improved markedly and their cost should be reduced as well.
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High-Performance Processable
Aromatic Polyamides
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Abstract

Aromatic polyamides (PAs) are classes of high performance polymers
owing to their outstanding set of thermal and mechanical properties. This
class of polymers is used for different advanced military applications in
ballistic composites to membrane based separation applications. However,
these classes of polymers suffer from their poor processability by solution
or melt processing routes that restricts their application in many of the
field. Many approaches have been taken to prepare solution or melt pro-
cessable PAs and polyimides by incorporating different flexible groups
in the polymer backbone or by incorporating bulky substituents. Great
amounts of research have been directed towards synthesis of ~CF, substi-
tuted diamine monomers and their polymerization followed by property
evaluations of the resulting polymers. The present article provides a com-
prehensive review on processable and ~CF, substituted aromatic PAs that
have been developed in the last decade. A major effort towards develop-
ment of novel PAs that have been devoted by our group for the last few
years thoroughly covered in this article.

Keywords: Aromatic polyamides, diamine, separation applications, melt
processing, solution processing, hyperbranched

5.1 Introduction

In contrast to conventional polymeric materials, high performance
polymeric materials are categorized by specific criteria, exhibit a
number of interesting properties, such as high thermal stability,

Vikas Mittal (ed.) High Performance Polymers and Engineering Plastics, (111-166)
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chemical resistance, low flammability, and excellent mechanical
properties which make them useful for advanced technologies.
Among high performance materials wholly aromatic polyamides
(PAs) (aramids) exhibit all these properties. Aromatic PAs are con-
sidered to be high performance polymers due to their outstand-
ing set of properties and they find wide applications in many of
the advanced technologies, particularly, in aerospace and military
applications. However, their extremely high transition tempera-
tures, which lie above their decomposition temperatures, and their
poor solubility in common organic solvents give rise to process-
ing difficulties and limit their many of the applications. As a conse-
quence, basic and applied research is being conducted to enhance
their processability and solubility, in order to broaden the scope of
their industrial applications.

According to the US Federal Trade Commission (FCT), wholly
aromatic PAs are synthetic PAsin which atleast 85% of amide groups
are bound directly to two aromatic rings [1]. Aromatic PAs were
first introduced in commercial applications in the early 1960s by
DuPont under the tradename Nomex®. It is used extensively in the
production of protective apparel, air filtration, thermal and electri-
cal insulation as well as a substitute for asbestos. Later para-aramid
called Kevlar® was introduced in also market by DuPont in 1973.
The chemical structure of the poly(p-phenylene terephtalamides)
(PPPT) and the poly(m-phenylene isophtalamides) (PMPI), which
are commercial aramids of great economic relevance are shown in
Figure 5.1.

Since the commercialization of Nomex® and Kevlar® a great
number of PAs have been reported that covers a wide rage of prop-
erties. However the properties of Kevlar®, the PA fibre made from
terephthalic acid and p-phenyle diamine are still unique in terms
properties-price balance. Thus all the efforts dedicated to design
and produce novel aromatic PAs have concentrated to improve the

Fotod fot®y

Poly(p-phenylene terephtalamides) (PPPT)  Poly(m-phenylene isophtalamides) (PMPI)

Figure 5.1 Chemical structure of the PPPT and the PMPIL.
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processability and to improve some properties that are crucial to
specific end use application. The enhanced solubility of aromatic
PAs in common organic solvents is targeted through different struc-
tural modifications [2]. The various approaches that have been used
to design novel processable PAs are:

e use of diamines, diacids, or both, that contain flexible
ether linkages, that reduces chain stiffness;

* introduction of bulky substructures, or side groups
that help for separation of polymer chains and hinder
molecular packing and crystallization;

* introduction of fluorine as trifluoromethyl groups, that
helps in solubilization of the aromatic PAs by reducing
interchain interaction and increases optical clarity;

e introduction of linear aliphatic and non-linear rigid
alicyclic structures, or a mixture of thereof;

o use of 1,3 substituted instead of 1,4- substituted mono-
mers and/or asymmetric monomers that lower regu-
larity and molecular ordering.

In this chapter we will highlights the recent developments in aro-
matic PAs, broad range of structures possibility to make process-
able aromatic PAs with specific characteristics for various possible
applications.

5.2 Monomers

The wholly aromatic processable PAs is achieved by modify-
ing diamines, diacids, or both structures. The modification of the
monomers can be broadly categorized in the four pathways to get
the processable aromatic PA (i) incorporation of flexible spacers
(ii) incorporation of bulky substructures as side substituent, (iii)
incorporation of non-linear rigid alicyclic structures and cardo
moieties and (iv) incorporation of fluorine as trifluoromethyl or
a mixture of thereof. A short discussion on the monomers for the
processable PAs has been described below.

5.2.1 Monomers Containing Flexibilizing Spacers

Much effort has been made to prepare aromatic PAs having
increased solubility and processability with retention of their high
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thermal stability. The solubility of PAs is often increased when flex-
ible bonds such as [-O-, -5O,-, -CH,-, -C(CF,),-] are incorporated
into the PA backbone. These groups helps in altering crystallinity
and intermolecular interactions. Garcia et al. reported aminophe-
nyl-terminated oxyethylene oligomers (Figure 5.2a) to synthesize
processable aromatic PAs [3]. Nasr-Isfahani et al. reported short tri-
methylene aliphatic flexible spacer (Figure 5.2b) in the backbone
containing aromatic diacid to obtain soluble PA [4]. Ferreiro et al.
described that the incorporation of aliphatic pendent groups as
substituents on the aromatic rings (Figure 5.2¢) [5].

5.2.2 Monomers with Bulky Side Substituents

Inclusion of bulky pendent groups can provide advantage towards
solubility of the PAs. These groups increases the inter chain dis-
tances, weakens the hydrogen bonding, lowers the chain packing
and subsequently increase in free volume. These bulky side groups
also restrict molecular mobility, so that the overall effect is an
increase in glass transition temperature (T ). Espeso et al. designed

4-6
(@)
3

(b)
HOO COOH

©

Figure 5.2 Structure of monomer containing flexibilizing spacers (a) (from [3]),
(b) (from [4]) and (c) (from [5]).
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and synthesized some linear bulky pendent group containing aro-
matic diacid and diamine monomers (Figure 5.3) for the synthesis
of soluble aromatic PAs [6].

5.2.3 Monomers Containing Cardo Moieties

The cardo groups containing diacid or diamine monomers were
widely used for the synthesis of high performance and process-
able aromatic PAs. The introduction of cardo groups in the poly-
mer backbone created amorphous polymers with characteristic
features such as improved solubility and enhanced thermal stabil-
ity and mechanical properties [7]. Wu and Shu reported the syn-
thesis of soluble aromatic PAs derived from a diacid monomer
with a spiro core, 2,2’-bis(4-carboxyphenoxy)-9,9’-spirobifluorene
(Figure 5.4a) [8]. Srivastava et al. reported cyclo aliphatic cage like
diacid monomer (Figure 5.4b) for the synthesis of high temperature
stable and soluble PAs [9]. We have reported trifluoromethyl and
phthalimidine cardo group containing aromatic diamine monomer
(Figure 5.5) for the synthesis of processable aromatic PAs [10, 11].

5.24 Monomers Containing Trifluoromethyl Groups

The introduction of fluorine in the form of trifluoromethyl groups
(-CF,) in polymer lead to great benefits for improving polymer solu-
bility. This is due to the increase of fractional free volume that limits
chain packing density and hence increases solubility and process-
ability. We have reported several new aromatic diamine monomers
containing trifluoromethyl groups for the synthesis of soluble and

e

Figure 5.3 Structure of monomer containing bulky side substituents (from [6]).
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HOOC
COOH

(b)

Figure 5.4 Structure of cardo diacid and diamine monomers (a) (from {8]) and (b)
(from [9]).

processable aromatic PAs [10-15}. Moreover, we have taken other
aspects into consideration viz. flexible ether linkage, bulky side
substituents and cardo moiety in the monomer to get soluble and
processable PAs. The structure of the diamine monomers is given
below in Figure 5.5.

5.3 Polymerization

In general aromatic PAs can be synthesized by two different path-
ways. The most common methods for the preparation of aromatic
PAs are the reaction of diacid dichlorides with diamines at low tem-
peratures or direct condensation reactions in solution of aromatic
diacids with diamines at high temperatures.
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Figure 5.5 Structure of semifluorinated aromatic diamine monomers
(from [10-15]). (Continued)

5.3.1 Low Temperature Solution Polycondensation

The first low-temperature solution processable PAs from acid
chlorides were carried out in halogenated hydrocarbons.
Piperazines and aliphatic or aromatic diacid based polymers
were the first attempted polymers. Now this is not a preferred
route to synthesize wholly aromatic PAs [16]. The solvents used
are polar aprotic solvents like N,N-dimethylformamide (DMEF),
N,N-dimethylacetamide (DMAc), hexamethyl phosphoramide
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Figure 5.5 Structure of semifluorinated aromatic diamine monomers
(from [10-15)). (Continued)

(HMPA) and N-methyl-2-pyrrolidone (NMP). Salts, such as LiCl,
CaCl,, or a mixture of both, are often used as solubility promoters
because the cations interact with the amide groups, diminishing the
strength of the interchain hydrogen bonds. The low temperature
solution method is generally preferred when the diacid chloride
can be easily obtained from the corresponding aromatic diacid.
Extremely high monomer purity is the criteria in order to obtain
high molecular weight polymers. The polydispersity (PD) of the
polymers obtained by this method is around two. A modification
of this method includes the silylation of the diamines to increase
the reactivity of the amino groups. The silylation-polymerization
procedure is usually performed in situ to avoid the isolation and
purification of the moisture sensitive silylated diamines [17].

The polycondensation reaction can also be carried out in a two-
phase system at room temperature, via the so-called interfacial
polymerization [18]. The diamine and the acid dichloride monomers
are dissolved in water and a water-immiscible solvent, respectively.
A base and a surfactant are generally added to the aqueous media.
The mixture of immiscible solutions, upon rapid stirring, gives rise
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to a polymer precipitate in seconds. The reaction is extremely fast
and occurs in the interphase on the organic solvent side. The stoi-
chiometry cannot easily be controlled in the interphase because the
instantaneous concentration is controlled by diffusion and depends
only in part on the concentration of the monomers. Precipitation
of the growing polymer chains usually produces polymers having
a broad molecular weight distribution that are considered to be
unsuitable for fibers or film-forming materials [19]. The tuning of
the polymerization conditions in terms of the organic solvent type,
solvent volume, monomer concentration, and stirring rate yields
aromatic PAs that have more similar properties than those pre-
pared via solution polycondensation methods. In addition, water
insoluble diamines can be used as monomers upon polymerization
of their water-soluble dihydrochloride derivatives [20]. This poly-
condensation has not achieved commercial importance.

5.3.2 High Temperature Phosphorylation
Polyamidation Reaction

The direct condensation between aromatic diacids and diamines
is another route for synthesis of PAs. In 1974, Yamazaki et al. [21]
reported a procedure for the synthesis of aromatic PAs, which
involved the complexation of a dicarboxylic acid with triphenyl or
diphenyl phosphite (TPP/DPP) and pyridine in a solvent consisting
of NMP containing LiCl/CaCl,. The reaction may proceed via an
acyloxy N-phosphonium salt of pyridine (I) formed by dephenoxyl-
ation of triphenyl phosphite, as has been proposed by Yamazaki et al.
(Figure 5.6) [22]. In this case, high-purity monomers are required
and an extra drawback is the side reactions occurred at the high
temperatures. To obtain an aromatic PA with side chains containing
sensitive functional groups it is important to that there should not
be side reactions in the polymerization conditions. This can be veri-
fied by making model compounds prior to actual polymerization.
The high-temperature solution procedure was recently modified
by the introduction of microwave-assisted (MW) polycondensation.
This technique now widely used in organic chemistry, employed to
promote chemical reactions in extremely fast and sometimes uncon-
ventional ways. The MW-assisted synthesis of PAs was performed
to promote the condensation of aromatic diacids and diamines
under Yamazaki conditions. The conventional heating system, i.e.,
temperature control oil bath, is replaced by the MW system, which
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Figure 5.6 Reaction mechanism of the PA formation proposed by Yamazaki et al.
(from [22]).

reduces the reaction time from 4 h to approximately 2 min [23].
The polymers obtained by both methods have comparable inherent
viscosities (1, s).

Recent efforts have also been directed to the greener promotion
of polycondensation under low or high temperature solution meth-
ods. The replacement of organic solvents by more environmental
friendly versions is a topic of current interest. In this approach, the
mixture of solvents used in the usual low temperature polyconden-
sation (DME, DMAc, NMP) and in the Yamazaki polyamidation
method (NMP and pyridine) can be replaced by ionic liquids (IL).
The ionic liquids have high thermal stability, low vapor pressure,
are highly polar, and have a high dielectric constant, which makes
them suitable to dissolve the aromatic PAs. Thus, eco-friendly ara-
mids have been prepared using ionic liquids with TPP to promote
the direct condensation of the acid and amide groups. The tech-
nique avoids the use of harmful solvents like pyridine and NMP
This approach promote the reaction of diacid dichlorides and
diamines at low temperatures [24]. Moreover, the polycondensa-
tion can be carried out by a conventional high-temperature heating
method, using TPP as the condensation promoter, or employing
MW, thus diminishing the reaction times from hours to minutes.
The polymers having identical chemical structures and comparable
inherent viscosities are obtained from both two heating methods,
suggesting that their molecular weights are similar.
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5.4 Major Problem with Aromatic Polyamides

Wholly aromatic PAs are considered to be high performance organic
materials due to their outstanding thermal and mechanical resis-
tance [25]. Their properties arise from their aromatic structure and
amide linkages, which result in stiff rod-like macromolecular chains
that interact with each other via strong and highly directional hydro-
gen bonds. These bonds create effective crystalline microdomains,
resulting in a high-level intermolecular packing and cohesive energy.
Owing to their rigid chemical structure they exhibit extremely high
transition temperatures viz. T and T_(melting temperature) that lie
above their decomposition temperatures. These polymers are spar-
ingly soluble in common organic solvents and that restricts their
solution processability. Ongoing research efforts are therefore to take
the advantage of their properties, enhance their processability and
solubility, and incorporate new chemical functionalities in the PA
backbone or lateral structure, so that their applicability is expanded
and remains on the forefront of scientific research. As outlined ear-
lier, aromatic PAs are difficult to process, and this fact restricts the
development of new applications. Conventional linear aramids, i.e.,
PPPT and PMP], are highly crystalline and cannot be processed by
conventional methods like extrusion or injection because they do
not melt. This is because their decomposition temperature is below
their melt temperature. Thus, PPPT is wet spun into fibers from a
lyotropic solution in concentrated sulfuric acid (H,SO,). The solu-
bility of a less rigid and linear structure like PMPI is higher, and can
be processed into fibers or coatings upon solution in polar aprotic
solvents, such as NMP, DMAc and DMEF. The solubility of PMPI
was significantly improved over PPPT, since the nonlinear chemical
structure exhibited all meta orientation of the phenylene moieties of
the PMPI main chain, compared with the rigid rod all-para orienta-
tions of PPPT. The varity of application of the wholly aromatic PAs
involves increasing polymer solubility without a dramatic loss in
the chemical, thermal, and mechanical properties.

5.5 Approaches to Processable Polyamides

Several approaches have been taken to improve the processability
of the aromatic PAs. The most important approaches are to impart
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chain flexibility by incorporating flexible ether linkages through
preparation of PAs and by diminishing the cohesive energy through
lowering the interchain interactions. The use of meta substitution
in the main chain phenylene residues, introduction of bulky side
groups to the main chain, by employing non-symmetric monomers
to the polymer backbone are the important approaches to achieve
soluble PAs. Much work has been done in these areas, and several
published papers report PAs with increasing solubility. A critical
evaluation of this property indicates that most of the PAs are some-
what soluble in polar aprotic solvents such as NMP, DMAc, DMF,
and dimethyl sulfoxide (DMSO). Whereas, a number of aromatic
PAs were also found to be soluble in common organic solvents,
like tetrahydrofuran (THF), cyclohexanone, chloroform (CHCL),
acetone, or dioxane [26]. Approximately 30% of the published PAs
are soluble in THF, 5% in CHCI,, acetone, and cyclohexanone, and
2% in dioxane. The enhanced solubility of PAs in organic solvents
is achieved using diamines, diacids, or both, that contain flexible
ether linkages, bulky substructures, trifluoromethyl groups, cardo
moieties, non-linear rigid alicyclic and linear aliphatic structures,
or a mixture of thereof [26]. A discussion on the chemical structure,
characterization, and properties of soluble aromatic PAs in the last
10 years can be found in the review by Garcia et al. [26].

5.6 Processable Linear Aromatic Polyamides

5.6.1 Polyamides Containing Flexibilizing Spacers

Polyamides with short trimethylene aliphatic flexible sequences
were described by Nasr-Isfahani et al. [4]. The polycondensation of
the diacid 1,3-(4-carboxy phenoxy)propane with various aromatic
diamines by direct polycondensation provide PAs with moderate
yield. These PAs were found to be soluble in polar aprotic solvents
and soluble even in acetone and in THEF. Ferreiro et al. [5] described
the effect of lateral oxyethylene moieties on the properties of aro-
matic polyisophthalamides. Several polyisophthalamides contain-
ing short sequences of oxyethylene as pendent substituents were
synthesized by the reaction of three aromatic diamine monomers
and four novel diacid monomers containing pendent oxyethylene
units by the phosphorylation method of polycondensation. The
polymers were prepared in high yield and high molecular weight.
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All of the polymers were soluble in organic aprotic solvents at room
temperature, which gave flexible films upon casting from solution.
The mechanical properties of the films were reasonably good, with
tensile strengths in the range of 70-100 MPa and moduli around
2.5 GPa. Garcia et al. [3] synthesized and characterized segmented
block thermotropic aromatic PAs (PA-1,) from aminophenyl-
terminated oxyethylene oligomers and terephthaloyl dichloride or
4,4’-biphenyl dicarboxylic acid dichloride (Figure 5.7). The poly-
mers were produced in high yield and exhibited high molecular
weight. The PAs showed solubility in organic solvents, viz. NMP,
DMF and DMAc.

Mohamed and Fahmy have described four novel wholly para-
oriented aromatic PA-hydrazides, containing flexibilizing sulfone-
ether linkages in their main chains. The polymers were synthesized
from 4-amino-3-hydroxy benzhydrazide (4A3HBH) with either
4,4 -sulfonyldibenzoyl chloride (SDBC), 4,4'-[sulfonylbis(1,4-phen-
ylene)dioxy] dibenzoyl chloride (SODBC), 4,4’-[sulfonylbis(2,6-
dimethyl-1,4-phenylene)dioxy] dibenzoyl chloride (4MeSODBC),
or 4,4'-(1,4-phenylenedioxy) dibenzoyl chloride (ODBC) via low-
temperature solution polycondensation [27]. The intrinsic viscosi-
ties of the reported PAs ranged from 2.85 to 4.83 dL/g in DMAc
at 30°C. All the polymers were soluble in DMAc, DMF, and NMP,
and the solution cast films showed good mechanical strengths.
Both solubility and hydrophilicity were increased due to the flexi-
bilizing linkages. The unoriented polymer films showed elastic
moduli, tensile strengths, and elongation to break in the range of
6.45-3.54 GPa, 319.51-182.53 MPa, and 53-116%, respectively [27].

Ot Oty

Figure 5.7 Chemical structure of the PAs containing flexibilizing spacers
(from [3)).
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Zulfigar and Sarwar reported the synthesis of soluble and high
mmolecular weight linear aromatic PA (PA-2) by condensing 4-ami-
nophenylsulfone with isophthaloyl chloride in DMAc under an
inert atmosphere (Figure 5.8) [28]. The structure elucidation of the
resulting PA was carried out using infrared (IR) and nuclear mag-
netic resonance (NMR) spectroscopy. This PA was found to be solu-
ble in various organic solvents. The T_ of the polymer was found to
be 78°C measured by differential scanmng calorimetry (DSC). The
PA showed a maximum tensile strength of 35.6 MPa, elongation at
break point 0.13 and Young modulus of 578.8 MPa [28].

5.6.2 Polyamides with Bulky Side Substituents

The incorporation of bulky pendent groups can provide advantage
towards solubility. These groups increases the inter chain distances,
a weakening of hydrogen bonding, and a lowering of chain packing
with in crease in free volume. This chain separation effect improves
the solubility (processability). Liaw and Liaw [29] described the
synthesis and characterization of poly(amide imide)s (PAls) con-
taining adamantyl pendant groups. Diimide-dicarboxylic acid, and
4-(1-adamantyl)-1,3-bis(4-trimellitimidophenoxy) benzene, which
contains pendent adamantyl groups was synthesized in three
steps starting from adamantyl resorcinol. The reaction of the direct
condensation of the diacid with aromatic diamines yielded a series
of amorphous PAs. The PAs were soluble in polar aprotic solvents,
cyclohexanone, and THF. In general transparent, flexible, and tough
films were casted from DMACc solution. Espeso et al. [30] described
aromatic PAs (PA-3_,) based on 1,4-bis(4-carboxyphenoxy)-2,5-di-
t-butylbenzene, which is a linear diacid monomer constituted by
three aromatic rings linked by a flexible ether group and substi-
tuted by two bulky ¢-butyl groups in the central ring (Figure 5.9).

OO

PA-2
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Figure 5.8 Structure of the aromatic PA bearing sulfone linkages (from [28]).
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Figure 5.9 Chemical structure of the PAs based on bulky 1,4-bis
(4-carboxyphenoxy)-2,5-di-t-butyl benzene (from [30]).

The monomer was combined with various diamines containing
flexible linkages and side substituents to produce a set of eight
aromatic PAs. As reported all the polymers were soluble in DMF,
DMAc and NMP at room temperature, except one. Moreover some
polymers were reported as soluble in cyclohexanone, and two poly-
mers containing trifluoromethyl and adamantly group as pendent
group were soluble even in THF and dioxane. The same research
group [31] reported on the preparation of aromatic PAs based on
an aromatic diamine with an adamantyl moiety in the lateral struc-
ture. The direct reaction under phosphorylation condensation of
this diamine with various diacids produced amorphous polymers.
The PAs were soluble in a variety of solvents, including cyclohexa-
none and THE
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Liouand Lin reported [32] a triphenylamine-based PA (PA-4), pre-
pared by direct polycondensation of AB-type monomer, 4-amino-
4’-carboxy-4”-methoxytriphenylamine in the presence of TPP and
pyridine as condensation agents (Figure 5.10). The PA showed
excellent solubility in aprotic solvents such as NMP, DMAc, DMF,
DMSO and m-Cresol and could be cast into transparent film. The
high solubility could be attributed to the introduction of the bulky
pendent methoxysubstituted triphenylamine (TPA) moiety into the
repeat unit. The M_ and PDI was found to be 63.4 x 10° and 1.79
respectively. The PA-4 exhibited relatively high T  (282°C), with
good thermal stability T, above 470°C under a nitrogen atmo-
sphere, and high char yield (> 64%) at 800°C in nitrogen.

Liou and Yen reported [33] a series of novel PAs (PA-5_ ) with
pendent naphthylamine units prepared via direct phosphorylation
polycondensation from various diamines and a naphthylamine-
based aromatic dicarboxylic acid, 1-[N,N-di(4-carboxyphenyl)
amino] naphthalene (Figure 5.11). The inherent viscosities of the
PAs were in the range of 0.15-1.02 dL./g. These light-colored poly-
mers exhibited good solubility in a variety of solvents, such as
NMP, DMAc, DMF, and m-cresol. The attempt has been taken by
the research group to enhance solubility by the introduction of the
bulky, asymmetric, and noncoplanar 1-naphthyldiphenylamine
group into the repeat unit, which reduces interchain interactions

peves

OCH,
PA-4

Figure 5.10 Chemical structure of the PA based on bulky 4-amino-4’-carboxy-4"~
methoxytriphenylamine (from [32]).
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Figure 5.11 Chemical structure of the PAs based on bulky 1-[N,N-di
(4-carboxyphenyl)amino|naphthalene (from [33]).

and increases free volume. The excellent solubility makes these
polymers good candidates for practical applications by spin- or
dip-coating processes. The aromatic PAs (PA-5_ ) showed high T,
(268-355°C) and thermal stability (T >480°C) and char yields at
800°C in nitrogen higher than 60%.

Wang and Hsiao have prepared [34] a series of electroactive
di-t-butyl-substituted N,N,N’,N’-tetraphenylphenylenediamine
(TPPA) bearing aromatic PAs, (PA-6_ ) from a newly synthe-
sized dicarboxylic acid monomer, N N-bis(4-carboxyphenyl)-
N’,N’-bis(4-t-butylphenyl)-1,4-phenylenediamine, with various
aromatic diamines via the phosphorylation polyamidation reac-
tion (Figure 5.12). Most of these polymers exhibited good solubil-
ity in highly polar organic solvents because of the introduction
of the three-dimensional TPPA moiety and bulky pendent t-butyl

d10
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Figure 5.12 Chemical structure of the PAs (from [34]).

substituents into the repeat unit. Among these PAs, -CF, substitu-
eted PA-6d showed the best solubility. Except for PA-6f, flexible
and tough films were obtained from the other polymers [34]. The
PAs exhibited high T ’s in the range of 247-293°C and high thermal
stability (T, > 500°C).

Mallakpour et al. [24, 35-41] have investigated the synthesis
of PAs [PA-(7A-7E_ )] (Figure 5.13) from chiral diacids;
5-(4-methyl-2-phthalimidylpentanoylamino) isophthalic acid,
(25)-5-(3-phenyl-2-phthalimidyl pro-panoylamino)isophthalic
acid, 5-(3-methyl-2-phthalimidyl pentanoyl amino) isophthalic
acid, (25)-5-[4-(4-methyl-2-phthalimidylpentanoyl-amino) benzoyl
amino] isophthalic acid and 5-[3-methyl-2-(1,8-naphthalimidyl)-
butanoylamino] isophthalic acid with several aromatic and
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Figure 5.13 Chemical structure of the PAs (from [24, 35-41]).

aliphatic diisocyanates such as 4,4’-diphenylmethane diisocyanate
(MDI), toluylene-2,4-diisocyanate (TDI), isophorone diisocyanate
(IPDI) and hexamethylene diisocyanate (HDI) under microwave
irradiation as well as conventional technique (Figure 5.13). The
polymerization reactions were also carried out in the presence of
tetrabutylammonium bromide (TBAB) as a molten ionic liquid (IL)
or traditional solvent likel-methyl-2-pyrrolidone (NMP) under
microwave irradiation. The resulting optically active PAs (PA-7A )
have moderate inherent viscosities in the range of 0.32-0.57 dL./g
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when synthesized in IL. The inherent viscosities of the same poly-
mers were in the range of 0.25-0.63 dL/g when microwave step-
growth polymerization technique was used. The PAs were soluble
in amide-type solvents. Aromatic PAs PA-7B_, synthesized under
MW technique showed good yields and moderate inherent vis-
cosities. Some of the reported PAs showed good solubility and are
readily soluble in organic solvents. Another series of PAs (PA-7C_)
were also soluble in polar aprotic solvents. Aromatic PAs; PA-7D_
[40] also were obtained in high yields and high inherent viscosities.
Incorporation of the bulky side chain in the PAs cause an increase
in the solubility organic solvents such as DMF, DMSO, DMAc,
NMP, pyridine and in H,SO, at room temperature. The unsymmet-
ric diisocyanates such as TDI and IPDI gave polymers with lower
inherent viscosities compared to the symmetric MDI and HDI {41].
This is attributed to the better possibility of chain arrangement and
chain growth, when a step-growth polymerization reaction mech-
anism is performed during a defined reaction time. The inherent
viscosities of the resulting polymers (PA-7E_,) under microwave
irradiation were in the range of 0.26-0.54 dL/g and the yields
were 75-91%.

The same research group also reported a series of thermally
stable and optically active PAs (PA-8A ) (Figure 5.14) prepared
via an oil bath heating method using a mixture of 1,3-dipropyl-
imidazolium bromide (as IL) and triphenyl phosphite (TPP) both
as reaction media and activator [42]. The reaction proceeded effi-
ciently with IL/TPP as condensing agent without the need of any
additional promoters as necessary in case of traditional organic sol-
vents like NMP. The incorporation of tetrabromophthalimide, and
L-phenylalanine groups into PAs backbone gave polymers with
good solubility in common organic solvents. These PAs showed
high thermal stability, with the decomposition temperature above
400 °C, which is slightly lower compared to related aromatic PAs
which do not contain any pendant groups (Figure 5.14).

In another study, Mallakpour and Rafiee [43] synthesized several
optically active aromatic PAs (PA-8B_,) (Figure 5.14) from the reac-
tion of new diacid monomer, 5-[3-phenyl-2-(9,10-dihydro-9,10-eth-
anoanthracene-11,12-dicarboximido)propanoylamino] isophthalic
acid which was successfully synthesized starting from cis-9,10-dihy-
dro-9,10-ethanoanthracene-11,12-dicarboxylic acid anhydride and
L-phenylalanine and different aromatic diamines by MW assisted
and conventional heating polyamidation reaction (Figure 5.14).
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Figure 5.14 Chemical structure of the PAs (from [42, 43]).

As described earlier in this case also better yields were obtained
under faster and cleaner reactions compared to those from conven-
tional heating. All of these polymers having bulky anthracenic and
amino acid functionality in the side chain showed excellent solu-
bility in various organic solvents. PAs were thermally stable, with
T, at 385°C in the nitrogen atmosphere, T, above 180°C and char
ylelds at 800°C higher than 50%.

5.6.3 Polyamides with Cardo Moieties

The cardo fluorene moiety was extensively studied to improve the
solubility of PAs. Hu ef al. [44] synthesized several PAs with fluore-
nyl-cardo moieties in the main chain. Most of the polymers were
readily soluble in polar aprotic solvents, and some were soluble in
THE. PAs exhibited better solubility when alkyl substituents were
incorporated. Wu and Shu [45] described the synthesis of soluble aro-
matic PAs derived from a diacid monomer with a spiro core, 2,2'-bis
(4-carboxyphenoxy)-9,9’-spirobifluorene (Figure 5.15). The direct
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Figure 5.15 Chemical structure of the PAs based on cardo 2,2’-bis
(4-carboxyphenoxy)-9,9’-spirobifluorene (from [45]).

phosphorylation polycondensation of this diacid monomer with vari-
ous aromatic diamines gives amorphous aromatic PAs. The presence of
the spiro segment in the main chain restricts the packing density of the
polymer chains thereby decreases interchain interactions and resulting
in PAs with enhanced solubility. All the PAs (PA-9_) were soluble in
THF and in polar aprotic solvents. Sagar et al. [46] reported on the syn-
thesis and characterization of aromatic PAs containing s-triazine rings
and fluorene “cardo” groups by low-temperature interfacial polycon-
densation of s-triazine ring containing diacyl chlorides with a cardo
diamine. The PAs were amorphous and soluble at room temperature
in polar aprotic solvents, but not in acetone. Korshak and coworkers
[47] reported that the polymer chains having cyclic side cardo groups
(for e.g., a fluorene group) can cause a significant increase in both T

and thermo-oxidative stability while providing good solubility.

5.6.4 Polyamides Containing Trifluoromethyl Groups

Recently, considerable attention has been devoted to the fluorinated
aromatic PAs. It was found that the incorporation of fluorinated
groups into PA backbones resulted in great benefits for improving
polymer solubility. This is attributed to the small dipole and the
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low polarizability of the C-F band as well as the increase in free
volume. The presence of —CF, groups and the substitution of fluo-
rine for hydrogen, causes a remarkable change of properties. The
C-F bond is a high energy bond, so that PAs containing fluorine
are in general polymers with high T_and better thermal properties,
comparable to those of the conventional aromatic PAs. Fluorinated
PAs showed improved properties, such as; increased solubility,
excellent mechanical properties and low moisture absorption. The
fluorinated PAs are very attractive for applications in advanced
technologies, such as in high performance structural resins, ther-
mally stable coatings and films, polymeric membranes for gas
separation and pervaporation applications due to their excellent
balances in properties. Zhu et al. [48] described the preparation of
novel soluble fluorinated azo-PAs by reacting 2-trifluoromethyl-
4,4'-diaminodiphenyl ether with various azodibenzoyl chlorides.
Sheng et al. [49] reported on fluorinated aramids derived from an
asymmetric monomer, 2-(4-trifluoromethylphenoxy)terephthaloyl
chloride, polymerized with various aromatic diamines. The PAs
were amorphous and readily soluble in polar aprotic solvents.
Hsiao et al. [50] synthesized fluorinated PAs that had a isomeric
diamine, 1,4-bis(4-amino-2-trifluoromethyl  phenoxy)naphtha-
lene. All the PAs were soluble in THF. Yang and Su [51] prepared
fluorinated PAs with 4,4’-bis(4-amino-2-trifluoro methylphenoxy)
biphenyl monomers. The main characteristics of these polymers are
their excellent solubility even in THF and thermal and mechanical
properties. Hsiao and Chang [52] prepared two types PAs contain-
ing flexible ether linkages and laterally attached side rods, which
were synthesized from two diamine monomers; 2’,5"-bis(4-amin-
ophenoxy)-[1,1";4’,1”Jterphenyl and 2’,5'-bis(4-amino-2-trifluoro
methylphenoxy)-[1,1;4',1”] terphenyl. The polymers were readily
soluble in aprotic polar solvents, and the PAs derived from diamine
with the two trifluoromethyl substituents were soluble in THF.
We have reported a series of fluorinated aromatic PAs (PA-10, )
(Figure 5.16) [15]. The reported PAs were soluble in polar aprotic
solvents such as DMF, DMAc, NMP, DMSO, THF, pyridine, and
chloroform.

Later, we have reported several -CF, group containing aromatic
PAs (PA-11a,,, PA-11b , and PA-11c, ) for the pervaporation of
benzene (Bz)-cyclohexane (Chx) mixture (Figure 5.17) [53-55]. The
PAs were very much soluble in polar aprotic solvents and some of
the polymers were even soluble in THF [53].
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Figure 5.16 Chemical structures of the fluorinated aromatic PAs soluble in THF
(from {15)).
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Figure 5.17 Chemical structures of the fluorinated aromatic PAs (from [53-55]).

Recently, we have described a series of new semifluorinated aro-
matic PAs (PA-12_ ) where variation of rigidity, bond angle and polar-
ity has been taken into consideration (Figure 5.18). Moreover, the effect
of heterocyclic moiety in the polymer backbone was taken into consid-
eration on its properties. These PAs were soluble in different organic
solvents e.g. DMF, DMAc, NMP, pyridine and also in THF [56].

5.7 Processable Hyperbranched Aromatic
Polyamides

Hyperbranched polymers (HBPs) have received great attention
owing to their unique combination of low viscosity, excellent sol-
ubility, and facile synthesis. The preparation of HBPs from AB,
monomers emerged with the initial report by Flory in 1952 [57].
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Figure 5.18 Chemical structures of the semifluorinated aromatic PAs (from [56]).

Jikei and co-workers [58] described the synthesis of aromatic hyper-
branched polyamides (HBPAs), derived from aromatic diamines
(A,) and trimesic acid (B,). Furthermore, Jikei and co-workers, [59]
as well as Voit and co-workers [60] have explored these HBPs in
more detail. polyamide dendrimers were first reported by Miller
and Neenan in 1990 [61]. The synthetic pathway was based on a
convergent approach. 1,3,5-Benzenetricarbonyl trichloride and
5-nitroisophthaloyl chloride were used as the core and building
blocks, respectively [62].

Baek and Harris reported aromatic HBPAs [63], synthesized by the
self-polymerization of AB, amide monomers containing hydroxyl
and two fluoro groups. The reported polymers were amorphous in
nature and were very much soluble in common organic solvents such
as THE, CHCL,, DMF, DMAc, DMSO, NMP, and m-cresol. The aryl-
fluoride-terminated, amorphous polymers had intrinsic viscosities of
0.34 and 0.24 dL/g (30.0 + 0.1°C in m-cresol) and T s of 210-269°C.

Liou et al. reported [64] a series of electrochromic aromatic HBPAs
PA-(13-15) with electroactive triphenylamine (TPA) units, prepared
from the phosphorylation polyamidation reactions of a newly A,B
type monomer, 4-amino-4’,4”-dicarboxytiphenylamine, with AB
monomer and end-capping agent, respectively (Figure 5.19). Most
of the reported PAs are readily soluble in polar aprotic organic
solvents such as NMP, DMAc, DMF, DMSO and THE Thus, the
excellent solubility makes these polymers potential candidates for
practical applications by spin-coating or inkjet-printing processes
to afford high performance thin films for optoelectronic devices.
The PAs showed good thermal stability associated with high T,'s
(201-221°C) and higher than 71% char yield at 800°C in mtrogen
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Figure 5.19 Chemical structures of the aromatic HBPAs (from [64]).

Shabbir et al. reported the synthesis of an amide group containing
aromatic triol and polycondensation of the aromatic triol monomer
with various diacid chlorides that resulted in a series of hydroxy-
terminated hyperbranched poly(amide esters) (HBPAEs) (PA-16_,)
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(Figure 5.20) without gelation [65]. Polymer back bone structure
and degree of branching of the resulting polymers were confirmed
by FTIR, 'H and ®C-NMR spectroscopy. 1, and T, values of the
HBPAE:s lie in the range of 0.15-0.21 dL/g "and 74°112°C, respec-
tively. These thermally stable polymers were found to be good sol-
uble in polar aprotic solvents including DMF, DMAc, NMP, and
DMSO and to some extent in THF. The presence of alkyl groups in
the semi-aromatic HBPAEs derived from aliphatic acid chlorides
caused enhancement of solubility in comparison to fully aromatic
HBPAEs. The presence of alkyl group caused improved solubility
of PA-16c and 16d and showed the highest solubility among the
prepared HBPs.
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Figure 5.20 Chemical structures of the aromatic HBPAEs (from [65]).



138 HicH PERFORMANCE POLYMERS AND ENGINEERING P1LASTICS

Ishida et al. reported three aromatic HBPAs, synthesized by the
direct polycondensation of 3,5-diaminobenzoic acid (AB,), first
generation (G1) dendron (AB)), and second generation (G2) den-
dron (AB,). The degrees of branching (DB) of the polymers from
monomers were 0.32, 0.72, and 0.84, respectively, as determined by
"H-NMR spectroscopy [66]. All aromatic HBPAs prepared from the
three different monomers by direct polymerization were soluble
in DMF, DMAc, NMP, and DMSO. The M | of the resulting poly-
mers measured by GPC based on polystyrene standards were in
the range of 10 x 10*— 20 x 10% The fifth generation (G5) dendron
was soluble in aprotic polar solvents and THE, whereas both the
end-capped HBPAs from AB, and AB, were insoluble in THF. The
authors assume that the difference in solubility is caused by the dif-
ference in architecture of the molecule: random for the HBPs and
spherical for the G5 dendron.

Inand Kim described the synthesis of hyperbranched poly(arylene
ether amides) (HBPAEAs) (PA-17,18) (Figure 5.21) with fluorine or
hydroxy end groups from AB, or A,B type monomers via a nucleo-
philic aromatic substitution reaction [67]. The reported HBPAEAs
showed highly branched characteristics (DB = 0.43-0.53), high T_
(>220°C), and high thermal stability (T, >420°C). All HBPs were
readily soluble in aprotic polar solvents such as DMF, DMSO, and
NMP regardless of the end groups.

Li et al. reported a fast and highly efficient approach of synthesis
to prepare aromatic and semiaromatic HBPEAs (Figure 5.22) via
the polycondensation of AA” and CBx monomers [68]. 2,2-Diphenic
anhydrides (AA” monomers) with aromatic or aliphatic multihy-
droxyl primary amine (CBx monomers) were thermally polycon-
densed to prepare aromatic and semiaromatic HBPEAs (PA-19)
with multihydroxyl end groups without any catalyst. The DBs of
the polymers were determined to be 0.53-0.63 by 'H-NMR. These
polymers exhibit excellent solubility in a variety of solvents such
as DMAc, DMSO, THEF, and CHCI, and possess moderate molecu-
lar weights with broad distributions determined by size exclusion
chromatography (SEC). The decomposition temperature of the
polymers at T,  ranging from 333 to 397°C in nitrogen.

Jikei et al. have described the synthesis of aromatic HBPA copo-
lymers by direct polycondensation of 3-(4-aminophenoxy)benzoic
acid (AB monomer) and 3,5-bis(4-aminophenoxy)benzoic acid
(AB, monomer) in the presence of TPP and pyridine as condensa-
tion agents [69]. The structure of resulting polymers was confirmed
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Figure 5.21 Chemical structures of the aromatic HBPAEAs (from [67]) Vol. 38,
p. 8235, 2005.

by IR, 'H, and “C-NMR measurements. The resulting copolymers
were soluble in aprotic polar solvents such as DMF, NMP, and
DMSO, and transparent yellow films were prepared from DMF
solution of the copolymers. The 5% weight loss (T ,,) temperature
determined by TGA was over 400°C for all copolymers. The feed
ratio of the monomers affected the T ’s and the softening points
(T’s). A minimum T, was observed at a 50% of the AB, monomer
whereas T's gradualfy decreased with increasing the AB monomer
and became constant over a 60%. Young’s modulus determmed
by the tensile test decreased from 2.4 to 1.6 GPa with increasing
amount of the AB, monomer in the range 0-60%.

Chang and Shu reported a aromatic hyperbranched poly(amide-
imide) (HBPAI) (PA-20) (Figure 5.23), prepared by the copolymeri-
zation of 4-(3,5-dicarboxyphenoxy)phthalic anhydride, a B'B, type
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Figure 5.23 Chemical structures of the aromatic HBPAI (from [70]).

monomer and 1,4-phenylenediamine and an A, type monomer
[70]. The rapid reaction between the anhydride and amino group
led to the formation of the dominant imide intermediate, regarded
as a new AB, type of monomer. The intermediate, without isolation,
was subjected to further polymerization in the presence of TPP
and pyridine, as condensing agents, to give the HBPAI, contain-
ing carboxylic acid chain ends. For comparison they prepared an
AB, monomer separately and the conventional self-polymerization
of this monomer was also studied. The structures of the obtained
polymers were characterized by FTIR and 'H NMR spectroscopy.
The DB of the HBPAIs was estimated to be 60-61%. The terminal
carboxylic acid groups were modified by reaction with a variety
of aromatic amines to give the corresponding amide derivatives.
These PAIs have enhanced solubility in organic solvents and are
highly soluble in polar solvents such as DMAc, NMP, and pyridine
and the different chain ends led to solubility differences.

Jikei and Kakimoto have prepared the aromatic HBPAs and
copolymers by direct polycondensation in the presence of conden-
sation agents by (i) self-polycondensation of ABx-type monomers,
(ii) copolymerization of AB, and AB monomers and (iii) polymer-
ization of A, and B, monomers [71]. The self-polycondensation of
ABx monomers proceeded without gelation to form soluble poly-
mers. Spectroscopic measurements revealed that the copolymers
were composed of five kinds of repeating units. The inherent vis-
cosity of the resulting PAs was low, in the range 0.2-0.4 dL/g. All
of the resulting PAs were soluble in aprotic polar solvents, such as
DMF, NMP and DMSO. The good solubility and adequate solution
viscosity of the copolymers allowed the preparation of transparent
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yellow films by casting the copolymer solution onto a glass plate.
The polymerization of A, and B, monomers was also investigated as
a novel route to prepare HBPAs without using ABx-type monomers.

Shabbir et al. have reported carboxylic acid terminated aromatic
and semiaromatic HBPAEs (PA-21_) containing pyrimidine moi-
eties (Figure 5.24). The polymers were prepared by polycondensa-
tion of 4-hydroxy-2,6-diaminopyrimidine (CBB’) to a double molar
ratio of various diacid chlorides (A,) without any catalyst {72]. The
products were soluble in organic solvents, such as DMF, NMP and
showed T_between 180 and 244°C. The polymerization products
have been investigated with FTIR, '"H and ®C-NMR analyses and
the degree of branching was higher than 60%. Amorphous poly-
mers had inherent viscosity (n_ ) ranging between 0.21-0.28 dL/g
and had excellent thermal stability with T, at 346-508°C.

Yu et al. reported aromatic HBPA grafted nano-silica particles
(PA-22), successfully prepared via “onepot” melt polycondensation
[73] (Figure 5.25). Thessilica particles were firstly treated with a silane
coupling agent to introduce amine groups as the growth points,
and then grafting of the HBPs started from the modified surface.
The percentage grafting can be as high as 32.8%. All the aromatic
HBPAs prepared by either grafting or homopolymerization are sol-
uble in DMF, DMAc, NMP and DMSO. They also investigated the
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Figure 5.24 Chemical structures of the aromatic HBPAEs (from [72]).
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Figure 5.25 Chemical structures of the aromatic HBPA grafted nano-silica
particles (from [73]).

role of terminal group in the HBP; all the PAs are soluble in DMSO,
whereas they become partially soluble in DMF and DMAc.

Ohishi et al. have reported homopolymer-arm, block-arm, and
miktoarm star polymers consisting of poly(N-octylm-benzamide)
and poly(N-H-m-benzamide) by means of a core cross-linking
method [74]. The 'TH-NMR spectra of the star polymers in DMSO
revealed that the poly(N-octyl-m-benzamide) segments and arms
of the block-arm and miktoarm star polymers, respectively. Star
2 and star 3 before deprotection showed rather similar solubility,
and they were soluble in many kinds of organic solvents, except for
alcohols. After deprotection, star 4 was only soluble in polar aprotic
solvents, such as DMF and DMSO, whereas star5 was soluble in
dichloromethane (DCM), CHCl,, and DMF and insoluble in DMSO.
Hence, the character of the external segment of the arms dominates
the solubility and aggregability of the block-arm star polymers.

5.8 Properties
The thermal and mechanical properties of the PAs depends on

their aromatic structure and amide linkages, which result in stiff
rod-like macromolecular chains that interact with each other via
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strong and highly directional hydrogen bonds. Moreover, main
chain sp’® carbon as a constitutive part of a lateral rings gener-
ally brings about polymers with excellent thermal and chemical
stability, good mechanical and dielectric properties. Garcia et al.
described a number of aromatic PAs in a recent review on high-
performance aromatic PAs [26]. Where the author nicely arrange
all the PAs based on PAs with heterocyclic rings in the main chain,
PAs with heteroaromatic pendant rings, cardo, fluorinated and
chlorinated PAs, crown ether containing PAs, PAs with bulky
pendant structures, segmented block PAs and unclassified PA
structures. Moreover, pointed out all the properties of aromatic
PAs e.g., thermal, mechanical etc. In our group we have reported
a series of fluorine containing aromatic PAs prepared by the direct
polycondensation of fluorine-containing aromatic diamines {15]
and different commercially available aromatic dicarboxylic acid
(Table 5.1). The PAs had inherent viscosity between 0.422 and
0.591 dL/g. These PAs showed reasonably good thermal stabil-
ity, as indicated by T, s values upto 460°C in air. The PAs syn-
thesized from 5-t-butyl isophthalic acid and isophthalic acid were
amorphous and exhibited low T, of 217 and 185°C, respectively,
and the PAs derived from terephthahc acid and 2,6-naphthalene
dicarboxylic acid were semicrystalline and showed T ,_of 319 and
385°C, respectively. The solution casting film had tensile strengths
of upto 82 MPa and moduli of upto 2.3 GPa. Further, we have
synthesized another series of PAs containing pendent trifluoro-
methyl group [53]. These PAs had medium-to-high inherent vis-
cosities and the highest value was found to be 0.93 dL/g and M|
value was determined to be 152 x 10° (GPC). The PAs exhibited
good thermal stability upto 489°C (T, in nitrogen) and T s values
upto 273°C (DSC) and 283°C (DMA). The PAs gave flexible films,
which exhibited moderate mechanical properties (tensile strength
upto 72 MPa, and modulus upto 1.39 GPa) (Table 5.2). Later, many
other processable aromatic PAs have reported by us [11, 54, 55]
and all the properties of the PAs we have tabulated in Table 5.2.
Recently, we have reported another series of PAs and their prop-
erties have been compared in terms of rigidity, bond angle and
polarity of the diamines used in the synthesis [56]. Moreover,
the effect of heterocyclic moiety in the polymer backbone was
taken into consideration on its properties. The properties we have
tabulated in Table 5.3.
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5.9 Applications

The aramids are used mainly in heat-protection products; cut-
protection products; ballistic-protection products; tires; hoses;
transmission belts; friction product; sealing materials (gaskets and
braided packings); adhesives, sealant and coatings; specialty paper
products; ropes and cables; thermoplastic pipes; aramid-rubber
composites; hot gas filtration; composites etc.

In the recent year PAs are used for optically devices, electronic
devices, pervaporation membranes, gas separation membranes; ion
exchange membranes; selective receptors and with environmental
applications; packaging application, materials medical applications
of biomaterials etc. These results are extracted from patent claims
that have been approved over the last ten years [75].

5.9.1 Aromatic Polyamides for Membrane
Application

5.9.1.1 Aromatic Polyamides for Pervaporation Application

Membrane-based technology is currently regarded as a new fron-
tier of chemical engineering that has been developed in the past
few decades and recently emerged as an additional category for
separation processes which has been widely used for the purifica-
tion, concentration, and fractionation of liquid mixtures. The needs
for searching new polymeric materials for applications have been
a continuous research challenge. For instance, with regard to the
development of new materials, the U.S. Department of Energy
identified “pervaporation membrane for organic separations” and
“reverse osmosis oxidation-resistant membrane” as two of the
highest ranking research priorities [76].

Chan et al. carried out pervaporation experiments through mem-
branes comprising of different poly(amide-sulfonamides) (PASA’s)
[76]. They found that the best separation factor was achieved with
a membrane based on N,N’-bis(4-aminophenylsulfonyl)-1,3-
diaminopropane and isophthaloyl chloride. However, since they
produced dense membranes by solvent evaporation the fluxes
for all of the membranes prepared were very low in the region of
0.007-0.034 kg/m?h.

Wang et al. reported a series of novel aromatic PAs (PA-23A_ _and
PA-23B_ ) based on the 2,2-bis[4-(4-aminophenoxy)phenyl]lpropane
and 2,2-bis[4-(4-aminophenoxy)phenyllhexafluoro-propane with
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various aromatic diacids (Figure 5.26) for the pervaporation sepa-
ration of benzene (Bz)/cyclohexane (Chx) binary system [77]. The
aromatic PA membranes exhibited a Bz-permselectivity for all the
feed compositions and the permeation rate increased with increas-
ing Bz in the feed solution. The fluorine-containing PA membranes
were swollen in Bz but only slightly in Chx. A separation factor
toward Bz, a permeation rate, and a pervaporation separation
index (PSI) value through the fluorine-containing PA membrane
(PA-23Bc¢) for a 50 wt.% feed Bz concentration were 4.0, 1470 and
5903 g/ m?h, respectively. The permeation rate and the PSI value of
fluorine-containing PA membranes based on (B) were higher than
that of the aromatic PA membranes based on the (A) [77].

We have reported a number of new aromatic PAs for the
application in pervaporation of Bz/Chx (50/50 wt%) mixture.
Pervaporation study of Bz/Chx (50/50 wt%) mixture at three dif-
ferent temperatures have been successfully investigated using
these PA membranes. The pervaporation study of Bz/Chx mixture
indicates that the membranes are Bz selective in nature. In gen-
eral, PAs containing phthalimidine moiety showed higher selec-
tivity and PA-11b4 showed the highest selectivity of 7.6 among
all the polymers. PAs containing fluorene moiety showed higher
permeation flux due to the more n-n interaction with benzene.

—fHn —@—o—@—x@o—@— NH——g—Ar—lClia»n

PA-23
CH; CF;
X = } }
CH, CF;
A B

@ ()

©

Figure 5.26 Chemical structures of the aromatic PAs (from [77]).
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PA-11a3 showed the highest normalized permeation flux of
31.42 kgnm/m?*h and PA-11c4 showed the highest PSIof 3782 g/m? h
at 50°C. These behaviors of the polymers were explained on the basis
of the bulkiness, fractional free volume, T,'s and catenation angle.
The pervaporation results are tabulated in (Table 5.2). Pervaporation
of Bz/Chx mixture through various polymeric membrane materi-
als were studied by Lue et al. [78]. They deduced the relationship
between Bz/Chx selectivity and benzene flux to plot an upper bound
tradeoff curve. The pervaporation result (Bz/Chx selectivity and
benzene flux) of the synthesized PAs lies near to the upper bound
trade-off curve in comparison to the many of the reported polymers
(Figure 5.27).

5.9.1.2 Aromatic Polyamides for Gas Separation Application

There are current environmentally friendly processes for separation
and purification methods by gas separation membrane technolo-
gies that are cost-effective for selective applications. Aromatic PAs

100

PVA; 27°C
PUU; 25°C
PEA: 50°C Upper bound tradeoﬂ curve
CD/PU: 25°C : Lue and Peng, 2003

! PA-11a1: 50°C

1 PA-11a2; 50°C
PA-11a3; 50°C v
PA-11a4; 50°C

10 PA-1161;50°C

PA-11b2; 50°C a 4
PA-11b3; 50°C -
PA-11b4; 50°C i
PA-11c1; 50°C s
PA-11c2: 50°C
PA-11c3; 50°C
PA-11c4; 50°C

Separation factor (a)
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Normalized flux (kg.pnvm?.h)

Figure 5.27 Lue and Peng plot for relationship between Bz/Chx selectivity and
normalized permeation flux (Bz) using various membranes given in literatures
and our synthesized PAs studied at 50°C.
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have been traditionally considered to be very efficient barrier mate-
rials due to their high selectivity for gas separation. However, the
high cohesive energy associated with the high packing density of
the PA chains of the traditional aramids, such as PPPT and PMPI],
produces extremely low gas permeability. Thus, research efforts are
directed toward the reduction of this cohesive energy, by means of
lowering the efficiency of the interchain hydrogen bonds, conse-
quently increasing the free volume to yield materials with better
processability and improved gas permeability.

Carrera-Figueiras and Aguilar-Vega [79, 80] studied the gas trans-
port properties of benzophenone and hexafluoroisopropylidene
containing aromatic polyisophthalamides and co-PAs derived from
the copolymerization of isophthalic and 5-t-butyl-isophthalic acids
with 4,4’-diaminebenzophenone or 2,2-bis(4-aminophenyl)hexa-
fluoropropane (Figure 5.28). The gas permeability coefficients for
PA-24Aa is around 1072 barrers for O,, which classifies this polymer
as a barrier polymer. The inclusion of a bulky ¢-butyl group in ring
position five of the isophthalic residue significantly increases the
permeability (PA-24Ba is up to 15 times that of PA-24Aa, depend-
ing on the gas being considered and PA-24Bb is upto six times more

®)
0 o
CF
(a) ¢
(b)

Figure 5.28 Chemical structures of the aromatic PAs (from [79, 80]).
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permeable than PA-24Ab). This is attributed to an increase in the
fractional free volume and interchain spacing, and a concomitant
rise in the gas permeability and diffusion coefficients. However, a
decrease in the selectivity of gas pairs is generally observed.

Ding and Bikson described prepared the dens membranes from
aromatic PAs containing 2,3-dihydro-1,1,3-trimethyl-1H-indene
moieties in the main chain and investigated their gas transport
properties [81]. The membranes showed high gas permeability
coefficients and gas separation factors. The nonsymmetric and non-
planar diacid residue results in desirable gas transport properties.
However, PAs containing 1,1,1,3,3,3-hexafluoro-2,2-diphenylpro-
pane exhibited higher gas permeability coefficients and modestly
lower gas separation factors.

Recently, Ekiner and Simmons reported on membranes for the
production of oxygen-enriched air, nitrogen-enriched air, for the
separation of carbon dioxide from hydrocarbons, and the sepa-
ration of hydrogen from various petrochemical and oil refining
streams [82]. The membranes are made with blends of PAs, PIs and
PI-PAs. They show high strength, chemical resistance, and are suit-
able for high pressure and temperature applications.

5.9.1.3 Aromatic Polyamides as Reverse Osmosis and
Nanofiltration Application

Reverse osmosis (RO) is a water purification technique that reduces
the quantity of dissolved solids in solution [83]. The technology
depends mainly on complex polymer semipermeable membranes
having a dense barrier layer where separation occurs. In general
the membrane is designed to allow only water to pass through this
dense layer while preventing the passage of solutes (such as salt
ions). One of the most important applications of RO is the produc-
tion of drinking water from saline or seawater. Aromatic PAs have
been used for many years in RO membranes. Aromatic PAs usually
form the active layer, and exhibit high salt rejection, water perme-
ability, and fouling tolerance.

Konagaya et al. [84] prepared co-PAs from the diamine co-
monomers 3,3- or 4,4-diaminodiphenylsulfone, piperazine, and
isophthaloyl or terephthaloyl diacid dichlorides. The asymmetric
membranes prepared from the co-PAs not only have better reverse
osmosis performance, but also have higher chlorine resistance
properties than NOMEX-type aromatic PAs.
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Mohamed and Al-Dossary [85] prepared flat sheet asymmetric
RO membranes comprised of a wholly aromatic PA-hydrazides.
The PA was prepared from 4-amino-3-hydroxybenzhydrazide or
3-amino-4-hydroxybenzhydrazide having equimolar amounts of
terephthaloyl or isophthaloyl dichloride, or mixtures of both. The
effects of various processing parameters on membrane transport
properties were investigated by varying the temperature and the
solvent evaporation time of the cast membranes, the coagulation
temperature of the thermally treated membranes, the annealing of
the coagulated membranes, casting solution composition, mem-
brane thickness, and the operating pressure. The salt rejection was
measured above 80% within the required level of permeability.
Polymers having a higher content of meta-phenylene rings exhib-
ited higher salt rejection.

Buch et al. [86] prepared aromatic—cycloaliphatic PA thin film
composite membranes to measure the chlorine stability. The nanofil-
tration (NF) membranes contained the PA skin layer on a reinforced
polyethersulfone ultrafiltration membrane, and were prepared by in
situ interfacial polymerization of 1,3-cyclohexanebis(methylamine)
in water with trimesoyl chloride in hexane under different condi-
tions. As expected, the performance, i.e., salt rejection and water
flux, of the membranes was strongly dependent on the PA skin layer
preparation conditions, including monomer concentrations, reac-
tion time, and curing temperature. They reported upon exposure
of the membrane to 1, 3, or 5 ppm NaOCl solution containing 2000
ppm NaCl for different time periods, the smooth granular struc-
ture of the PA skin layer transformed to a rough granular nature.
This they explained due to the conversion of the hydrogen bonding
amide N-H group to the non-hydrogen bonding amide N-Cl. The
membrane salt rejection decreased from the initial 78% to 63-65%,
and water the flux decreased from 73 L/hm? to 32-38 L/hm?. The
amount of decrease was dependent upon the chlorine concentra-
tion and exposure time.

5.9.14 Aromatic Polyamides as Ion Exchange Membrane

In different scientific fields and technological process viz. chemi-
cal synthesis, mass separation, energy conversion, storage in fuel
cell and electrical batteries, ion exchange membranes are useful.
PAs have excellent mechanical and thermal properties. However,
these materials have not been extensively studied for ion exchange
membrane.
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Taeger et al. examined the ion exchange capacity based on the
sulfonated moieties in the backbone of aromatic homo- and both
random and block co-PA [87]. Mechanically stable dense PA mem-
branes were prepared and depending on the block length (higher
than 20), a phase separation between sulfonated and nonsulfo-
nated domains was observed. The water uptake and the methanol
crossover of the PA membranes could be controlled by adjusting
the block length. Materials showing phase separation exhibited
enhanced properties with respect to methanol permeability and
water uptake (swelling) in comparison to Nafion®. The materials
have a theoretical ion exchange capacity of up to 3.14 mequiv./g.

Similar sulfonated PAs structures as proton exchange mem-
branes in fuel cells have been recently proposed by Jo et al. [88].
One of the PAs had a comparable proton conductivity (105 mS/cm)
to that of Nafion® 117 at 80°C.

5.9.2 Polyamides with Special Properties
5.9.2.1 Optically Active Polyamides (OAPs)

Naturally occurring polymers, such as proteins, DNA, and polysac-
charides, are optically active. Consequently, the design, character-
ization, and preparation of chiral polymers are of particular interest
[89]. The methods of preparing OAPs involve the polymerization
of optically active monomers and asymmetric polymerization,
which produces OAPs starting from optically inactive monomers.
Concerning the aromatic PA synthesis, the simplest approach, start-
ing with chiral monomers, is commonly used.

Mallakpour et al. have been prepared several aromatic PAs hav-
ing a lateral L-isoleucine core group by adopting two polymeriza-
tion methods (conventional high-temperature solution method,
and MW method) using aromatic diacids and diisocyanates [38, 39].
Both methods were employed using different catalysts (dibutyltin
dilaurate: DBTDL, pyridine, triethylamine (TEA), or no catalysts).
The best results were obtained with DBTL, under MW radiation as
well as conventional heating polymerization. Polymers prepared
by different methods showed different optical rotation, and this
fact was attributed to the dependence of the optical rotation on the
overall structure and regularity of the resulting polymer chains.
Surprisingly, polymers of the same chemical structure obtained by
the same method with different catalysts resulted in different val-
ues of [0, ie., the [a] Z is ~28.5 and +28.5 for one of the polymer
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PA-7A_ (Figure 5.13) polymers obtained employing DBTL and
TEA as catalysts, respectively. The authors claim that since these
polymers are optically active and have amino acids in the poly-
mer architecture, they are likely biodegradable, and are therefore
classified as environmentally friendly polymers. Potential applica-
tion can be found for the amino acid based polymers as the chiral
stationary phases for the resolution of enantiomers in chromato-
graphic techniques, drug delivery and biomaterials.

The same research group [90] reported the preparation of OA
(PAIs) derived from N,N-(4,4’-oxydiphthaloyl)-bis-(s)-(+)-valine
diacid chloride. The polymers were prepared by the reaction of
aromatic diamines with the diacid by classical low-temperature
solution polycondensation (reaction time: 2 h at -5°C and 8 h at
rt), high-temperature polycondensation (reflux conditions, reaction
time: 1min), and MW polycondensation reaction (reaction time:
6min). Comparable results were obtained for all polycondensation
processes.

The authors further synthesized another series of PAls derived
from trimellitylimido-L-phenylalanine [91]. The direct polycon-
densation reaction of the monomer imide-diacid with different
diamines rendered high yield PAls with relatively low n_ values
between 0.21 and 0.45 dL/g. All the above compounds were fully
characterized by IR spectroscopy and elemental analyses, the [a] *
varied between -1.0 and -3.6 °.

5.9.2.2 Luminescent and Electrochromic PAs

The demand for lighter, thinner and more compact electrical and
electronic devices is increasing day by day. Polymers, or polymer
composites, are suitable materials for these applications, which
moreover require high-performance materials that can undergo
injection molding and have sufficient heat resistance to withstand
surface mounting technology. The inclusion of chromogenic and
fluorescent chemical moieties in the lateral aromatic PA chains
gives rise to luminescent converter (LUCO) materials.These poly-
mers used for preparation of LEDs with tremendous potential in
lighting and backlighting applications [92].

Light-emitting phenomena are a characteristic of luminescence
materials. Among the different types of luminescence, light-
emitting aromatic PAs are of importance that produces electro-
luminescence (EL) or photoluminescence (PL) phenomena upon
exposure to an electric current or due to absorption of photons
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causing re-radiation [93, 94] respectively. The physics underlying
luminescence have been extensively described in the literature, and
are beyond the scope of this study.

Additionally, the film formation properties and outstanding
mechanical properties of aramids make these polymers suitable for the
production of organic light emitting diodes (OLEDs), and specifically
polymer light emitting diodes (PLEDs). Despite this, classical conden-
sation polymers are rarely studied for these applications. Moreover,
some luminescence materials also show electrochromism (EC), a
phenomenon in which materials exhibit a reversible change in opti-
cal properties when they are oxidized and reduced. Electrochromic
materials are now been exploited in diverse applications such as mir-
rors, displays, windows, and earth-tone chameleon materials [95].

Estevezet al. prepared and analyzed a chemically modified co-PA
consisting of 90% of structural units of poly(m-phenylene isoph-
thalamide) (NOMEX®) and 10% of structural units containing the
pendant fluorene groups (PA-25_)) (Figure 5.29). The authors used
the copolymer to maintain the outstanding mechanical and thermal
properties of NOMEX® to give rise to dense membranes to be used
as colorimetric or fluorescence sensing materials [92].

Hsiao et al. reported [96] a series of new PAs (PA-26_) with
t-butyl-substituted triphenylamine units were successfully pre-
pared (Figure 5.30). The PAs exhibit good solubility and film-
forming capability and high thermal stability, and all of them are
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Figure 5.29 Chemical structures of the modified co-PAs (from [92]).
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Figure 5.30 Chemical structures of the PAs (from [96]).

fluorescent with blue-light emission. The polymers display very
well-defined and reversible redox processes in acetonitrile solu-
tions. Furthermore, they possess electrochomic behavior. The
PA-26f containing the t-butyl-triphenylamine unit in both diacid
and diamine components shows multielectrochromic behaviour;
colorless in the neutral state, green in the semioxidized state, and
purple in the fully oxidized state. Good redox and electrochromic
stability, moderate fluorescence intensity, and proper HOMO val-
ues of these PAs make them promising candidates for optoelec-
tronic applications.

Nechifor [97] examined a monomer diacid having two couma-
rin moieties in the main chain and in the pendant structure, namely
6,6’-methylene bis{2-ox0-8-{2-[(2-ox0-2H-chromen-7-yl)oxy]
acetoxy}-2H-chromene-3-carboxylicacid} (Figure 5.31). This was
polymerized with various aromatic diamines to give a series of
new aromatic PAs (PA-27, ) with photosensitive coumarin pendent
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Figure 5.31 Chemical structures of the PAs (from [97]).

groups. The bulkiness of the side lateral structure creates amorphous
PAs having increased solubility, and is soluble in aprotic polar solvents
as well as less polar solvents like THE. Polymer films were prepared
via induced crosslinking between PA molecules through a [27+2n]
photo-cycloaddition at the double bond of coumarin moieties and
irradiated (M > 300 nm). The emission spectra of polymer solutions
showed a band with a maximum at 387 nm. The fluorescence spectra
of the films showed red shifts of 18 nm in the emission maxima.

Liou and Yen reported [33] a series of PAs with pendent
naphthylamine units (Figure 5.11). These polymers showed max-
imum UV-visible absorption at 350-358 nm and exhibited fluo-
rescence emission maxima around 435-458 nm in NMP solutions
with fluorescence quantum yields ranging from 0.4 to 15.0%.
The hole-transporting and electrochromic properties were exam-
ined with electrochemical and spectro-electrochemical methods.
Cyclic voltammograms of the PA films cast onto an indium tin
oxide coated glass substrate exhibited one oxidative redox couple
around 1.08-1.16 V (oxidation onset potential) versus Ag/AgCl
in an acetonitrile solution and revealed good stability of the elec-
trochromic characteristics, with a color change from colorless to
green at applied potentials ranging from 0 to 1.6 V.

Liou et al. [98] also prepared aromatic PAs (PA-28, ) with cardo
fluorene moieties in the main chain (Figure 5.32). The introduction
of the cardo fluorine moiety into the polymer backbone enhanced
the solubility, film-formation Capability, and the thermal stability
(T s between 318 and 366°C; T s in N, between 525 and 540°C).
The polymer showed UV-vis absorptlon bands at 286-348 nm in
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Figure 5.32 Chemical structures of the PAs (from [98]).

DMA solution and 295-345 in the solid (film) state, and their PL
spectra exhibited maximum bands at 452-456 nm in the purple-to-
green region in DMA solution, and 451-520 in the films. The films
showed high optical transparency, with cut-off wavelengths in the
range of 296-391 nm. Moreover, the PA-28¢ exhibited excellent elec-
trochromic contrast and coloration efficiency, changing from the
colorless neutral form to green, and then to dark blue upon oxida-
tion (potentials from 0.00 to 1.35 V).

There has been further work on triarylamine-containing aro-
matic PAs (PA-29 ). Green-light-emitting polymers bearing
anthrylamine chromophores, 9-[N,N-di(4-carboxyphenyl)amino]
anthracene, were studied by Yen and Liou (Figure 5.33) [99]. The
aromatic PAs were amorphous and had significantly high thermal
stability due to the high softening temperatures (T) (290-300°C),
a T s up to 505°C, and char yields over 60% at 800°C in nitrogen.
The polymers show good solubility, and PA-29d and PA-29e were
even soluble in THF. All PAs exhibited high optical transparency as
indicated by the UV-vis transmittance measurement with cut-off
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Figure 5.33 Chemical structures of the PAs (from [99]).

wavelengths between 423 and 433 nm, and exhibited a green emis-
sion maximum around 478484 nm in the solid state. The PAs
exhibited a high PL quantum yield in NMP solution (from 55% to
74%), and had one oxidation and reduction couple (E ) nearly
1.10 and -1.50 V versus Ag/AgCl in acetonitrile and DMF solu-
tions, respectively.

The same research group reported [32] a new triphenylamine-
based PA (PA-4). It showed maximum UV-vis absorption at 362 nm
and exhibited fluorescence emission maxima at 493 nm in NMP
solution with fluorescence quantum yield 4.4%. Cyclic voltam-
mogram of PA-4 film cast onto an indium tin oxide coated glass
substrate exhibited one oxidative redox couple at 0.72 V (oxida-
tion onset potential) versus Ag/AgCl in acetonitrile solution and
revealed good stability of the electrochromic characteristic with a
color change from colorless to green at applied potentials ranging
from 0.00 to 1.10 V.
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San-José investigated fluorescent aromatic PAs with bulky dan-
syl, fluorine pendant, or fluorine moieties in the main chain [100].
The fluorescent signals of the dansyl or fluorine moieties are chemi-
cally associated with the main polymer chains through a urea group,
a well-known supramolecular binding site. They also fluorescence
yellowish-green or blue both in solution and solid state depending
on the signaling unit. The PAs had high T s values upto 331°C, and
low T s values around 300°C, due to the moderate thermal stability
of the urea group.

5.10 Conclusion

Wholly aromatic PAs are unique materials in relating to their thermal
and mechanical behavior. However, their extremely high transition
temperatures and their poor solubility in common organic solvents
give rise to processing difficulties and limit their applications. As
a result, fundamental and applied research is being carried out to
enhance their processability and solubility in order to broaden the
technological scope of application associated with these materials.
Many novel species have been prepared by polycondensation of
diacids and diamines specially designed to overcome the tradi-
tional processing problems. Thus, fully aromatic PAs have been
used in many novel applications.
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Abstract

Aromatic polysulfones are a family of amorphous, thermoplastic poly-
mers with phenylene, sulfone (-5O,-), ether (-O-), and in some cases, other
groups in the chain, that possess remarkable thermal and chemical stabil-
ity, excellent strength and flexibility, transparency, as well as high glass
transition temperature and good film forming properties. In addition they
are mainly important as high-quality semipermeable membranes, as an
alternative to cellulosic ones in separation processes, due to the high resis-
tance in extreme pH conditions. Furthermore, polysulfones are soluble in
chloroform and dimethylformamide, and membranes can easily prepared
by conventional phase inversion technique. Its porosity allows it to be
used in micro-ultrafiltration and reverse osmosis processes as well as in
the development of composite membranes to facilitate transport.

Keywords: Polysulfones, polysulfonylation, electrophilic aromatic
substitution, post-polymerization, chemical modification

6.1 Introduction

Aromatic polysulfones are a family of amorphous, thermoplastic
polymers with phenylene, sulfone (-S0O,-), ether (-O-), and in some
cases, other groups in the chain, that possess remarkable thermal
and chemical stability, excellent strength and flexibility, transpar-
ency, as well as high glass transition temperature and good film
forming properties. In addition they are mainly important as high-
quality semipermeable membranes, as an alternative to cellulosic

Vikas Mittal (ed.) High Performance Polymers and Engineering Plastics, (167-204)
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ones in separation processes, due to the high resistance in extreme
pH conditions. Furthermore, polysulfones are soluble in chloro-
form and dimethylformamide, and membranes can easily prepared
by conventional phase inversion technique. Its porosity allows it
to be used in micro-ultrafiltration and reverse osmosis processes
as well as in the development of composite membranes to facili-
tate transport. Since 1965, they were continuous commercialized
through different name, but three basic types could be selected in
connection with their chemical structure (Table 6.1).

Despite these enumerate benefits, however, polysulfones have
also some disadvantages in practical uses, such as their rather
hydrophobic nature, the non-resistance to low polar organic sol-
vents or to UV radiations. For this reason, there is a high interest in
the chemical modification of polysulfones, which alter their chemi-
cal nature to some degree, but do not scarify their excellent physi-
cal, chemical and mechanical properties.

The synthesis of polysulfones (PSF) can be performed by two
main routes: a polysulfonylation process, which is a classical elec-
trophilic aromatic substitution [1], or a polyether synthesis, which
is a nucleophilic substitution of activated aromatic dihalides [2, 3].

One of main routes to achieve new characteristics of polysul-
fones is polymer modification. There are two ways to functionalize
PSFs. The first way is post-polymerization modification, in which
the polymer is functionalized after polymerization. PSF can be
chemically modified by both electrophilic and nucleophilic reac-
tions to yield new polymers with specific properties. Electrophilic
reactions (for example sulfonation, chloromethylation followed
by aminolysis) take place in the electron-rich bisphenol A part of
PSFs [4-9], whereas nucleophilic reactions (in example lithiation
with Li-organic compounds followed by reaction with aldehydes,
ketones or carboxylic acid esters) can be performed in the electron-
deficient diarylsulfone [10-17].

The second way involves direct copolymerization of functionalized
monomers. Modification of monomers is a fundamentally differ-
ent approach from modification of polymer in that modification of
monomer makes feasible control of the molecular structures. Both
diphenols and dihalide aryl sulfones can be modified to incorporate
functional groups or new counterparts.

Using bisphenols with pendant carboxylic group as comonomer,
some polysulfones with pendant carboxylic groups were success-
fully synthesized [18-22]. The functional groups can be used for
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the preparation of graft copolymers. If the monomer contains cop-
per (II), it would be also used to synthesize the electrically conduc-
tive polysulfone [23]. These polysulfones with reactive functional
groups can be used also to prepare polymer networks by thermal
curing.

The diaryl sulfone monomers could be nitrated and then
reduced to amine functionalized monomers [24-26], or sulfo-
nated, afterwards used to copolymerize with different bisphenols
(27, 28].

An increasing topic of interest concerns cooperation of PSFs
with epoxy resins via end group functionalization or blending.
Engineering thermoplastics based on PSF have been widely used
to overcome the problems associated with the brittleness or flame
resistance of epoxy resins [29-33].

The functionality of the end groups itself is important. When such
groups are bifunctional (e.g. vinyl groups) they can participate in
polymerization reactions, yielding graft copolymers or networks;
such telechelic polymers are called macromolecular monomers,
macromonomers [34, 35].

Introducing phosphorus-containing groups into the structure of
polysulfone (either into backbone or main chain) the new modified
polymers display high thermal stability with inherent flame retar-
dant quality and could also be used as high temperature matrix
resins and toughness modifiers in curable high performance epoxy
resins.

Polyethersulfone has been widely used in production of high
quality membrane in protein separation and purification. However,
in many cases, the nonspecific protein adsorption on the membrane
surface and in the membrane pores due to the inherent hydropho-
bic characteristics of PES, often causes serious membrane fouling
and thus rapid decline of permeation flux. This exerts severe limita-
tion for industrial applications. Many investigations have revealed
that increasing membrane surface hydrophilicity could effectively
reduce membrane fouling therefore, incorporation of hydrophilic
polymer through blending, coating and surface grafting has
been subsequently developed to improve the protein adsorption-
resistance and permeation property of PES membrane. Among
many hydrophilic polymers, those containing phosphorylcholine
(PC) groups have been proved to be extremely effective in reducing
protein adsorption [36].
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6.2 Synthesis of Phosphorus Containing
Polysulfones

6.2.1 Functionalization of Preformed Polysulfones

Polysulfones can be chemically modified by both electrophilic and
nucleophilic reactions to yield polymers with specific properties.
Electrophilic reactions take place in the electron-rich bisphenol part
of PSFs, whereas nucleophilic reactions can be performed in the
electron-deficient diarylsulfone part of polysulfones. For example,
sulfonation with chlorosulfonic acid or the SO, /triethylphosphate
complex leads to sulfonated PSF, which can be used as a cation-
exchange membrane [37, 38] and chloromethylation, followed by
aminolysis with tertiary amines, leads to anion-exchange poly-
mers [9]. To obtain phosphorus containing polysulfones, one of
the attractive strategy is to phosphonate the existing polysulfones.
When polysulfone consists of alternating bisphenol A and biphe-
nyl sulfone segments, the strong electron-withdrawing effect of the
sulfone units gives a slight acidic character to the ortho-to-sulfone
aromatic hydrogens.

6.2.1.1 Functionalization of Sulfone Moiety

Polysulfone possesses aryl sulfone groups in the structure which
is strongly activate towards ortho-lithiation, making this polymer
a particularly suitable substrate. The carbons at ortho-to-sulfone
positions may be metalized by the use of a strong base such as
n-BuLi [12} (Scheme 6.1). Lithiated polysulfone could be reacted
with various electrophiles in convenient one- or two-step reactions,
without rise to chain scission or any other degradation of the poly-
sulfone main chain In an example, the more acidic difluorometh-
ylenephosphonic acid units cold be grafted onto PDF main chains,
using lithiated polysulfone and methyl 2-iodobenzoate followed
by the reaction with diethyl (bromo difluoromethyl)phosphonate.
So, an increase in the acidity and a separation of the acidic moiety
from the polymer main chain by benzoyl spacers were realized
[39] (Scheme 6.1 way A). Phosphonated PSFs with the acid units
attached directly to the polymer main chain have been prepared
by lithiation and subsequent reactions with chlorophosphonic acid
esters without the use of a catalyst [40] The reaction parameters
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(including the reactivity of the nucleophile, the nature of the elec-
trophile and solvent, the relative amounts of each reactant, the reac-
tion temperature and time), were carefully selected to avoid cross
linking reactions (Scheme 6.1 way B). A well-defined copolymer
grafted with polyvinylphosphonic acid was prepared by anionic
polymerization of diethylvinylphosphonate from polysulfone mac-
roinitiators, followed by hydrolysis of the ester groups of the units
of diethylvinylphosphonate. In the first step, diphenylethylene was
added to the lithiated sites to form the initiating 1, 1-diphenylal-
kyl anion, that is capable of initiating polymerization of diethylvi-
nylphosphonate. Hydrolysis of the ester groups produced soluble
graft copolymers with different contents of poly (vinylphosphonic)
acid (Scheme 6.1 way C) [41].

6.2.1.2  Functionalization of the Bisphenol A Moiety

The electron-donating effect of the ether linkages of the main
chain activates the phenylene rings of the bisphenol A part toward
nucleophilic attack, and they may thus be used as positions for
halogenation, such as bromination [14]. Brominated sites located
ortho to the ether linkages can be selectively metalized in a second
reaction step because the halogen-lithium exchange is favored over
the proton-lithium exchange at low temperatures. The subsequent
reaction with an electrophil does not produce scission or any other
degradation of polysulfone main chain (Scheme 6.2).

An efficient synthetic procedure for the phosphonation of poly-
phenylsulfone involved also the brominating in excess (Scheme
6.2, way A) of the polymer and the subsequent bromine-phos-
phorus exchange by means of a PdCl, catalyst (alone or with
dibenzylidenacetone as ligands) and subsequent P-C coupling
reaction [42]. In the resulting product, the phosphonate ester pen-
dant groups were attached to aromatic rings of the polymer chain
without alkylene spacer units. A substitution degree of almost
one phosphonate moiety per repeating unit of the polymer was
achieved. Polymers with free phosphonic acid groups were pre-
pared by ester hydrolysis. Using a monobrominated polysulfone
and the subsequent reaction with tris(trimethylsilyl)phosphate on
Ni Cl, catalyst, a soluble, halogen-free and highly functionalized
polyelectrolyte could be obtained [43]). The silylated phosphonates
are readily cleaved in the presence of methanol, which simultane-
ously removes the residual catalyst residues (Scheme 6.2, way B).
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Another modification of bisphenol A part of polysulfone struc-
tural unit is the chloromethylation reaction. The reactive chloro-
methyl group can be readily modified by a reaction with various
nucleophilic reactants. The reaction with an aliphatic phosphine
(triethylphosphite in the presence of diethylcarbitol) leads to phos-
phonate ester groups, which can be hydrolyzed in aqueous acid
to phosphonic acid pendant groups [44]. If the aliphatic phos-
phine is replaced with an aromatic one (triphenyl-phosphine or
it derivative), the quaternary phosphonium polysulfone would
also obtained [45, 46]. Using an aromatic bulky reactant with P-H
reactive group (9, 10-dihydro-oxa-10-phosphophenanthrene-10-
oxide) (DOPO), another type of phosphorus modified polysulfone
could be obtained [47]. The substitution of chlorine with the bulky
cyclic phosphorus compound was carried out at elevated tem-
perature, using a large excess of phosphorus reactant. The reactive
P-H group interacts with CH,CI group of chloromethylated poly-
sulfone. The occurrence of HClI evolved from the reaction proved
the substitution and could also offer kinetic data about the process
(Scheme 6.3).

6.2.2 Polycondensation of Phosphorus Containing
Diols with Dihalogen Substituted Aromatic
Sulfones

New phosphorus containing polysulfones could be obtained by
using different phosphorus containing diols in the classical synthe-
sis of PSF (Scheme 6.4). Diols can contain phosphorus in main chain

osition or incorporate in a phenanthrene-type ring as side chain.
These different phosphorus-containing diols form aromatic poly-
ethers by polycondensation with dihalogen-substituted aromatic
sulfones [48]. The chain structure of the polymer (aromatic or ali-
phatic) and the position of phosphorus in the chain influence the
polymer properties (electroluminescence [49, 50], flame retardancy
[51], liquid crystal properties [52]).

Another approach in the synthesis of phosphorus containing
polysulfones is the reaction between bisphenol S and a haloge-
nated phosphorus containing derivative (Scheme 6.5). When spi-
rocyclic pentaerythritol di-(phosphate monochloride) was used as
monomer [53], triethyl amine was added to cap the resulted HCI.
The obtained copolymer blended with an epoxy resin increased
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Schema 6.4 Polycondensation of substituted dihalogen aromatic sulfones with
phosphorus containing diols.

it thermal and fire resistance. Bis[4-(4-fluorobenzoyl)phenyl]
phenylphosphine oxide was obtained and reacted with bisphe-
nol S via nucleophilic substitution reaction to synthesize a soluble
phosphorus-containing poly(ether ketone). The tetrahedral geom-
etry of the phosphine oxide group may have disrupted the crystal
packing, reducing intermolecular interactions and enhancing the
solubility of the semicrystalline, insoluble commercial poly(ether
sulfone) —Victrex [54]. The incorporation of phenylphosphine oxide
moieties also could increase the adhesion, resistance to atomic oxy-
gen, and flame resistance of the parent polymer. The attachment
of phenyl pendent groups may have increased the glass-transition
temperature by restricting segment mobility.
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Schema 6.5 Synthesis of phosphorus containing polysulfones from bisphenol S
and halogenated phosphorus derivatives.

O

6.3 Properties of Phosphorus-Containing
Polysulfones (P-PSF)

6.3.1 Spectral Features

FTIR and NMR ('H, C and *'P) spectra give informations concerning
the structure of phosphorus-containing polysulfones, the substitution
degree of sulfone or bisphenol moiety with a phosphorus compound
and the position of substituted groups.

The FTIR spectra of phosphorus-containing polysulfones usu-
ally show the following absorption bands:

1. The phosphoryl linkage stretching is found to absorb
at 1320-1200 cm!. However, the considerable over-
lap between absorptions bands originating from the
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asymmetric stretches of the SO, and phenyl ether link-
ages at 1292-1326 and 1238 cm, respectively, did not
allow a clear identification.

2. P-O-Alkyl and P-O-Aryl group absorbs at 1030-1050
and 1190-1240 cm™ respectively. In a particular case of
phosphorus bulky group substitute, the P-CH, group
presents a strong absorption at 910cm™

'"H NMR spectroscopy and elemental analysis were applied for
the determination of the degree of phosphonation (DS) [42]. In the
case of 'H NMR spectroscopy, the DS was calculated from the sig-
nal ratio of the ethyl ester protons and the aromatic protons. In the
case of elemental analysis, the DS could be calculated also from the
P/S ratio. A comparison of the obtained DS values from this two
methods shows that data are always in good agreement with each
other. When chloromethylated PSF was modified with aliphatic
phosphite [46], the degree of phosphonation could be calculated
from area for two protons of CH,-P- at $=3.0-3.1 ppm, those for
six protons of (CH,CH,0),—- at 1.25 ppm and for four protons of
(CH,CH,0),- at 4.0 ppm versus the area for six protons of the two
methyl groups of diol.

Both the 'H and “C NMR spectra alone are too complex for a
detailed structure analysis of bulky aromatic phosphorus substitute
of PSF [47] because of the large number of different aromatic pro-
tons and carbons. 'H-BC #MQCgs-QNP-34 NMR and the *'P NMR
resolved these problems. The characteristic peaks associated to
protons of -CH,CI group situated at 4.64 ppm in chloromethylated
PSF spectrum disappeared and the characteristic peak associated
to protons of -CH,-P-bulky group was moved at 3.5 ppm. Aromatic
domain in '"H-®*C-NMR spectra is quite different for chloromethyl-
ated and phosphorylated PSF caused by the additional number of
protons and carbon atoms provided by phosphorus group structure.

The *P NMR spectra of the phosphorous-containing PSF with
DS between 0.62 and 0.74 indicated the existence of one phos-
phorous bulky group attached to the diol. When the substitu-
tion degree increased, the signal for the single peak at 33.17 ppm
slightly moved to 33.20 ppm. Two peaks were observed to a higher
substitution degree, one at 33.27 and the second at 31.92, probably
related to the incomplete substitution of the two chloromethylated
groups in diol ring.
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6.3.2 Solubility

Phosphorus-modified polysulfones with side bulky groups
were soluble in polar-aprotic solvents (N-methyl-2-pyrrolidone,
dimethylacetamide, dimethylformamide), but also in some non-
polar solvents as chloroform and 1, 4 dioxane [48]. The solubility
increases only in a certain extent with the substitution degree. In
the graft copolymers with poly(vinyl phosphoric)acid [41], the
well-separated poly(phosphoric) acid side chains along stiff and
hydrophobic PSF main chains could produced membranes with
interesting water uptake. The solubility of polyethersulfone with
a bis(4-carboxyphenyl)phenyl phosphine oxide in main chain [54]
were readily soluble at room temperature in polar, aprotic solvents,
such as N-methyl-2-pyrrolidone, dimethylacetamide, dimethylfor-
mamide, and dimethyl sulfoxide. They were also soluble in chloroal-
kylenes and in tetrahydrofuran at elevated temperatures. The good
solubility can be attributed to the phosphine oxide moiety, which
reduced the regularity of the main chain and led to the amorphous
nature of the polymers. The excellent solubility makes the polymers
potential candidates for practical applications in casting processes.

6.3.3 Thermal Stability

In many cases, between the thermal stability and flammability
there are some connections. The great majority of organic polymers
are flammable, therefore research and development of polymers
with reduced flammability is an area of continuing scientific inter-
est. Flame retardant properties of such organic polymers can be
achieved by introducing “flame retardant” groups. Among these,
phosphorus containing groups, either pendant (as substituent on
the polymer backbone) or built-in into the backbone, are of high
interest with respect to halogen-free flame retardance. Just as for
organophosphorus flame retardant additives, the flame retardant
action of these groups may be expected in the gas phase due to
flame inhibition of the fuel, and/or in the condensed phase due to
involving of the macromolecules in charring processes. The flame
inhibition increases with decreasing the oxidation state of phos-
phorus, which plays a significant role for the fire performance of
materials [55]. The thermal decomposition behavior of phosphorus
containing polymers and analysis of pyrolysis products give infor-
mation on the possibilities of their flame inhibition.
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6.3.3.1 Thermal Gravimetric Aspects

It is well known that polysulfone gives outstanding polymer mem-
branes with a high glass transition temperature (195°C), good ther-
mal and oxidative stability (decomposition range between 400 and
550°C regardless of environment (under air, argon or vacuum) [56].
The chemical modification of polysulfones with phosphorus com-
pound incites a great interest with respect to their thermal behav-
ior, especially in connection to the flame retardant properties. The
decrease or increase of thermal stability of phosphorus-containing
polysulfones could be correlated with the position of phosphorus
group in PSF structure. Table 6.2 resumes some examples.

The TG data show that phosphorus containing groups incorpo-
rated into polysulfones structure generally decreases their thermal
stability. Some particularities were remarked. The thermal decom-
position for polymers containing phosphonic acid exhibited a first
weight loss in most cases being interpreted as a loss of water mol-
ecules in connection with the formation of P-O-P bonds. In addi-
tion, the cleavage of the C-P bond has been reported to occur at
temperatures above 320-350°C for most studied systems. However,
in the case of structure 4, the first weight loss started at T decompo-
sition = 230°C. It has previously been reported that alkyl-P bonds
are usually weakened by the presence of electron-withdrawing
units, whereas aryl-P bonds are weakened by electron-donating
units [57]. This might explain the lower thermal stability of the
phosphonic acid unit in this case because of the strong electron-
withdrawing character of the CF, group. In line with this observa-
tion, Miyatake K. et al. [58] reported the loss of phosphonic acid
units at 260°C in phosphonated poly(arylene ether)s, for which the
phosphonic acid units were located on electron-rich aromatic rings.

The copolymer with poly(phosphonic) acid in the ester form
(structure 5) showed a first degradation step between 250 and
350°C. The magnitude of the step was directly correlated with the
phosphonate ester content. This degradation was ascribed to the
decomposition of the ester units to form ethylene and phosphonic
acid units, possibly followed by a subsequent formation and loss of
water, by self-condensation at these high temperatures. A second
degradation step was noted between 350 and 400°C, most prob-
ably connected with the cleavage of the C-P bond. The copolymers
in the acid form showed a small initial weight loss already from
150°C, ascribed to reversible self-condensation and desorption of
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water. A large degradation step at 340°C was connected with the
cleavage of C-P bonds, and then polymer backbone degradation
occurred at higher temperatures [41].

By means of TG experiments and evolved gas analysis it was
demonstrated that polysulfones containing phosphorus in the
main chain or as pendant group decompose in different ways [55].
Phosphorus-oxygen bonds in the polymer backbone (structure 7)
showed a lower thermal stability than phosphorus-carbon bonds
(structure 6). The sulfone group does not control the decomposition
temperature. The incorporation of biphenylene-phosphinate as
side groups of the polymer backbone (structure 8 and structure 9)
triggered the decomposition of the polymer chain at lower temper-
atures than for the non-phosphorous PSE. Although in structure 7,
parts of the phosphorus is vaporized, in structure 6, 8 and 9, phos-
phorus mainly remained in the residue. The altered bond nature
between phosphorus and adjacent atoms (oxygen and carbon) pro-
voked different thermal stability and consequently changed the
degradation mechanism. All P-PSfs were char-forming [59].

6.3.3.2  Glass Transition and Mechanical Properties

It was observed that incorporation of phosphorus pendant bulky
group slight decreased the thermal stability of PSF, but increased
the glass transition T . This increase is higher for a higher substi-
tuted PSFs. Phosphorus -modified polysulfone exhibited also a
good solubility and a higher Tg, indicated that the bulky cyclic
group produced a decrease in interchain attraction existing in start-
ing PSF. This group imparts also a skeleton rigidity. The dynamic
storage modulus (E’) and tension loss tangent (tan ) versus tem-
perature for PSF and P-PSF in the range of temperature between
150 and 220°C illustrated the superior mechanical properties of
phosphorus modified PSFs (Figure 6.1). The magnitude of tan § at
Tg is a measure of the energy-damping characteristic of a material
and is related with the impact strength of the material [47]. The
impact strength increases with the addition of tan & value at Tg.
Value of tan 8 at Tg for PSF was 2.83 and that of phosphorus modi-
fied one is 12.84, respectively. This results that the energy-damping
characteristics and mechanical properties were superior for P-PSF.
It is well known that glass transition temperature is associated with
crank-shafting movement of the main chain, whereas the second-
ary transitions are associated with the movements of side groups.
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Figure 6.1 Dynamic storage modulus (E’) and tension loss tangent (tan &) versus
temperature for PSF (-w) and P-PSF (-A-) in the range of temperature between
150-220°C.

The appearance of glass transition at higher temperature for P-PSF
in comparison with PSF was assigned to chains of reduced mobility.
Another observation was relied to the increase of B transition tem-
perature which could indicate that a higher energy barrier exists
for molecular motions, caused by bulky structure of phosphorus
containing side chain.

6.3.3.3 Differences Between Thermal and Thermo-Oxidative
Degradation of Phosphorus Containing Polysulfones

The thermal degradation in nitrogen was quite different from
the usual thermo-oxidative behavior of polysulfones and phos-
phorus-containing polysulfones [60]. Chemical modifications of
PSFs with bulky phosphorous compound essentially changed
their thermal behavior. The thermal stability was not so different
in nitrogen and air atmospheres up to 410°C, although in nitro-
gen, a slight decrease was observed when the substitution degree
increased (Table 6.3). The thermal degradation of P-PSFs with sub-
stitution degree between 0.64 and 0.72 in nitrogen occurred in one
degradation step; only P-PSP with DS=1.72 exhibited two steps.
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Thermal degradation in air exhibited an additional degradation
stage (one or three steps) in comparison with thermal degradation
in nitrogen. In air, the degradation mechanism was more complex.
In this case, all chemically modified PSFs showed a DTG peak at a
low temperature, which probably mainly corresponded to the loss
of some aliphatic groups. After the elimination of these groups, a
less stable structure than PSF appeared with a peculiar decomposi-
tion pathway as a function of the modified polymer structure and
the atmosphere employed in the TG apparatus.

A relation between the substitution degree and residue percent-
ages was observed: in nitrogen, the residue increased when the
substitution degree increased from 0.62 to 0.72 .When the substitu-
tion degree increased to 1.3, the residue, instead of being higher,
remained close to that of P-PSF with DS = 0.62. This unusual behav-
ior could be related to the possible substitution of the structural
unit by two bulky groups, which affected the heat stability and
could have led to the breaking of some fragments below 300°C. In
air, a continuous increase in the residue percentage was observed
when the substitution degree was enhanced. In air, the phospho-
rus pendent group promoted the formation of a more compact char
residue, which could prevent the attack of heat. Oxidation of the
unsaturated char residue reduced the quantity of decomposition
residues in comparison with those resulting after pyrolysis in nitro-
gen. Porous and open structures of the PSF indicated that it decom-
position released a lot of gaseous products that penetrated the char.
The compact char structure (even an ordered one) observed for
P-PSF confirmed the increased resistance to heat and oxygen.

6.4 High Performance Applications of
Phosphorus-Containing Polysulfones

6.4.1 Membrane Materials in Proton exchange
Membrane Fuel Cell

For many years, several polymers have been investigated
intensively for their potential as membrane materials in proton
exchange membrane fuel cell. Research groups have sought to
improve the existing material and to find alternative polymer that
possess similar performance as the standard Nafion membrane.
Among the other polymers, polysulfone was considered to be the
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most interesting polymer due to its low cost, commercial availabil-
ity and ease of processing. Unfortunately, polysulfone has rather
hydrophobic nature. It was observed that sulfonation process
have significantly improving the water uptake of the sulfonated
membrane compared to the origin polymer by the introduction of
hydrophilic sulfonic acid group in the polymer skeleton. The water
uptake and ion exchange capacity value of the obtained membrane
increases with the temperature of sulfonation and when the sul-
fonation degree is increased. However, a higher degree of sulfo-
nation could negatively influences the membranes properties [61].
Another type of functionalization was used in order to obtain flexi-
ble and mechanically tough membranes with higher acidity, higher
thermal stability and at same time a high proton conductivity [62].
Access to these membranes promises important benefits concern-
ing the complexity, cost and performance of the fuel cell system.
In this context, membranes functionalized with covalently linked
phosphonic acid may potentially show some crucial advantages
in relation to the commonly employed sulfonated membranes [42,
58, 63-73]. Because of the hydrogen bonding and more amphoteric
character of the phosphonic acids, the former membranes may
transport protons through structure diffusion under low-humidity
conditions. At high water contents the protons may instead be trans-
ported through the dynamics of the water, much in the same way
as in conventional sulfonated membranes. Furthermore, phospho-
nated polymers generally show a high hydrolytic, thermal stability,
due to the strength of the carbon-phosphorus bond, and oxida-
tion resistance, which is especially critical under high-temperature
operation. However, it is clear that the molecular architecture of
the phosphonated polymers will require a very careful design in
order to reach these advantageous membrane properties. In addi-
tion, phosphonated polymers are in general more complicated to
prepare than the corresponding sulfonated ones [74]. Poly(arylene
ether sulfone)s have been functionalized with alkyl side chains car-
rying phosphonic acid and bis(phosphonic acid) in order to inves-
tigate their properties as membrane materials. The significantly
higher acidity and acid concentrations of the membranes containing
the tetraprotic bis(phosphonic acid) led to higher conductivities in
comparison to the membranes containing the diprotic phosphonic
acid. Membranes containing 1.7 mmol of bis(phosphonic acid) /g of
dry polymer absorbed 28 wt% water when immersed at room tem-
perature, and a conductivity of 25 mS/cm was measured at 120°C.
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Moreover, the bisphosphonated membranes did not decompose at
temperatures of up to 240°C under air. The study also showed that
high degrees of hydrolysis of the bisphosphonate units were cru-
cial in order to reach the thermal stability necessary for fuel cell
applications.

Parvole and Jannach [41] successfully grafted PSF with poly(vinyl
phosphonic acid) using an anionic grafting strategy. The graft copo-
lymers displayed a number of important features for use as fuel cell
membranes. They were prepared from inexpensive starting materi-
als and were all soluble and nicely film-forming from solution. The
resulting membranes were phase-separated because of the inherent
immiscibility of the stiff and hydrophobic backbone polymer and
the strongly hydrogen-bonding side chains. The poly(vinyl phos-
phonic acid) side chains thus formed separate phases in the mem-
branes with very high local concentrations of interacting phosphonic
acid units, giving rise to large hydrogen-bonded aggregates. These
aggregates are essential for efficient proton conduction in the nomi-
nally dry state. The thermal stability of the membranes was suffi-
ciently high under air, with T, ___, 5% at 260~-340°C, depending on
ion exchange capacity and DS. Hpowever, at high temperatures the
performance of this membrane was limited by condensation reac-
tions under dry conditions and, especially, by high levels of water
uptake under immersed conditions. Yet, by adding small concen-
trations of perfluorosulfonic acid polymer to the phosphonated
membranes with the highest poly (vinyl phosphonic acid) contents,
the water uptake was efficiently reduced under immersed condi-
tions. At the same time the conductivity was enhanced, especially
at low temperatures. The conductivity under nominally dry condi-
tions could be enhanced only by additions of small amounts of per-
fluorosulfonic acid polymer. The presence of the perfluorosulfonate
polymer in these membranes may further increase the compatibil-
ity with Nafion-impregnated electrode layers which will facilitate
the preparation of membrane electrode assemblies.

On the other part, the incorporation of bulky aromatic phospho-
rus pendant group into PSF’s side chain influenced their reologi-
cal properties. The maximum hydrophobicity of the polysulfones
with bulky phosphorus pendant groups, in which the work of water
adhesion is very low comparatively with the work of cohesion, cor-
related with low adhesion to interfaces, would be advantageous for
dielectric performance in different biological applications. Atomic
force microscopy showed that the increase of density of the bulky
phosphorus pendant groups determine the formation of domains
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with pores whose dimensions increase, while roughness decreases,
confirming the poor adhesion of modified polysulfone films [75, 76].

6.4.2 Protein-Adsorption-Resistant Membranes

Ultrafiltration, as a novel and powerful pressure-driven separa-
tion technology, is often used to concentrate or fractionate protein
solutions. However, the adsorption and deposition of biomacro-
molecules on membrane surfaces and/or pore walls (the so-called
membrane fouling), often cause severe decrease of flux, substantial
increase of energy consumption and operation cost. The applica-
tion of ultrafiltration is seriously limited by membrane fouling.
In the last years, many researchers have revealed that increasing
the hydrophilicity of the membrane surfaces and pore surfaces
can remarkably reduce or suppress membrane fouling [77-83].
Accordingly, hydrophilic molecules, such as poly(ethylene glycol)
(PEG) and zwitterionic molecules, have been widely used to mod-
ify the ultrafiltration membranes [84-86].

Several methods, including adsorption, coating, and grafting
polymerization, constitute the prevalent methods for ultrafiltra-
tion membranes modification. However, the adsorbed or coated
modification agents may not reside on the membrane surfaces
permanently and lead to a decrease of flux. Chemically or radia-
tion induced grafting polymerization suffers from the drawback
of requiring additional complicated steps and rigorous condi-
tions. They can obtain only two-dimensional modification instead
of three-dimensional modification, namely, the inner surfaces of
membranes cannot be modified [83]. In comparison, surface segre-
gation seems to be a promising method because of its facile opera-
tion, high efficiency, and low cost [85]. The surface segregation
method can be briefly described as follows: amphiphilic additive
is blended into membrane casting solution, and during the sub-
sequent phase inversion process, the hydrophilic segments of the
additive are segregated spontaneously to the membrane surfaces
while the hydrophobic parts of the additive are firmly entrapped
in the membrane bulk matrix. One of the most effective meth-
ods of making a blood-compatible polymer is to modify conven-
tional materials with polymers having a phospholipid polar group
mimicking a biomembrane surface.

The phosphorylcholine (PC), an electrically neutral zwitterionic
head group, which represents the dominant property of the phos-
pholipids existing on the external surfaces of cell membranes, can
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play an important role as a surface group for biomedical devices
to reduce undesirable interaction with proteins. Protein adsorption
on the material surfaces causes serious biological reactions such as
thrombus formation, immune response, complement activation,
capsulation, etc. Recently, synthesis of 2-methacryloyloxyethyl
phosphorylcholine (MPC) [87-91] had been conducted to a vari-
ety of polymer and copolymers, as is shown in Scheme 6.6. These
polymers had different methylene chain lengths between the phos-
pholipid polar group and the backbone, which enhances the affin-
ity of the MPC polymer for phospholipids in blood. To understand
the blood-compatibility of surfaces, it is necessary to determine
not only the amount of adsorbed protein but also the species of
the protein, e.g. cells, plasma protein, phospholipids, and water.
The homopolymer of MPC is soluble in water and the solubility of
MPC copolymers can be easily controlled by changing the struc-
ture and fraction of the co-monomer. The copolymer of MPC with
n-butylmethacrylate (PMB) adsorbs in preference on surface pro-
teins and platelets, while the MPC unit in the polymer has affin-
ity for the phospholipids. Activation and aggregation of the cells
and clot formation were observed on the hydrophobic poly(n-butyl
methacrylate). In contrast, the copolymer PMB with 30 mol% MPC
effectively suppressed cell adhesion. The adherent platelets readily
detach from the surface, but are strongly activated in contact with
the polymer surface, which induces embolization. It is, therefore,
necessary to evaluate the activation of platelets just coming into con-
tact with the polymer surface and those adhering to the surface to
understand true blood-compatibility. The adsorbed phospholipids
on the PMB surface form a biomimetic surface. The highly water-
free content of hydrated PMB also contributes to the demonstrable
excellent blood compatibility. Chen et al. have prepared the self-
assembly PC monolayer on gold films which displayed the excel-
lent antifouling property [92]. An artificially synthesized monomer
of 2-methacryloyloxyethylphosphorylcholine (MPC) has received
increasing attention in recent years; many MPC-based materials
bearing the PC groups in the side chains are demonstrated to be
capable of effectively inhibiting protein adsorption and platelet
adhesion [93-98].

Phosphatidylcholine is anintegral component of the lipoproteins.
On the other hand, it is less often found in bacterial membranes,
perhaps 10% of species. It is a neutral or zwitterionic phospholipid
over a pH range from strongly acid to strongly alkaline. Because of
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the generally cylindrical shape of the molecule, phosphatidylcho-
line spontaneously organizes into bilayers, so it is ideally suited to
serve as the bulk structural element of biological membranes. The
unsaturated acyl chains are kinked and confer fluidity on the mem-
brane. Such properties are essential to act as a balance to those lipids
that do not form bilayers or that form specific micro-domains such
as rafts. While phosphatidylcholine does not induce curvature of
membranes, as may be required for membrane transport and fusion
processes, it can be metabolized to form lipids. Phosphatidylcholine
is obtained combining a choline head group and glycerophosphoric
acid with a variety of fatty acids. Many researchers have employed
lipidlike molecules for modifying surfaces in order to enhance their
non-specific protein adsorption resistivity. The synthetic process of
phospholipid polymers is difficult and sophisticated, which limits
their wide application in large scale [99]. Soybean phosphatidyl-
choline, from versatile biosources has the following advantages:
easy of availability, low cost and good biocompatibility. If it can
be effectively introduced to membrane, it will be more suitable for
industrial application.

Polysulfone possesses excellent membrane-forming property, as
well as mechanical strength and physicochemical stability [100].
However, due to its inherent hydrophobic nature, there are serious
membrane fouling processes and thus rapid decline of permeation
flux in many application situations. Since there are no functional
groups on phosphatidylcholine or MPC-copolymer, it will be quite
difficult to immobilize them at a polysulfone membrane surface
through chemical approach. So, blending seems to be a more fea-
sible method. Ye et al. have reported that blending with the MPC
copolymer was an effective treatment for both improving hemo-
compatibility and reducing protein fouling on the cellulose acetate
(CA) flat membranes and hollow fiber membranes [101-103].

Ishihara et al. also investigated that polysulfone/MPC poly-
mers blend membranes could improve blood compatibility and
reduce protein adsorption and platelet adhesion [104-108]. Based
on these results, the addition of the MPC polymer to the polysul-
fone should be a very useful method to improve the functions and
blood compatibility. Ultrafiltration antifouling membranes were
successfully prepared blending polyethersulfone with 2-methac-
ryloyloxyethylphosphorylcholine (MPC) and n-butyl methacrylate
(BMA) copolymer, by phase inversion method. Due to the high
hydrophilicity and electric neutrality of MPC-BMA copolymer, the
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antifouling property of the modified membranes was remarkably
improved with increasing MPC-BMA copolymer content between
7-15%. The incorporation of MPC groups substantially reduced
total membrane fouling, especially irreversible membrane foul-
ing. In a wide pH range from 4.5 to 9.0, the MPC-modified PES
membranes exhibited superior antifouling property. The adsorp-
tion experiments indicated that the adsorption amounts of bovine
serum albumin (BSA) on the MPC-modified PES membranes were
dramatically decreased in comparison with the control PES mem-
brane. In addition, the MPC-modified PES membranes could run
several cycles without substantial flux loss. By analogy, polysul-
fone (PSF) membranes were modified with 2-methacryloyloxyethyl
phosphorylcholine (MPC) and protein adsorption and platelet
adhesion from human plasma on polymer membrane were stud-
ied. The amount of protein adsorbed on the PSF/MPC polymer
blend membrane was significantly decreased with an increase in
the composition of the blended MPC polymer. The distribution of
the specific proteins adsorbed on the membrane surface was also
determined. Albumin, }globulin and fibrinogen were observed on
every membrane surface after contact with plasma. However, for
the blended composition membrane, the density of the adsorbed
proteins decreased compared with that of original PSF membrane.
That is, the MPC polymer blended in the membrane could function
as a protein-adsorption-resistant additive. The number of platelets
adherent on the PSF membrane was reduced, and change in the
morphology of adherent platelets was also suppressed by the mod-
ification with the MPC polymer. Therefore, the PSF/MPC polymer
blend membrane had improved blood compatibility compared
with the PSF membrane.

6.4.3 Flame Resistant Materials

Polysulfones are self-extinguishing resin. Polysulfones with no
flame retardant additives has been given 94V-0 under the UL
Standards. The value of limited oxygen index (around 0.40) points
out their excellent flame retardancy [109]. Furthermore, exposed
to flame, polysulfones emit very little smoke or toxic volatiles.
However, the high flameproof properties of polysulfones are scanty
when they are used as electrical parts or in an epoxy resins net-
work. Poly(sulfone) (PSF) and poly(ether sulfone) (PES) are com-
monly used for high performance applications such as advanced
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injection molded engineering parts and as toughness modifiers in
epoxy resins (EP) [110-114].

Recently, it was proposed to incorporate phosphorus-containing
diols into the polymer to further improve the fire behaviour of
poly(ether sulfone) [48] and hence to use these new materials not only
as toughness modifier for epoxy resins, but also as flame retardant
at the same time. It should be noted that fire retardants containing
phosphorus - regardless of whether an additive or reactive approach
is used, show different mechanisms in the condensed and gas phase
[115]. The main mechanisms reported in the literature [116] are char
formation and flame inhibition, respectively. The fire behavior of the
phosphorus modified epoxy resins was compared to non-fire-retarded
epoxy resin cured with 4,4’-diamine-diphenylsulfone as a hardener.
It turned out that this comparison is not perfectly systematic, as the
-S02- group, in particular, increases the intrinsic fire retardancy of the
polymeric structure in fire performance. However, this system serves
as an interesting reference value for an established system. The main
results based on systematic investigation of various hardeners con-
taining phosphorus are summarized as follows:

* Phosphorus-containing groups alter the decompo-
sition of the epoxy resins, resulting in a multi-step
decomposition. Mass losses between around 15 and
20 wt.% occur for the decomposition subsequent to
the main decomposition step. The high temperature
residue is increased.

e Phosphorus-phenoxy groups incorporated in the
structure of the epoxy resins decrease the decompo-
sition temperature, enhance water elimination, and
reduce mass loss during the main decomposition step.

e Phosphorus-containing acids are formed and enhance
charring. Apart from carbonaceous char, PxOy and
PxNyOz occur in the high-temperature residue. The
condensed phase effects are strongest for phosphate
and decrease with the decreasing oxidation state of the
phosphorus. They are of minor importance for phos-
phine oxide.

¢ Volatile decomposition products containing phospho-
rus are released in a little extent into the gas phase.

However, it was shown that the mechanisms and their effi-
ciency depend on such factors as the chemical structure of the
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phosphorus-containing compounds, their interactions with the
matrix or additional additives, the water content and the pH value
during decomposition [117-120]. Indeed, the understanding of
mechanisms and their controlling interactions is as yet limited. A
concept for tailoring the materials properties is encouraged by com-
parable approaches such as incorporating poly(sulfonyl-diphenyl-
ene phenylphosphate) in poly(butylene terephthalate) (PBT) [121]
or polycarbonates (PC) [122, 123].

Braun et al. [55, 59, 124-126] have shown that a cured bisphenol-
A based epoxy resin can simultaneously be equipped with both an
enhanced toughness and improved flame retardancy by adding a
new type of polysulfone containing phosphorus in the backbone
(structure 8-Table 6.2). These performance improvements were
achieved without sacrificing the stiffness and the glass transition
temperature of the resulting material. Furthermore, owing to the
chemical structure of the phosphorus-modified polysulfone, an
interlocked epoxy thermoplastic network can be created under
certain curing conditions, providing the cured epoxy resin with a
higher glass transition temperature. It was demonstrated by means
of temperature-modulated DSC that the reaction-induced phase
separation is suppressed when curing the material at temperatures
equal or less than 180°C and higher than 220°C when using the
phosphorus modified polysulfone. An enhanced reaction rate, the
occurrence of secondary reactions and an earlier vitrification of the
reacting mixture were found to prevent any morphology develop-
ment in the materials cured under these conditions. Hence, only
about a 20% improvement in the fracture toughness was observed
in samples cured at 180°C. Nevertheless, the absence of phase
separation contributed to a high interpenetration of the thermo-
plastic and thermoset networks, which significantly increased the
glass transition temperature of the final material. Modification
of the epoxy with blends of a commercially available and the
phosphorus-modified polysulfone indicated another interesting
approach towards increasing the fracture toughness of the result-
ing material while maximizing the total phosphorus content in the
system. Such blends were found to be more effective to increase the
toughness of the epoxy than the neat thermoplastics, at a concentra-
tion of 20 wt %, owing to the particular resulting microstructures.
By increasing the amount of the phosphorus-modified polysulfone
in the blend, the viscosity of the reactive mixture also increased.
This, in turn, contributed to “lock in” the observed morphologies.
The microstructure change upon curing of the material was found
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to be crucial for the fracture toughness improvement, in agreement
with the majority of the studies in the literature. A combination of
polymer interpenetration and phase separation appears to be an
efficient way to simultaneously improve the toughness and glass
transition temperature as well as the flame retardancy of thermo-
setting materials for modern-day applications.
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Abstract

Polyimides are known as reliable high temperature polymers with superior
mechanical and electrical properties. Polyimides can be easily prepared by
reactions between dianhydrides and diamines, and many types of polyimides
have been prepared by structural modification of the monomers to obtain
the polyimides having desirable properties. This chapter introduced the syn-
thetic methods for polyimides and the relationship between their structures
and properties. The properties of polyimides are affected by internal rotation
around bond in molecules, sweep volume, free volume, molecular packing,
and molecular ordering. These factors are mainly dependent on the structure
of polyimides, but also on the preparation condition. In particular, the molec-
ular packing and the molecular ordering of some polyimides were reported
to be extremely dependent on the preparation condition (preparation pro-
cedure, imidation conditions, annealing conditions and film thickness, etc).
In future, high performance polyimides are expected to be developed on the
basis of knowledge about the effect of the structures and the preparation
conditions on properties, taking into consideration the polyimide character-
istic, the cost, the convenience of operation and the environment.

Keywords: Polyimides, synthetic methods, properties of polyimides,
structural modification, preparation condition

7.1 Introduction

Polyimides, possessing the cyclic imide groups and aromatic
groups in the main chain, are recognized as very high performance

Vikas Mittal (ed.) High Performance Polymers and Engineering Plastics, (205-242)
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polymers due to their excellent heat resistance and toughness;
they were developed in the 1960s by Du Pont as materials for the
aerospace industry. The most familiar polyimide is poly-N,N’-
(oxydi-p-phenylene)pyromellitimide, which is synthesized from
bis(4-aminophenyl) ether and pyromellitic dianhydride, and is
widely known as Kapton (Figure 7.1) [1]. Polyimides are stable
over a wide range of temperatures from very low temperatures
to temperatures above 300°C, so they are suitable for severe space
environments. Polyimides were originally developed for the aero-
space industry, are now also used in airplanes and in machinery
for various other industries, and are indispensable in the elec-
tronics industry as heat-resistant insulators suitable for soldering

processes.
O 0]
lsesTar
0 o n

Figure 7.1 Kapton-type polyimide.

With the rapid development of electronics, devices such as
semiconductors, displays and the computers, the characteristics
demanded from the electronic parts progressed, and it became
necessary for polyimides to have other characteristic proper-
ties, such as processability, low dielectric constants (¢), low
water absorption (WA), low coefficients of thermal expansion
(CTE), and high radiation resistance, as well as their excellent
thermal stability and good mechanical properties. After the mar-
keting of the Kapton-type polyimide, many other polyimides,
such as biphenyl-type polyimides and polyimides with a con-
necting group (-X-) between the phthalimides, were developed
(Figure 7.2) [2, 3]. More types of polyimides have been synthe-
sized to investigate the relationship between their structures and
these properties.

This chapter introduces the synthetic methods for polyimides
and the relationship between their structures and properties. In
order to show the remarkable effects of polyimide structures on
their properties, the properties of polyimides from characteristic
monomers are mainly described.
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Figure 7.2 Biphenyl-type polyimides and polyimides with a connecting group
(-X-) between the phthalimides.

X: 0, CO, C(CF3),, SO

7.2 Synthesis of Polyimides

Polyimides are synthesized by polycondensation of tetracarbox-
ylic dianhydrides with diamines, and the synthetic procedure is
roughly classified into three methods: a two-step procedure, a one-
step procedure and a three-step procedure.

7.2.1 Two-step Procedure

Most polyimides are difficult to process because of their insol-
ubility and high melting temperatures, so polyimides are syn-
thesized by a two-step procedure via a soluble polyamic acid,
precursor of the polyimide (Eq. 1) [4-6]. In the first step, ring-
opening polyaddition of a diamine to a tetracarboxylic dian-
hydride is carried out in an amide type solvents, for example,
N-methyl-2-pyrrolidinone (NMP) and N,N" -dimethylacetamide
(DMACc), at room temperature, leading to formation of a polyamic
acid solution. After processing from the polyamic acid solution,
the thermal conversion of the polyamic acid to the polyimide is
performed by heating a at about 300°C or by chemical treatment
with a mixture of carboxylic dianhydride and tertiary amine in
the second step [7].
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As solutions of polyamic acids are difficult to be store for long
periods because of their low stability [8], procedures using deriva-
tives of polyamic acids, such as polyamic acid alkyl esters [9, 10],
polyamic acid trimethylsilyl esters [11, 12] and polyamic acid
amides [13], have been investigated. Although the solutions of these
derivatives are more stable than those of polyamic acids, synthesis
of polyimides via these polyamic acid derivatives is not attractive
for large-scale mass production and industrial applications because
more steps are involved, and the cost is high.

Polymerization of polyamic acids derived from aliphatic
diamines often suffers from strong salt formation or gelation in the
initial reaction stage because the basicities of aliphatic diamines are
much higher than those of aromatic diamines, and polymerization
is prevented. Several methods, such as gradual addition of the ali-
phatic diamine to the dianhydride solution and dissociation of the
formed salt by stirring for a long time, are used to avoid the salt
formation [14-16]. Polyimides having low dielectric constants have
been developed from aliphatic monomers.

7.2.2 One-step Procedure

Most polyimides are insoluble in organic solvents, but some are
soluble. Soluble polyimides can be synthesized in one-step (Eq. 2)
[17-22]. The polyimide solution is obtained by reacting a diamine
with a tetracarboxylic dianhydride in a high boiling point solvents
(phenolic solvent, for example, m-cresol) at 150-200°C. As the
polyamic acid is formed and converted to the polyimide in solu-
tion, the water formed during imidation is removed as an azeo-
trope with toluene to obtain high molecular weight polyimide.
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It was reported that the molecular weights of polyimides pre-
pared in one-step procedure were higher than those of polyimides
prepared in two-step procedure [21] and the polyimides prepared
in one-step procedure showed higher strength than those pre-
pared in two-step procedure [18], and the one-step procedure is
thought to be more suitable for the synthesis of soluble polyimides.
The solubility of some polyimides prepared by the one-step pro-
cedure was reported to be higher than that of polyimides pre-
pared by two-step procedure in spite of the same structures [22].
Thermoplastic polyimides and polyimide adhesives are prepared
by this method.

o} O

|
150 ~ 200°C J\ /KN
ci? Arfgo + HN—Ar—NH,— ~{— A N—aAr

-H,0
n
)
Soluble polyimides are also synthesized by using diisocyanates
instead of diamines (Eq. 3) [23-25]. The polyimide solution is obtained
by reacting a diisocyanate with a tetracarboxylic dianhydride in NMP

or DMACc at 100-150°C. The soluble polyimide “PI-2080” (Figure 7.3)
is produced by the one-step procedure using diisocyanate.

0 0

A /k €0,
o] Ar 0O + O=C=N—Ar —N=C=0—"> Ar —Ar

E/ \g 100 ~ 150°C

n
3)
(6] 0O (0] (o] 0O (o]
NN@CHQ NN
o) o} o) o) CH,
m n

mn=2.8

Figure 7.3 PI-2080.

Synthesis using tetracarboxylic dithioanhydrides [26, 27] instead
of tetracarboxylic dianhydrides and the high-pressure synthesis
from nylon-salt-type monomers composed of diamines and tetra-
carboxylic acids [28-32] have also been reported.
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7.2.3 Three-step Procedure

Polyimides can be synthesized via a three-step procedure, the
synthesis of a polyamic acid, conversion of the polyamic acid to a
polyisoimide (a polyimide isomer), and conversion of the polyiso-
imide to the polyimide (Eq. 4) [33, 34]. The polyisoimide solution
is obtained by addition of a dehydrating agent, for example, N,N'-
dicyclohexylcarbodiimide, to the polyamic acid solution, and the
conversion of the polyisoimide to the polyimide is performed at a
lower temperature (about 200°C) than that used for conversion of
polyamic acid to polyimide. As no water is formed in the conversion
to the polyimide, the production is smooth. The thermosetting poly-
imide oligomer “Thermid PI-600” (Figure 7.4) [33] is prepared by the
three-step procedure.

—O

Mo

HO o H

NJJ\Ar/'—f\i — A
Ho—(g/ \g—OH

Q _A'_ O 4+ HN— A'—NH, —»

oL
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i

Figure 7.4 Thermid PI-600.
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In spite of the instability of polyamic acid solutions, the two-step
procedure via polyamic acid has been the most frequently used
because of its high utility and the low cost.

7.3 Properties of Aromatic Polyimides

The relationship between the structures and properties of poly-
imides must be clarified in order to design the polyimides suitable
for application of some fields. In this section, the properties of char-
acteristic polyimides are introduced.

1. Kapton-type polyimide

2. Biphenyl-type polyimides and polyimides with a con-
necting group (-X-) between the phthalimides

3. Polyimides from characteristic monomers

* Polyimides from isomeric biphenyltetracarboxylic
dianhydrides
* Polyimides from isomeric oxydiphthalic anhydride
* Polyimides containing p-phenylene units,
-(CH)_-(m=2,3,4), between phthalimides
e Polyimides containing ester linkages,
-COOC H,0OCO-, between phthalimides
* Polyimides containing ether linkages,
-O-Ar-O- (Ar: Bulky moiety)

7.3.1 Kapton-type Polyimide

Kapton type polyimide, poly-N,N’-(oxydi-p-phenylene)pyromellit-
imide (Figure 7.1), has a high glass transition temperature (T'g)
(400°C) because of the rigid the pyromellitimide structure and the
large sweep volume (conformational change on rotation around
ether linkages) [1]. The high Tg was also reported to be caused by
strong intermolecular interactions, which originated in the charge
transfer interaction between the electron-withdrawing part of pyro-
mellitimide and the electron-donating part of diphenyl ether [35].

Kapton-type polyimide is thermally stable as a result of their
high Tg, but the values of CTE, e and WA are 47 ppm, 3.22 (10 GHz)
and 2.5%, respectively, so they are not suitable for use in all fields of
electronics [36, 37]. The polyimide is insoluble in organic solvents
and unprocessable after conversion from polyamic acid.
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When polyimide films are formed on a metal substrate via ther-
mal imidation after the solution casting of a polyamic acid, poly-
imide/metal laminates undergo thermal stress arising from CTE
mismatches (40-80 ppmK-~' for polyimides, and 17 ppm ppmK!
for copper) during cooling from the imidation temperature to
room temperature. Serious problems such as curling, cracking and
detaching of polyimide films occur [36].

When polyimides are used in interlayer dielectronics, the signal
propagation speed and wiring density in the semiconductor devices
are dependent on the dielectric constant (¢) of the substrate [38].

Water absorbed in the polyimides corrodes the wiring and etch
metal substrate [36].

7.3.2 Biphenyl-type Polyimides and Polyimides
with a Connecting Group (-X-) between the
Phthalimides

The Tg of the polyimide prepared from 3,3’,4,4’-biphenyltetracar-
boxylic dianhydride (BPDA) is lower Tg (306°C) due to an increase
in the rotational bonds between the phthalimides as well as rota-
tional bonds around the ether linkages. Polyimides with connect-
ing groups (-X-: -O-, -CO-~, -SO,-, -C(CF)),-) between phthalimides
have much lower Tg values because of the further increase in rota-
tional bonds between phthalimides [3] . The bulk and rigidity of
-X- have also influence the Tg value of polyimides, and the Tg
value of polyimides where -X- is a long group, such -O-CH,-
C(CF,),-C,H,-O- and -O-CH,-CO-CH-O-, are much lower due to
the further increase in rotational bonds in -X- (Table 7.1).

Although the Tgs of these polyimides are lower than that of Kapton-
type polyimide, some polyimides are soluble in organic solvents.

7.3.3 Polyimides from Characteristic Monomers

7.3.3.1 Polyimides from Isomeric Biphenyltetracarboxylic
Dianhydrides

There are three isomers, 3,3',4,4-biphenyltetracarboxylic
dianhydride (s-BPDA), 2,3,3',4’-biphenyltetracarboxylic dianhy-
dride (a-BPDA) and 2,2’,3,3’-biphenyltetracarboxylic dianhydride
(i-BPDA) in biphenyltetracarboxylic dianhydride. Many polyimides
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have been prepared from 3,3’ ,4,4’-biphenyltetracarboxylic dianhy-
dride and various diamines. Polyimides have been prepared from
s-BPDA, a-BPDA and i-BPDA, and their properties have been com-
pared [39—41]. The syntheses of polyimides from these biphenyltet-
racarboxylic dianhydrides and various diamines were performed
by the conventional two-step procedure using NMP as the solvent,
and the polyimides were obtained by thermal imidation (150°C/1 h,
200°C/1 h, 350°C/1 h) (Eq. 5).

The solubility of these polyimides is shown in Table 7.2.
PI-(s-BPDA /4,4’-ODA) was almost insoluble in any aprotic solvents,

o)
|
S T
| 0
o) O o 0
e (Yo
o)
o)
o)

a-BPDA -BPDA
|o 0
OO + HN—Ar—NH, — &
o} o}
x-BPDA
HO OH 9 o)
N N—Ar
) —— N L
HOH
o) o} " o} o} n
PI-(x-BPDA/Ar)
v - OO O
PDA 4,4'-ODA 3,3"-ODA

D0 T

1,4,4-APB 1,3,3-APB

(5)



SYNTHESIS AND CHARACTERIZATION OF NOVEL POLYIMIDES 215

whereas PI-(a-BPDA/4,4’-ODA) was partially soluble in NMP.
PI-(i-BPDA/4,4’-ODA) was soluble in NMP; the solubility in NMP
was PI-s-BPDA<PI-a-BPDA< PI-i-BPDA.

Table 7.2 Solubility of polyimides from biphenyltetracarboxylic
dianhydrides.

NMP |DMAc | DMF [ CHCI, | MEK | Dioxane
PI-(s-BPDA/4,4-ODA)| - - - - - -
PI-(a-BPDA/4,4-ODA)

H

PI-(i-BPDA/44-ODA) | + - - - - _
PI-(s-BPDA/3,3-ODA) | = - - - - -
Pl-(a-BPDA/3,3-ODA) | + + + - - -
PI-(i-BPDA/3,3-ODA) | + + e - -

+, soluble on heating; +, partially soluble on heating; -, insoluble.

The Tg values of the prepared polyimides were determined from
the inflection temperature of the storage modulus E’, measured by
dynamic mechanical analysis (DMA). The Tg values moved towards
higher temperature in the order of PI-s-BPDA < PI-a-BPDA <
PI-i-BPDA; for example, Tg values of PI-(s-BPDA/44’-ODA),
PI-(a-BPDA/4,4’-ODA) and PI-(i-BPDA/4,4’-ODA) from 4,4’-ODA
were 262°C, 319°C and 330°C, respectively (Figure 7.5).

10

PI-(i-BPDA/4,4-ODA) i
6 PI-(a-BPDA/4,4’-ODA) a
PI-(s-BPDA/4,4’-0DA) s

Log storage modulus (Pa)

0 100 200 300 400 500
Temperature (°C)

Figure 7.5 Temperature dependence of storage modulus for
PI-(BPDA/4,4’-ODA).
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This order of the Tg values is rationalized in terms of the steric
restriction of internal rotation around the biphenyl linkages. The
restriction of internal rotation around the biphenyl linkages
increases in the order of s-BPDA< a-BPDA< i-BPDA. Table 7.3
shows the properties of polyimides from BPDA. In contrast to those
of PI-(BPDA /4,4’-ODA), the Tg values of PI-(s-BPDA /3,3’-ODA),
PI-(a-BPDA/3,3-ODA) and PI-(i-BPDA /3,3-ODA) from 3,3'-ODA
were 243°C, 245°C and 246°C, respectively; those of PI-(BPDA/
3,3'-ODA) were almost constant. The independence of the Tg is

Table 7.3 Thermal properties of polyimide from biphenyltetracarbox-
ylic dianhydride.

TgCr | T,C0) | T,cO | cTE
(NP (Air)* | (ppmK™)

PI-(s-BPDA/PDA) 354 599 596 12
PI-(a-BPDA/PDA) 405 557 541 58
PI-(i-BPDA /PDA) - - -

PI-(s-BPDA /4,4’-ODA) 262 567 566 56
PI-(a-BPDA /4,4 -ODA) 319 545 538 62
PI-(i-BPDA /4,4’-ODA) 330 534 515
PI-(s-BPDA/3,3-ODA) 243 545 531
PI-(a-BPDA/3,3-ODA) 245 520 518
PI-(i-BPDA/3,3’-ODA) 246 515 508
PI-(s-BPDA/1,4,4-APB) 257 532 517
PI-(a-BPDA/1,4,4-APB) 283 524 509
PI-(i-BPDA/1,4,4-APB) 293 524 508
PI-(s-BPDA/1,3,3-APB) 200 531 521
PI-(a-BPDA/1,3,3-APB) 205 514 507
PI-(i-BPDA/1,3,3-APB) 206 474 489

“Measured by DMA.

5% weight loss temperature.
‘“Measured by thermal mechanical analysis (TMA).
-not measured since the film was very brittle.
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thought to be due to more easier internal rotation around the ether
linkages in polyimides from 3,3’-ODA than that in polyimides from
4,4-ODA.

The Tg values of the polyimides were discussed on the basis
of the sweep volume (conformational changes in rotation of
around the biphenyl linkages). The sweep volume of the PIG-
BPDA) is the largest, and that of the PI(s-BPDA) is the smallest
among the three kinds of PIs. The decrease in E’ at the Tg fol-
lows the order PI-(s-BPDA/4,4-ODA) < Pl-(a-BPDA/4,4’-ODA)
< PI-(i-BPDA/4,4'-ODA), and this tendency is also interpreted in
terns of the size of the sweep volume. The decrease in E’ at the Tg
of polyimides from PDA was smaller (Figure 7.6).

10

Log storage modulus (Pa)

6F Pl-(a-BPDA/PDA)
Pl-(s-BPDA/PDA) s

1 i i i

5
0 100 200 300 400 500
Temperature (°C)

Figure 7.6 Temperature dependence of storage modulus for PI-(sBPDA/PDA)
and PI-(aBPDA /PDA).

The CTE values for polyimides from PDA were lower than
those of polyimides from 4,4-ODA, and that of PI-(s-BPDA /PDA)
(12 ppmK-') was lower than that of PI-(a-BPDA/PDA) (58 ppmK-),
due to the rigid linear structure (Table 7.3). PI-(i-BPDA /PDA) was
not obtained as a film.

7.3.3.2  Polyimides from Isomeric Oxydiphthalic Anhydride

Isomers of 3,3’,4,4"-oxydiphthalic anhydride(3,3’,4,4’-ODPA), i.e.,
2,2’ 3,3’-oxydiphthalic anhydride (2,2',3,3-ODPA) and 2,3,3',4’-
oxydiphthalic anhydride (2,3,3',4-ODPA) were synthesized.
Polyimides were prepared from these dianhydrides, and their



218 HicH PERFORMANCE POLYMERS AND ENGINEERING PLASTICS

properties were compared with those of polyimides prepared from
3,3’ A,4'-oxydiphthalic anhydride [42, 43].

The polyimides from these dianhydrides and diamines, 4,4’-ODA
and 1,4-bis(4aminophenoxy)benzene (1,44-APB), were synthesis
by the two-step procedure in DMAc. The polyimides from 2,2",3,3’-
ODPA were obtained by chemical imidation and the polyimides
from 2,3,3',4’-ODPA and 3,3,4' 4'-ODPA were obtained by thermal
imidation (40°C/12 h, 80°C/1 h, 220°C/1 h, 300°C/0.5 h) (Eq. 6).

(@)
Ly ; Loyl AL
O .,
Ol 5 o 0 o7 o) o

3,3,3,4 ODPA 2,3,3,3,4ODPA 2,2°.3,3’ODPA

0 O

|

o] O + HN-—Ar—NH, —»

ODPA
-&j‘jg' @N—Ar% ’ | H—O-E N—Ar%
PI(ODPA/AT)
4,4 -ODPA 1,4,4-APB

(6)

The solubility of these polyimides is shown in Table 7.4. The
polyimides from 2,2’,3,3’-ODPA and 2,3,3’,4’-ODPA were soluble in
phenols and polar aprotic solvents, and their solubility was higher
than that of the polyimides from 3,3,4’,4’-ODPA.

The thermal properties of these polyimides are shown in
Table 7.5. The Tg values of these polyimides were determined by
the peak temperatures in tand spectra (Figure 7.7) and differential
scanning calorimetry (DSC).
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Table 7.5 Thermal properties of polyimides from oxydiphthalic
dianhydrides.

Tg (°Q)* Tg (°O® T,(°C)in
(DMA) (DSO) air
Pi-(2,2’,3,3-ODPA /4,4'-ODA) 295 290 500
P1-(2,3,3' ,4-ODPA /4,4’-ODA) 282 272 505
PI-(3,3,4,4-ODPA /4,4’-ODA) 272 262 493
PI-(2,2,3,3-ODPA/1,4,4-APB) 263 253 493
PI-(2,3,3' 4-ODPA/1,4,4-APB) 253 245 488
PI-(3,3',4,4'-ODPA/1,4,4-APB) 245 238 477
aMeasured by DMA.
"Measured by DSC.

5% weight loss temperature.

Pl-(2,2,3,3-ODPA/4,4"-ODA) i
PI-(2,3,3,4-ODPA/4,4"-0ODA) 2
2.0 - PI-)3,3',4,4-ODPA/4,4-0DA) s

Tan &

a—_,

0 100 200 300 400 500
Temperature (°C)

Figure 7.7 Tan 3 curves of PI-(ODPA /4,4’-ODA).

The Tg values move towards higher temperatures in the order of
PI(3,3,4’ 4-ODPA)< PI(2,3,3',4'-ODPA )< PI(2,2',3,3'-ODPA). This
is rationalized in terms of restriction of internal rotation around
the ether linkage between the phthalimides, as seen in the poly-
imides from BPDA. The rotation axes of the two aromatic rings of
2,2,3,3’-ODPA are nearly perpendicular, and the rotation is strongly
resisted. The polyimide structure is therefore nonlinear; nonlinear
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molecular backbones make the molecular packing looser, but the
rotation restriction effect is larger. The rotation restriction was
explained by the existence of cis-trans isomers in 2,3,3',4’-ODPA

and 2,2',3,3’-ODPA (Figure 7.8).

2,3,3',4’-ODPA 22 ,3,3 -ODPA

Figure 7.8 Cis-trans isomers in 2,3,3',4’-ODPA and 2,2°,3,3"-ODPA.

The effect of rotation around the ether linkages on the Tg value
was observed in PI-[s-BPDA /bis(4-amino-2-biphenyl)ether] [44].
The Tg value of PI-[s-BPDA /bis(4-amino-2-biphenyl)ether], which
was determined by DSC, was 253°C; that is higher than that of
PI-(s-BPDA/4,4’-ODA) (234°C). The higher Tg value is explained
by resistance to internal rotation around the ether linkages by
phenyl groups at the 2,2'-positions of the diphenyl ether moiety
(Figure 7.9).

@]

O
N O o O N O 0
o) ‘ N0~ I 3 O N—@—O
© a2 o

n

Figure 7.9 PI-[s-BPDA /bis(4-amino-2-biphenyl)ether] and
PI-(s-BPDA/4,4-ODA).

n

The Tg values of PI(2,3,3',4-ODPA /4,4-ODA) and PI(2,2,3',3'-
ODPA /4,4-ODA) were lower than those of the corresponding
the polyimides from BPDA due to the presence of the ether bonds
between the phthalimides.

The temperature dependence of the E” values for PI(ODPA /4,4’-
ODA) is shown in Figure 7.10. The decrease in E’ at the Tg for



222 HicH PERFORMANCE POLYMERS AND ENGINEERING PLASTICS

PI1(3,3’,4’,4-ODPA /4,4-ODA) was the smallest, as shown in the
polyimides from BPDA and E’ was maintained at 107 Pa at 400°C
as a result of crystallization. The E’ values of PI(2,3,3,4’-ODPA /
4,4’-ODA) and P1(2,2,3",3’-ODPA /4,4’-ODA) decreased drastically
at the Tg, and showed high thermoplasticity. P1(2,3,3’,4'-ODPA /
4,4’-ODA) could be prepared as thin film because of its high ther-
moplasticity [43, 45]. As the thin film maintained high strength
even after molten adhesion, PI(2,3,3’,4'-ODPA/4,4-ODA) was
used with APICAL®AH ( Kapton-type polyimide) as the thin film
on the Small Solar Power Sail Demonstrator "IKAROS". Wholly
aromatic polyimides without aliphatic moietes have electron-
beam-resistant and proton-beam-resistant characteristics in space
environments.

10

PI-(2,2',3,3"-ODPA/4,4’-ODA) i
6 | PI-(2,3,3'4’-ODPA/4,4"-0DA) a
PI-(3,3',4,4’-ODPA/4,4"-ODA) s a

Log storage modulus (Pa)

5 i 1 13 1
0 100 200 300 400 500

Temperature (°C)

Figure 7.10 Temperature dependence of storage modulus for
PI-(ODPA/4,4'-ODA).

7.3.3.3 Polyimides Containing p-Phenylene Units, -(C_H Jnr
(m =2,3,4), between Phthalimides

In polyimides containing a connecting group (-X-), for example,
-C=0, -O-, -50,-, -C(CF,),-, between phthalimides, the Tg values are
affected by -X-. Polyimides containing p-phenylene units as the con-
necting group (-X-) were prepared, and the properties were discussed.
Three kinds of dianhydride, 3,3",4,4"”-p-quaterphenyltetracalbox-
ylic dianhydride (m = 2), 3,3 4 A"”-p-quinquephenyltetracalboxylic
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dianhydride (m = 3) and 3,3""”4,4"”""-p-sexiphenyltetracalboxylic
dianhydride (m = 4), were synthesized (Figure 7.11). The proper-
ties of polyimides from these dianhydrides were compared on the
basis of the number (m) of p-phenylene units [46-50]. The structure
of polyimides was thought to beome more rigid with increasing .

m=2

Figure 7.11 3,3",4,4""-p-Quaterphenyltetracalboxylic dianhydride
(m=2),3,3" 4,4""-p-quinquephenyltetracalboxylic dianhydride (m = 3) and
3,37 44" -p-sexiphenyltetracalboxylic dianhydride (m = 4).

The polyimides from these dianhydrides and various diamines
were synthesized by the two-step procedure in NMP, and the poly-
imides were obtained by thermal imidation (100°C/1 h, 200°C/1 h,
300°C/1 h) (Eq. 7). The properties of polyimides from 4,4’-ODA
and PDA were compared with those of polyimides from s-BPDA
(m = 0) and 3,3”,44"-p-terphenyl tetracarboxylic dianhydride
(m = 1) (Table 7.6).

The Tg values and 10% weight loss temperatures (T,) corre-
sponding to thermal stability increased slightly with increasing
number m of phenylene units. The reason why the Tg values are
hardly dependent on m can be explained in terms of the restric-
tion of internal rotation around phenylene linkages and the sweep
volume. In these polyimides, the restriction of internal rotation and
the sweep volume are independent of m. The influence of m was
observed in the temperature dependence of the E’ (Figure 7.12).
The decrease in E” at the Tg decreaseed with increasing m, and the
degree for PI-4-4,4'-ODA was the smallest.

In DSC measurements, the polyimides showed exothermic peaks
(Texo) above their Tgs. As the Texos were due to the formation of
ordered structures, the E’s of the polyimides increased on anneal-
ing at 350°C (Figure 7.13). The crystalline orders in annealed PI-2-
4,4-ODA and PI-3-4,4’-ODA could be detected by X-ray diffraction,
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Table 7.6 Properties of polyimides from Pl-m-4,4’-ODA and PI-m-PDA.

Tg | Texo Tm [T, (COP|T,(CO| CTE |WA?
cCr| COor (°C)* | inN, [ *inair |(ppmK?)| (%)
PI-0-4,4'- | 234 | 275-304 - 565 558 56 1.3
ODA
Pl-1-4,4- | 232 |265-303 - 570 545 43 1.0
ODA
PI-2-4,4’- } 236 | 275297 1415-456| 638 585 25 0.9
ODA
PI-3-4,4'- | 243 |326-341 - 635 575 77 0.6
ODA
PI-4-4,4’- | 244 | 377421 - 640 585 3.1 0.4
ODA
PI-O-PDA | 281 |325-390 - 590 570 12 1.5
PI-1-PDA | 278 | 360470 - 592 568 3.0 1.1
PI-2-PDA | 282 | 345470 - 645 600 3.6 0.9
PI-3-PDA | 263 | 332-371 - 637 565 3.0 0.7
PI-4-PDA | 281 | 385450 - 645 595
*Measured by DSC.
*10% weight loss temperature.
‘Measured by TMA.

4Water absorption.
-Not detected by DSC.
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Figure 7.12 Temperature dependence of storage modulus for Pl-m-4,4'-ODAs.
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but that in annealed PI-4-4,4'-ODA could not be detected. As the
imide content decreased with increasing m, the water absorptions
decreased. The CTE values were also lower with increasing m, and
that of PI-4-4,4’-ODA was 3.0 ppm K™ in spite of the polyimide from
4,4’-ODA.

10
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Figure 7.13 Temperature dependence of storage modulus for Pl-m-4,4-ODAs
annealed at 350°C.

The Tg values of PI-m-PDAs were also hardly dependent on
m, and were about 280°C. The p-phenylene unit content was very
high in PI-4-PDA, and the Tg value was approximately equal
to that for poly-p-phenylene. The decreases in E’ for PI-m-PDAs
decreased with increasing m as did those of PI-m-4,4’-ODA. The
E’ values were higher than those for PI-m-4,4’-ODA, the E’ value
of PI-3-PDA at 400°C was 10°Pa (Figure 7.14), and the E’ values
increased on annealing (Figure 7.15). PI-4-PDA was not obtained
as a film.

The CTE values of PI-m-PDAs were lower than those of Pl-m-
4,4’-ODA, because of their rigid linear structures. This rigid linear
structure is thought to be indispensable for the polyimides with
low CTE [51, 52}, and the CTE values decreased with increasing m
in these polyimides (PI-m-4,4’-ODA and PI-m-PDA). However, the
CTE values for polyimides have been reported to be dependent
on the method for film preparation [53, 54]. For example, partially
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Figure 7.14 Temperature dependence of storage modulus for PI-m-PDAs.
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Figure 7.15 Temperature dependence of storage modulus for PI-m-PDA annealed
at 350°C.

imidized polyamic acid prepared from diamino-BPDI formed an
ordered liquid crystal structure in NMP solution, and a polyimide
film with a CTE (3.5 ppmK-"), which was the same structure as
PI-0-PDA, was obtained from the ordered solution (Eq. 8) [54].
The imidation method was also reported to have great influences



228 HiGH PERFORMANCE POLYMERS AND ENGINEERING PLASTICS

on the CTE, and the degree of in-plain orientation of the chain axis
on thermal imidation was reported to be an important factor [54].

o R HNONQW

s-BPDA PDA Diamino-BPDI

”ggﬁo @N{i

Partially imidized polyamic acid

@%

PI-0-PDA
(8)

Almost all the polyimides from other diamines showed similar
thermal properties. The Tg values were hardly dependent on m
(Table 7.7). The decrements in E’ at Tg decreases with increasing
m, and E’s above the Tg increase on curing above Tg. The valves of
the E” above the Tg for the polyimides were in order of PI-2-Ar <
PI-3-Ar < PI-4-Ar.

Only the temperature dependence of E’ for PI-m-3ether was dif-
fered [50]. Figure 7.16 displays the temperature dependence of E’ for
PI-m-3ether. The decrements in E” at the Tg were larger than those
for PI-m-4,4-ODA because of the three flexible rotational ether
linkages; the decrements decreased with increasing m as observed
in other polyimides (Figure 7.16). However, the E’s of PI-m-3ether
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Table 7.7 Properties of polyimides from PI-m-Ar.

Tg Texo Tm T, (O | T, CO CTE:
°o» Q) (°Cy | *inN, [ ®inair | (ppmK™?)

PI-2-DPM | 252 | 300-322 | 420-462 600 570

PI-3-DPM | 260 | 326-363 - 605 560
PI-4-DPM | 244 | 330-385 - 637 580
PI-2-MDA | 253 | 277-328 | 417458 625 585
PI-3-MDA | 260 | 345453 - 610 570

PI-4-MDA | 237 | 335-380 | 385-425 600 590
PI-2-BAPB | 220 | 276-322 | 413-465 612 575

PI-3-BAPB| 233 - - 610 550
PI-4-BAPB| 232 | 325-455 - 635 580
PI-2-3ether | 205 | 290-360 - 630 580 |36.0(16.5)¢
PI-3-3ether | 206 | 380405 | 405-435 631 582 | 34.8(15.0)¢
PI-4-3ether | 208 - - 631 582 ]30.7(12.6)¢
PI-2-5ether | 180 - 390-405 628 581 169.1(38.0)¢
PI-3-5ether | 182 - 390-408 630 582 | 49.3(48.7)¢
PI-4-5ether | 182 - 390-430 632 584 | 34(31.6)¢

*Measured by DSC.

®10% weight loss temperature.

‘Measured by TMA.

9CTE value of polyimide films cured at 350°C.

-Not detected by DSC.

increased greatly on annealing above the Tgs and the order of the
E’ values above the Tg is Pl-4-3ether < PI-3-3ether < PI-2-3ether
(Figure 7.17). The high E’ values of annealed PI-m-3ether were due
to the formation of highly ordered structures (formation of a crys-
talline structure), and the degree of crystallization for PI-2-3ether
was thought to be the highest.

The CTE values of Pl-m-3ether were not higher than those of
PI-m-4,4'-ODA due to the more flexible rotational ether linkages,
but the values decreased with increasing m. The values were drasti-
cally lowered by annealing, and crystallization had a great influ-
ence on CTE.
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Figure 7.16 Temperature dependence of storage modulus for PI-m-3ether.
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Figure 7.17 Temperature dependence of storage modulus for PI-m-3ether
annealed at 350°C.

7.3.34 Polyimides Containing Ester Linkages,
-COOCH,OCO-, between Phthalimides

The extent of water absorption is about 2.5% for Kapton-type poly-
imide, and 0.4% for poly (ethylene terephthalate). As the ester
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linkages do not contribute to water absorption in comparison
with the contribution of imide groups, polyimides with ester link-
ages as the connecting group (-X-) were designed. Bis(trimellitic
acid anhydride)phenyl ester (TAHQ) was synthesized, and poly-
imides were prepared from this dianhydride and various diamines
by the two-step procedure in DMAc or NMP (Eq. 9) [36, 55, 56].
The polyimides were obtained by thermal imidation (PPD and
TFMB: 250°C/2 h + 350°C/1 h, CHDA: 250°C/2 h + 300°C/1h +
350°C/1 h, 4,4’ODA; 250°C/2 h + 300°C/1 h). PDA, TFMB, and
CHDA were used as the diamines to prepare polyimides with low
CTE values as well as low water absorption. For a comparison,
4 ,4'-ODA was also used.

O
o

Ho o)

N O H
HO O‘Q_O N—R R

O 0
OH
O n

CF,
o~ O ﬂ (O Do
CF4
PDA CHDA TEMB 4,4-ODA
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The properties of the polyimides from TAHQ are summarized in
Table 7.8. These polyimides exhibited low CTEs, and the value for
PI-TAHQ-PDA was 3.2 ppm K-'. In contrast, the value for PI-TAHQ-
4,4’-ODA was high (51.2 ppmK-).

Table 7.8 Properties of polyimides from PI{TAHQ/ Ar).

Tg |T,COP T, (CC)*|ecal | WA<| CTEd
(Cr | inN, | inair (%) | (ppmK-1)
PI(TAHQ/PDA) - 481 463 [3.22| 1.6 3.2
PI-(TAHQ/CHDA) 360 471 428 |3.04| 1.2 12.7
PI-(TAHQ/TFMB) - 487 479 1299 | 0.7 31.5
PI{TAHQ/4,4-ODA)| 320 462 433 | 3.16| 0.6 51.2

*Measured by DMA.

5% weight loss temperature.

‘Water absorption.

4CTE value of polyimide films cured at 350°C.
-Not detected by DMA.

A Tg of only PI(TAHQ-4,4'-ODA) was observed at 320°C, and
the value was much higher than that (245°C) of the corresponding
ether-linked PI-(HQDA-4,4’ODA) from hydroquinone diphthalic
anhydride. The high Tg was explained by suppression of internal
rotation around the ester linkages (Figure 7.18).

NO)):@#OQS»_@;?N Yo N(?f)/ O‘@O {%NOO@JF

Figure 7.18 PI-(TAHQ-4,4-ODA) and PI-(HQDA-4,4'ODA).

All the polyimides showed lower water absorptions as a result
of introduction of ester linkages, and the value of even PI(TAHQ-
PDA) (the highest imide content) was 1.6%.

The 5% weight loss temperature showed that the thermal stabili-
ties were relatively high in spite of the introduction of ester link-
ages, and the polyimides displayed low water absorption values
and high thermal stabilities.
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Polyimides were also synthesized from an ester-containig
diamine, 4-aminophenyl-4-aminobenzoate (APAB) (Eq. 10).

APAB
L LS
N

N_U\Ar/LL 0 —_—

HO—n/ \"—OH
o) o) n

(@] O

/“\ /k O
N Ar N‘Q—(

\I\]/ \r( 0

o] o]

(10)

The properties of the polyimides from APAB are summarized
in Table 7.9. Like the polyimides from TAHQ, these polyimides
showed low water absorption, and the CTE values were lower than
those of the polyimides from TAHQ. The low CTE values were
explained by the imidation-induced in-plane orientation induced
by the p-aromatic ester linkage.

For comparison, polyimides were synthesized from an amide-
containing diamine, 4,4’-diaminobenzanilide (DABA) (Eq. 11).
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Table 7.9 Properties of the polyimides from APAB.

Tg | T,CO" | T,(°C)° | & cal | WA® CTE¢
O)?| inN, | inair (%) | (ppmK™)
PI-(PMDA /APAB) - 531 501 ]329] 1.6 2.0
PI-(s-BPDA/APAB) - 534 525 |3.28| 0.7 3.4
PI-(TAHQ/APAB) - 471 452 1326 07 33

aMeasured by DMA.

5% weight loss temperature.

“Water absorption.

4CTE value of polyimide films cured at 350°C.
-Not detected by DMA.

O o

o)l\ Ar/lko * HzN'®_<O
}r/, \\j( JV-«<::>}—NH2

o O
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——NJ\ O L
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The properties of polyimides from DABA are summarized in
Table 7.10. The CTE values were lower than those of polyimides
from APAB, and the polyimides from PMDA and s-BPDA showed
extremely low CTE values. However, the water absorptions of
polyimides from DABA were higher than those of polyimides from
APAB as the amide group is hydrophilic.

Table 7.10 Properties of the polyimides from DABA.

Tg | T,CC* | T,(°C)* | e cal [ WA* | CTE*
(CCr| inN, | in air (%) | (ppmK™)
PI(PMDA/DABA) - 522 489 |3.17] 34 0.2
PI-(s-BPDA/DABA) | -~ 540 507 [328] 23 1.6
PI{(TAHQ/DABA) - 480 470 327 ] 21 6.0

*Measured by DMA.

®5% weight loss temperature.

‘Water absorption.

4CTE value of polyimide films cured at 350°C.
-Not detected by DMA.

Polyimides with longer ester linkages as connecting groups (-X-)
were also prepared, and their properties were investigated (Table 7.11)
[56]. The water absorptions of all the polyimides were lower than
those of PI-TAHQ because of the higher ester content. The CTE values
for polyimide films from PDA were low, but the films were not flex-
ible. Copolyimides which had the flexibility, without increasing the
CTE, were prepared by copolymerization with 4,4’-ODA.

The dielectric constants of polyimides with ester linkages were
not so lower than those of polyimides without ester linkage. This
may be due to the presence of polar ester carbonyl groups.

7.3.3.5 Polyimides Containing Ether Linkages, -O-Ar-O-
(Ar: Bulky Moiety)

Polyimides with ether linkage (-O-Ar-O-) as connecting groups
(-X-) between the phthalimides were prepared, and their
properties were investigated. As the content of polar imide groups
decreased as a result of the introduction of ether linkages, the
values of € for the polyimides became low. For example, € (3.02)
of PI-(HQDA-4,4'ODA) (-Ar---pC H,-) was lower than that (3.50) of
PI-(s-BPDA/4,4’-ODA) (-Ar-: None) [37]. However, Tg (245°C)
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Table 7.11 Properties of ester containing polyimides.

00 Z@O@ o

e

0

n

-Ar- Tg | T,COP | (%) | WAS CTE!
°0)?*| inair (%) | (ppmK™)
PDA 359 459 6.5 0.43 -5.0
4,4-ODA 331 479 | 429 0.35 37.6
PDA(75) + 4,4'-ODA(25) | 361 474 231 0.47 2.2
aMeasured by DMA.

> 5% weight loss temperature.
‘Water absorption.
4CTE value of polyimide films cured at 350°C.

of PI-(HQDA-4,4’0ODA) was much lower, as internal rotation of the
ether bond is not suppressed [36].

If the -Ar- is a bulky moiety, rotation is suppressed, as described
in section 7.3.3.1 and 7.3.3.2, and the Tg of the polyimide is not
significantly lower than that of PI-s-BPDA/4,4-ODA (306°C).
Polyimides with bulky fluorene moieties as -Ar- have been devel-
oped [36, 57].

Four kinds of polyimides with low € (2.60-2.80) were prepared
from 9,9-bis[(3,4-dicarboxyphenoxy)phenyllfluorene derivatives,
FLDA1 and FLDA2, and 9,9-bis[(4-(amino-phenoxy)phenyl)fluo-
rine derivatives, DAFL1 and DAFL2 (Figure 7.19), by the two-
step procedure using N,N-dimethylformamide as a solvent. The
polyimides were obtained by thermal imidation (80°C/20 min,
140°C /20 min, 200°C/20 min, 250°C/20 min, 300°C/20 min).

The Tgs (253-284°C) of these polyimides were higher than that
of PI-(HQDA-4,4ODA) (Table 7.12). As aromatic bulky fluorene
moieties combined short aromatic m—conjugation with a cardo
structure, the & values of the polyimides were lower without
decreasing thermal stability. Asymmetric bulky groups such as
fluorene disturb the chain packing and enhance the free volume
in the polyimides. However, as internal rotation of the ether bonds
is suppressed, the thermal stability of the polyimides does not
decrease greatly.
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FLDAI (R:H), FLDA2(R:-C¢Hs)

H2N‘©—RO O O oR—Q-NHz

DAFLI (R:H), DAFL2(R:-CqHs), DAFL3(R: -CF,)

Figure 7.19 Fluorene containing dianhydrides and diamines.

Table 7.12 Properties of the polyimides from FLDA1, FLDA2, DAFL1
and DAFL2.

Diamine Dianhydride | Tg (°C)*| T,(°C)*in N, €

DAFL1 (R:H) FLDA1 (R:H) 284 542 2.80

DAFL1 (R:H) FLDA2 (R-CH) | 266 525 2.77

DAFL2 (R:-C H,) | FLDA1 (R:H) 263 558 2.61

DAFL2 (R:--C H,) | FLDA2 (R:--C H,) | 253 554 2.61
*Measured by DMA.

5% weight loss temperature.
‘Measured with a LCR meter at IMHz with parallel plate.

The diamines, DAFL1 and DAFL2 were reacted with PMDA,
s-BPDA, 3,3',4,4-ODPA and 4,4’-(hexafluoroisopropylidene)diph-
thalic anhydrtde (6FDA), and polyimides with low € values were
also prepared without decreasing their thermal stability (Table 7.13).

Polyimides with low ¢ values were prepared by introducing of
fluorine as fluorine substitution lowered the electron polarization
and close packing of the polyimide. The € values of polyimides
with trifluoromethyl groups along with fluorene moieties were
lower (2.51-2.69), and the effects of fluorine atoms on the dielectric
constant were also observed in the polyimides containing fluorene
(Table 7.13).
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Table 7.13 Properties of the polyimides from DAFL1, DAFL2 and
DAFL3.

2 3
—@-O O—QN ArT N—+—
AT 8
Sag
L In
Diamine Dianhydride | Tg(°C)* | T,(°C)*in N, £
DAFL1 (R:H) PMDA 358 546 291
DAFL1 (R:H) s-BPDA 302 567 2.95
DAFL1 (R:H) 3,3’ 4,4 -ODPA 293 540 293
DAFL1 (R:H) 6FDA 293 534 2.65
DAFL2 (R:-C H,) | PMDA 293 544 2.82
DAFL2 (R:-C H,) | s-BPDA 272 543 2.86
DAFL2 (R:-C H,) | 3,3’ 4,4 -ODPA 253 539 2.80
DAFL2 (R--C,H.) | 6FDA 268 539 2.65
DAFL3 (R--CF,) | PMDA 307 460 2.62
DAFL3 (R:-CF,) [ 6FDA 281 454 251

“Measured by DMA.
5% weight loss temperature.
‘Measured with a LCR meter at 1 MHz with parallel plate.

As the introduction of asymmetric bulky groups was the method
to improve the solubility of the polyimides, soluble polyimides with
norbornene [58], phenylphthalide [59], and adamantine moieties
[60] were prepared (Figure 7.20).

7.4 Conclusions

Polyimides are known as reliable high temperature polymers with
superior mechanical and electrical properties. Polyimides can be eas-
ily prepared by reactions between dianhydrides and diamines, and
many types of polyimides have been prepared by structural modi-
fication of the monomers to obtain the polyimides having desirable
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4n

Figure 7.20 The polyimides with norbornebe, phenylphthalide, and adamantine
moiety.

properties. This chapter introduced the synthetic methods for poly-
imides and the relationship between their structures and properties.
The properties of polyimides are affected by internal rotation around
bond in molecules, sweep volume, free volume, molecular packing,
and molecular ordering. These factors are mainly dependent on the
structure of polyimides, but also on the preparation condition. In par-
ticular, the molecular packing and the molecular ordering of some
polyimides were reported to be extremely dependent on the prepara-
tion condition (preparation procedure, imidation conditions, anneal-
ing conditions and film thickness, etc). In future, high performance
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polyimides are expected to be developed on the basis of knowledge
about the effect of the structures and the preparation conditions on
properties, taking into consideration the polyimide characteristic,
the cost, the convenience of operation and the environment.
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Abstract

This article reviews the researches on the relationship between structures
and properties of a new kind of polytriazole resins. After introduction
to the preparation of the resins, the thermal behaviour and reactivity of
crosslinkable polytriazole resins are discussed. The effects of the chains
rigidity, polarity of chain units, functionality of monomers, grid size of
crosslinked network on glass transition temperatures of the polytriazole
resins are described. Furthermore, the effects of structures of the poly-
triazole resins on the mechanical properties, dielectric properties, thermal
stabilities are demonstrated. The researches show that the curing reaction
of the resins would take place at about 75°C. The glass transition tempera-
tures of the resins change with the chains rigidity, polarity of chain units,
and crosslinking degree. The highest one reaches 324°C. The mechanical
properties, dielectric properties, thermal stabilities of polytriazole resins
are also influenced to some extent by the structures of the polytriazole res-
ins. The flexural strength of a crosslinkable polytriazole resin, A,B,, arrives
at 200 MPa. The polytriazole resins are expected to be used in advanced
polymeric composites.

Keywords: Polytrizole, thermal behaviour, crosslinking, transition
temperature, dielectric properties, thermal stability
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8.1 Introduction

1,3-Dipolar cycloaddition reaction of azides and alkynes produces
1,4-disubmitted and 1,5-disubmitted 1,2,3-triazole compounds with
interesting biological properties [1-4], such as anti-allergic [5-7],
anti-bacterial [8], and anti-HIV activity [9] as shown in Scheme 8.1.
The reaction is highly exothermic reaction and usually occurs at a
low temperature, even at room temperature.

In 2002, Sharpless et al. popularized 1,3-dipolar cycloaddition
of azides and terminal alkynes, catalyzed by copper(l), in organic
synthesis and first defined the addition as “click” reaction [10]. The
reaction was proven to be very practical and effective because it can
be performed in high yield in multiple solvents (including water)
to give 1,4-substituted products in high regioselectivity whether
or not in the presence of other functional groups [11-12}. Due to
the efficiency and simplicity of the cycloaddition, “click” chemistry
has greatly attracted intensive interest in polymer science.
Recently, a lot of researches have concerned with the application
of the “click” reaction in the synthesis of dendrimers, connection of
preformed polymer segments, reparation of new polymers, or post-
functionalization of polymer backbones [13-21].

In fact, utilization of the cycloaddition of azides and alkynes to
polymerization dates back to 1960s. In 1966, Johnsons ef al. first
reported the synthesis of linear polytriazoles through 1,3-dipolar
cycloaddition reaction of monomers with both an azide and an
alkyne group [22, 23]. The formed linear polytriazoles exhibited good
thermal stability. However, they were unsoluble in any organic sol-
vent and unmeltable under heating. The further characterization of
the structures and properties of the formed polytriazoles was unfea-
sible. Thereby, the application of the polytriazoles is impossible.

Recently, our laboratory has been developing a new series of
crosslinkable polytriazole resins with low temperature curing

R, R,
RN3 + R1_CEC——R2—' R—N\)E-RZ + R—N\)}7R1

N==N N—N

Scheme 8.1 1,3-dipolar cycloaddition reaction of an azide and an alkyne.
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character, good processability, excellent mechanical and thermal
properties through specialty design of molecular structures on the
basis of the preparation and investigation of processable linear
polytriazole resins. These polytriazole resins could be expected to
be used as polymer matrices for advanced composites. This article
focuses on some relationship between the structures and properties
of these new polytriazole resins [24-31].

8.2 The Preparation of Polytriazole Resins

Linear polytriazole resins (A,B*or A’ B*, k=1,2,6,7, ..., 10) have
been synthesized from diazides (A, or A’) and dialkynes (B},
k = 1,2) or dialkyne macromonomers (B,*, k=6,7, 8, ..., 10) which
contains imide units in molecular chains as shown in Table 8.1
through 1,3-dipolar cycloaddition reactions in melt or solution at
70°C. The measured molecular weight (MW) and inherent viscosity
of the synthesized linear polytriazole resins are shown in Table 8.2.
As shown in Table 8.2, the synthesized linear polytriazole resins
have high MW with the magnitude of 10*.

Crosslinkable polytriazole resins have been prepared by pre-
polymerization of multifunctional azides with multifunctional
alkynes. A variety of multifunctional azide (A, or A’, i =2, 3) and
alkyne monomers (Bj, j=3,4;0r Bjk, i=2,k=1,2,3,...5) used in the
synthesis or preparation of the polytriazole resins are also listed in
Table 8.1. The produced polytriazole resins made from the multi-
functional azide (A or A’)) and alkyne monomers (B, or B,*) are sep-
arately designated as AB, or A’B or A B/ or A’BL. The crosslinkable
polytriazole resins could be cured at 70°C for 6-12 h. Thereafter, the
solid resins were further postcured at 120°C for 2 h, 150°C for 2 h,
and 180°C for 2 h to obtain well-cured resins.

A series of triazole oligomers capped with alkyne groups (B’,™,
m=1, 2, 3, ..., 7) were synthesized by thermal cycloaddition of
A, and B, monomers with various molar ratios of functional
groups [N.]/[C = C](<1) at 80°C for 18 h as shown in Figure 8.1.
The obtained triazole oligomers B’,™ were characterized. MWs of
the alkyne-capped oligomers calculated and measured are listed
in Table 8.3. The results demonstrate that the designed MW val-
ues of the oligomer B’,™ correspond with those measured by NMR
technique.
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NN N=N
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CH, CH, n

Figure 8.1 Structure of the alkyne-capped triazole oligomers.

Table 8.2 Molecular weight and viscosity of linear polytriazole resins.

Resin AB'|AB2| AB’ | ABS| AB® | A,B7 | ABS
M, (x10% | 977 | 422 [ - - - - -
nl@dL/g» | 041 | - | 058 | 042 [ 048 | 051 | 039

* [n]: the inherent viscosity of polytriazoles in DMF solvent.

Table 8.3 Molecular weights of the alkyne-capped triazole oligomers.

Oligomer B’,)™ | Molar Ratio M. M.
(IN,1/ " "

[C=Ch m (I
B’} 1/2 796 834 835
B’} 2/3 1288 - -
B’} 4/5 2272 - -
B¢ 6/7 3256 3306 3322
B’} 9/10 4732 - -
B’° 19/20 9652 9582 9619
B/ 29/30 14572 - -

a: The designed M_n is calculated by the equation M_n =188r + 304/1 - r, where
r is the molar ratio of group [N,] to [C=C].
b: M, : obtained by 'H NMR analyses on the basis of different groups[30].
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The polytriazole resins(A,B’,)", m=1, 2, 3, ..., 7) for crosslinked
networks with various grid sizes were prepared from the alkyne-
capped triazole oligomers and 1,35-tris(azidomethyl)-2,4,
6-trimethyl-benzene by “click” cycloaddition with the equivalent
moles of groups N, and C = C(i.e,, [N,]/[C = C] = 1). The curing
procedure of the polytriazole resins was considered as follows: the
resins were kept at 70°C for 12 h, followed by at 110°C for 2 h, at
150°C for 2h, at 180°C for 2 h, and finally at 200°C for 2 h to obtain
polytriazole networks with different grid sizes.

8.3 Reactivity of Crosslinkable Polytriazole
Resins

The thermal behavior of crosslinkable polytriazole resins (A, B,

A'B, ABY, A, B[) were traced by DSC techmque Figure 8.2 shows
typlcal DSC curves of some polytriazole resins. There is an exother-
mal peak on the DSC curves. As shown in the figure, the initial tem-
peratures of the exothermal peaks for all resins are located at about
75°C. This indicates that the curing reaction of the crosslinkable
polytriazole resins could take place at about 75°C. The top temper-
atures (T s) of those peaks for the resins are tabulated in Table 8.4.
Tsof the peaks range from 130°C to 150°C. As shown in the table,

Heat flow (mW/mg)

-1
-2
0 50 100 150 200 250
Temperature(“C)

Figure 8.2 DSC curves of crosslinkable polytriazole resin A B (=), A B (=), and
AB.(—)
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Table 8.4 DSC analysis results for some crosslinkable polytriazole resin.

Resin AB, | AB, | AB, | AB! | AB, | AB,
T (°C) 137 139 134 140 143 130
Resin AB! | AB? | AB® | AB* | AB; -
T (°C) 150 143 147 148 149 -

Note: T stands for a top temperature for the exothermal peak on a DSC curve.

Table 8.5 The apparent activation energy of alkyne-azide curing
reactions for various resins.

Resin AB, |ABs| AB, | AB, | AB

374

Apparent reaction 847 | 94.1 80.7 | 829 | 921
activation energy (kJ/mol)

the peak temperatures seem to be not related with the structures of
monomers too much though A’ B, resin with high rigidity exhibits
a bit high peak temperature as compared with that of A,B, resin and
A,B, resin with high functionality displays lowest curing tempera-
ture among the resins.

The azide-alkyne reaction kinetics were studied by DSC analy-
sis technique and the apparent kinetic parameters of the curing
reactions were obtained by Kissinger's method [26, 31-32]. The
apparent activation energies are tabulated in Table 8.5. As shown
in the table, there are differences among the activation energies of
different resins. The apparent reaction energies are related with
the structures and the functionality of monomers. A B, resin with
high functionality has higher activation energy as compared with
A’.B,, A B, and A’,B, resins. A’,B, resin with high rigidity exhibits
a bit high energy as compared with that of A B, resin. This prob-
ably results from the reaction activity of functional groups in the
resin. The higher the functionality of monomer is, the higher the
steric effect is, and thus the more difficult the reaction is. The
higher the rigidity of monomer molecules, the lower the collision
probablity of the reactive groups, and then the more difficult the
reaction is. In addition, A’ B.° resin has higher energy than that
of A’B, resin. This illustrates that the reaction of the aromatic
alkyne with azide is more difficult than that of aliphatic alkyne
with azide.



PrROPERTIES OF NEW POLYTRIAZOLE RESINS 253

8.4 Glass Transition Temperatures of
Polytriazole Resins

8.4.1 The Effect of Molecular Rigidity and Polarity
on the Glass Transition Temperature (Tg)

The glass transition temperature (T ) of linear polytriazole resins
was measured by DMA and DSC tecfmiques. The typical DMA and
DSC analysis diagrams are respectively shown in Figure 8.3 and
Figure 8.4. All analysis results are tabulated in Table 8.6. As seen
from Figure 8.3, Tgs of AB'and A’B? are 94 and 130°C, respec-
tively. T of A’,B,? is higher than that of A,B,' because the molecular
chain of A’,B.? resin is more rigid than A,B,' resin.

As shown in Table 8.6, the glass transition temperatures (T,s)
of AB)* resin system(k = 7,..., 10) are located in the range of
220-262°C. T s of A,B.* resins depend on the structures of the dia-
zide units, dialkyne units, and imide units. A,B,* resins series con-
taining imide units have obviously much higher T s than those of
A,B'and A’ B,’ resins. Imide units in the molecular chains play an
important role in increase of T_ due to high rigidity and polarity of
imide units which prevent chains from movement. A B,” and A’,B,”
resins exhibit lower T,s as compared with other resins in A B,

184 T T T T T T hqzec g
1 % f
1.6 " .
1.4 : 9400 1
1.2+ : i
1.0 4 "
0.8 4 .
0.6‘ [ ]
- [
0.4  §
0.2 f \-W‘ |
0.0 4
—02 3 T * T ¥ T 1) T - T d T ¥ T . T | T o T ¥
0 20 40 60 80 100 120 140 160 180 200 220
Temperature (°C )

Figure 8.3 Typical DMA diagrams of linear polytriazole resins
A B! (¥)and A’,B,2(W).
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B v

Heat flow endo down (mW)

100 150 200 250 300
Temperature (°C)

Figure 8.4 Typical DSC curves of linear resin A,B,’(1) and A',B(2).

Table 8.6 The glass transition temperatures of various polytriazole
resins.

ReSin AZBZ‘l A’ZBZZ A2B27 Asza AZBZ9 A’2B27 A’Z.BZ8 A’2B210

Glass tran- | 94 130 221 | 249 | 253 224 250 262
sition
temp-
erature
Tg(°C)

derivatives. This might result from the presence of a flexible link-
age like ether and propylidene between the phthalimide and phe-
ny!l units. Obviously, T, of polytriazoles decreases with increase in
the flexibility of molecular backbones.

DMA technique was also used to determine T, of cured A,Bk
polytriazole resins (k=1,2,..., 5). The typical DMA diagrams are
shown in Figure 8.5. T s of all cured resins are listed in Table 8.7.
As shown in Table 8.7, the cured A ,B,’ resin has the highest T, of
226°C. T, of the cured A B,' resin is 216°C and lower than that of the
cured A B resin. T,s of other cured resins are all 204°C. For A B.',
A B}, A B *and A, B resins, they have almost same cosslinking

density. However —CF and —CH, side groups in A,B’ and A B,!
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Figure 8.5 DMA diagrams of A B.’ resin.

Table 8.7 Glass transition temperature of cured A,B,k resins.

Resin AB}! A B? A B} AB} AB}
Glass transition 216 204 204 204 226
temperature
T (°C)

resins have high steric effect. This increases the difficulty of chain
movements of A.B,> and A B, resins. Therefore, T s of A B,> and
A B, resins are higher than those of A,B,’ and A_B,* resins. Besides,
because —CF, groups have larger volume and stronger polarity
than —CH, groups, A B resin has higher T than A B, resin. As
for A,B.? resin, although it has higher crosslinﬁing density than that
of other resins, the flexible -CH.- links in A B,* resin is far more than
those in other resins. Herewith, Tg of the cured A B,? resin is low.

8.4.2 The Effect of Monomer Functionality on T,

Figure 8.6 shows the glass transition tand peaks of the cured
polytriazole resin A,B,, A.B,, A,B,, A’,B,, A,B,, and A,B, in DMA dia-

273 274 274
grams. As shown in the figure, Tgs of cured A B,, AB, AB, A B,
A B, and A B, resins are 181°C, 216°C 218°C, 250°C, 311°C, and

373/
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Figure 8.6 DMA of Cured polytriazole resin A2B3( ), A3B2(v),
A2B4(m), A’'2B4(e), A3B3(<), and A3B4( ).

324°C, respectively. The results show that T s of the cured polytri-
azole resins increase with the average functionality increases. The
higher the average functionality of the monomers is, the higher
the crosslinking density of the cured resin and thereby the higher
T_is. Although the resin A;B, and A",B, possess the same average
functionality, T, of cured A,B, resin is lower than cured A’,B, resin.
This change could be explained by that the rigidity of the molecular
chain of A’,B, resin is higher than that of A B, resin.

8.4.3 The Effect of Crosslinked Network
Grid Size on Tg

As usual, the crosslinked structures of a resin have a great influence
on its properties. Investigation on the effect of the molecular struc-
ture and crosslinking character of a crosslinked network on proper-
ties would give an effective guide for the design and preparation of
a new crosslinkable resin. The influence of crosslinked structures
on properties of crosslinkable polytriazole resins with different
network grid sizes is further investigated.

The glass transition temperatures of A B’ resins (m = 1,2,3....7)
with different chain lengths between two crosslinking sites are
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characterized by DSC technique under nitrogen at a heating rate
of 20°C/min. The DSC analysis results of the A,B’,™ resins with
different network grid sizes are tabulated in Table 8.8.

The grid size of A,B’,™ resins(determined by M_ of B’,™) would
have a significant influence on its T . T s of A,B’,” resins as a func-
tion of M_ of the oligomer B’,™ is shown Figure 8.7. As shown in
Figure 8.7, an initially rapid and then slow decreasing curve is
observed. The critical point of the curve is found at M_2000(ca.),
which shows a critical molecular weight of B’,™. If M_ < 2000, the
size of the network grids has a significant influence on the T; while
M, > 2000, the influence is not obvious.

In general, the increasement of crosslinking density of a network
would result in enhancement of thermal properties. We consider
the molecular weight of two adjacent crosslinking sites as a cross-
linking density. Based on the theory of glass transition, T, can often

Table 8.8 DSC analysis results of A,B’,” resins.

Resin | AB) |AB,|AB AP [AB,|ABS|AB|AB
T,/°C | 216 | 141 | 140 | 134 | 128 | 128 | 121 | 123

220
200
180

t"‘ 160
140
120

100

Figure 8.7 Tg of A,B’,™ resins as a function of Mn of oligomer B’,™
(m=1,23...7).
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be expressed as a function of crosslinking density by the following
equation:

k
Tg = Tg°° +ﬁ (81)

c

where T is the glass transition temperature of the crosslinked
polytriazole, T _ the glass transition temperature of the oligomer
B’ ™ with a nearly infinite high molecular weight, k a constant asso-
ciated with the average functionality of crosslinking system and
M_ the molecular weight between two adjacent crosslinking sites.
For the studied polytriazoles system, M_can be calculated by the
following equation:

M, =M, +M’ (8.2)

where M is the molecular weight of B',)™ and M’ (=190) the
revised value determined by a crosslinking monomer.

The relationship between T_and 1/M,_ of AB’,™ resins is shown
in Figure 8.8. The relationship between T, and M of B’,™ for the
A,B’,™ resins could be expressed as follows:

21600
T, =124 ——— 8.3
8 (M, +190) (8.3)

150

140 A

130

Ty/°C

120 A

110 4

100 T T ¥ T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

1/M,x 10°

Figure 8.8 Tg of A B’,™ resins as a function of the crosslinking density.
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From the results front, we can conclude that the size of the net-
work grids has an effective influence on T s of polytriazoles: small
network grids of polytriazoles would result in a high T.

8.5 Mechanical Properties of Polytriazole Resins

8.5.1 The Effect of Structures On Mechanical
Properties of Polytriazole Resins

Tensile property of a polytriazole resin film was measured by a
mechanical tester. The tensile strength and tensile modulus of A B,
polytriazole film are 72.9 MPa and 2.95 GPa, respectively. The elon-
gation at break is 4.36%. This indicates that A,B,' resin possesses
good mechanical properties. The tensile properties of A B* resin
films containing imide units in main molecular chains are listed in
Table 8.9. The A B films exhibit high mechanical properties. As
shown in the table, A B,” and A’,B, resins have the highest values
among these resins. It is because of the contribution of two bulky
methyl or trifluoromethyl in molecular structure to toughness of
the resin. As compared with A B,'resin, the resin series A B*(k =7,
8, ..., 10) containing imide units in the molecular chains exhibit
higher mechanical properties.

8.5.2 The Effect of Crosslinking on Mechanical
Properties of Polytriazole Resins

Mechanical properties of the cured polytriazole resins are tabulated
in Table 8.10. As shown in the table, the mechanical properties of
the cured polytriazole resins are excellent. The tensile and flexural
strengths of cured A B, resin reach as high as 99.0 and 200 MPa,
respectively. Flexural strength of the cured A’ B, resin is a bit lower

Table 8.9 The tensile properties of linear polytriazole resin film.

Resin AB! | AB’| ABs | AB? | AB/ | AB?

Tensile Strength 729 924 76.2 83.1 89.4 84.6
(MPa)

Elongation (%) 4.4 6.4 6.4 4.8 6.4 6.9
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Table 8.10 Mechanical properties of cured polytriazole resins.

Resin | Tensile Tensile Tensile Flexural | Flexural
Strength | Modulus | Elongation(%) | Strength | Modulus
(MPa) (GPa) (MPa) (GPa)
AB, 99.0 3.60 3.49 200 3.34
A B, 93.7 3.53 4.10 185 3.42
AB, 89.3 3.51 4.04 153 3.10
AB}! - - - 168 3.60
AB? - - - 201 3.80
AB? - - - 169 3.30
AB, - - - 156 3.50
A'B, - - - 155 2.70
A.B, - - - 150 3.30

than that of cured A_B, resin, whereas the modulus is a bit higher
than that of cured A B, resin. This probably results from that the
rigidity of the molecular chain of A’ B, resin is higher than that of
A,B, resin. Flexural strength of the cured A,B, resin is much lower
than cured A,B, resin. The main reason is that the crosslinking den-
sity of A,B, resin is higher, which probably leads to the brittleness of
the cured resin. A,B.? resin shows the highest flexural strength and
modulus. The possible explanation would be the resin with suitable
crosslinking degree and chain flexibility combined. Anyway, all
resins exhibit excellent flexural strengths with the value of higher
than 150 MPa.

8.6 Dielectric Properties of Polytriazole Resins
Dielectric properties of cured A;B,}, AB? AB? AB}? and ABS
resins are shown in Figure 8.9. As shown in Figure 8.9, when the
measuring frequency ranges from 10? to 10° Hz, dielectric constant
(¢) of A B’ resin is in the range 2.99-2.79 which is lowest in all the
cured resin. Although C—F bonds in A B resin have high bond
moment, the symmetric structure of C(CF,), leads dipole moment
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Figure 8.9 Dielectric contant and dissipation factor as a function of frequency for
the cured polytriazole resins. A,B.° ®); A,B)' (8); A;B,* (V); A,B2(¢); AB} (A).

of the whole molecular chains to be near zero. Besides, due to the
presence of rigid —CF, side groups, molecular chains in A B,’ resin
are more difficult to move than those of other resins. Therefore, £’ of
A B,’ resin is lowest. Similarly, dielectric constant €” of A B! resin is
lower than those of A,B,?, A,B,’ and A B,*resins due to the existence
of similar symmetric —CH, side groups. It can be known from the
DMA results that T s of A,B,> and A,B,’ resins are equal, which indi-
cates their molecufar chains have similar chain segment mobility.
The symmetric structure of A,B? provides lower € in spite of the
presence of the polar ether (-O-). ¢’ values of A B, and A B, ’resins
are close. However, €’ of A,B,* resin is higher than those of A B, and
A B resins and highest among these resins mainly because A B,*
resins have strong polar C=0O group in the molecular chains.

The relationship between dissipation factor €” of the cured res-
ins and frequency is shown in Figure 8.9. As shown in Figure 8.9,
the cured A B, resin has the lowest ¢” among all A B, resins
(k=1,2,3,...,5). The change of £” is similar to that of ¢’. £” values
of A,B,*, A,B’ and A B, resins are higher than those of A B’ and
A,B,! resins probably because their molecular chains are easier to
move than those of A B> and A,B,! resins.

8.7 Thermal Stabilities of Polytriazole Resins

Thermogravimetric curves of the cured A,B, and A B ,Tesins under
nitrogen and air atmospheres are shown in Figure 8.10 and the
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Figure 8.10 TGA thermograms of the cured A B, and A,B, resins under nitrogen
and air. 1: A,B, (- Nj;— air); 2: A B, (—N,;—air ).

-

analysis results are tabulated in Table 8.11. As shown in Figure 8.10,
the degradation process for the cured A,B,and A B, resins are per-
formed in one stage under nitrogen but in two stages under air.
For the cured A B,and A,B, resins, the degradation temperature
T .s (the degradation temperature at 5% weight loss) under air and
nitrogen are almost the same. This indicates that thermal oxida-
tive degradation is not the main process for the degradation of the
cured resin in the initial stage and the cleavage of weak bonds in
the cured resin should be the main degradation mechanism. The
conclusion is further demonstrated by other series of resins A B
(k = 1,2,..., 5). For all cured resins, their T s under nitrogen are
near. This is because that the main chains in all cured resin have
the same weak bonds H,C—N [33]. Thermogravimetric curves of
some other resins including a linear polytriazole resin in nitrogen
are shown in Figure 8.11 and all results are listed in Table 8.11. As
shown in Figure 8.11 and Table 8.11, all T s arrives at around 350°C
regardless of linear and crosslinked structures except for the resins
with imide units which show a bit higher T . value. This indicates
that the cured resins possess good thermal stability. The degrada-
tion of all cured resins initiates at H,C—N bond and their T, values
under nitrogen or air are near the same. Besides, the degradation
residue of the cured A,B,”> and A B,' resins are much lower than
those of other resins under nitrogen. This is because that C(CF,),
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Table 8.11 TGA analysis results for cured polytriazole resins.*

Resin Under N, Under Air
T, (°C) Y, (%) T (°O) Y, (%)

AB} 351 46.1 - -
A B? 353 50.5 - -
AB’ 365 539 - -
A B} 369 57.0 - -
A B’ 369 53.8 - -
A B 377 60.2 - -
A B} 376 56.3 - -
AB}! 361 32.4 360 0
AB}? 361 50.4 359 0
A B} 358 51.8 356 ’ 0
AB)} 358 49.9 356 0
A B> 356 35.1 356 0
AB, 326 54.0 - -
AB, 333 57.4 338 0
AB, 348 47.7 - -
A’ B, 351 46.9 - -
A.B, 355 47.4 357 0
*T,;: the decomposition temperature at 5% weight loss; Y: Char yield of

decomposition at 800°C .

and C(CH,), groups in A,B,” and A,B,' resins are easy to decompose
into small molecules at high temperature.

8.8 Conclusions

The polytriazole resins with various structures were prepared after
fine design of molecular structures of monomers and polymers.
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Figure 8.11 TGA diagrams of polytriazole resins under nitrogen A,B.( ),
AB, (), AB, (—), and A,B, ().

The effects of the structures on the properties of the polytriazole
resins are discussed in this article. From the above discussion, we
reach the following conclusion points:

1. Reactivity of resins is influenced by the molecular
structure, but the effect is not obvious. The cycload-
dition of an aromatic alkyne with an azide is more
difficult than that of an aliphatic alkyne with an azide.
The curing reactions of the resins start at around 75°C.

2. The glass transition temperatures of polytriazole
resins change with the rigidity of molecular chains,
polarity, and crosslinked degree of network(related
with functionality of monomers and grid size of
crosslinked network formed). The higher the rigid-
ity, polarity, and crosslinking degree, the higher the
T, of the resin is. Polytriazole resins containing imide
units show higher glass transition temperatures than
polytriazole resins without imide units. Crosslinked
polytriazole resins demonstrate much higher glass
transition temperatures than linear polytriazole res-
ins. The grid size of the crosslinked network has an
effective effect on the T of the polytriazole resins.
Small network grids of polytriazole resins would
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result in a high T, especially when the grid size is less
critical one(M, ~ 2000).

3. The mechanical properties also vary with the structures
of polytriazole resins. The crosslinked polytriazole
resins have higher mechanical properties than linear
polytriazole resins. The polytriazole resins with higher
polarity exhibit higher mechanical properties. In addi-
tion, the mechanical properties of polytriazole resins
are complicatedly influenced by crosslinking degree,
chain flexibility, etc. The tensile and flexural strengths
arrive at 99.0 MPa and 200 MPa, respectively. The poly-
triazole resins are a kind of high performance resins.

4. Dielectric properties of polytriazole resins are obvi-
ously influenced by their structures. The polytriazole
resins with a symmetry structure and low polarity
show low dielectric constant and dielectric loss.

5. The degradation temperature (T,) for all resins
is around 350°C. Thermal stabilities of polytriazole
resins are obviously not affected by the structures.
The polytriazole resins possess excellent thermal and
thermooxidative stabilities.
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Abstract

This chapter reviews recent developments in the production of well-
established high tenacity and high modulus (HT-HM) fibers known as
high performance fibers such as Kevlar, PBO, Spectra, and M5 fibers. The
new generation of high performance fibers “smart fibers” go beyond the
scope of this chapter and did not discussed. All the polymers in HT-HM
fibers have strong axial chemical bonding. The polymer chain could be
linear and flexible such as polyethylene used in Spectra/Dyneema. The
linear polymer chain could be stiff like Kevlar. Carbon fiber is another
HT-HM fiber which graphitic sheets oriented parallel to the fiber axis.
We also review advances in improving performance of conventional melt
spun fibers by manipulating fiber structure, i.e., molecular orientation and
crystallization via novel technology.

Keywords: High performance fibers, M5, Zylon, Kevlar, Dyneema,
Spectra, PEN

Introduction

In recent years significant progress has been made in high per-
formance fibers that are produced from rigid and flexible poly-
mers. Each subchapter describes in details advances in major fibers
namely, M5, Zylon, Kevlar, Dyneema/Spectra, and carbon fibers.

Vikas Mittal (ed.) High Performance Polymers and Engineering Plastics, (269-340)
© Scrivener Publishing LLC
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9.1 PIPD or “M5” Rigid Rod

9.1.1 A New HM-HT Fiber

As a result of research in Akzo-Nobel laboratories a new high-
performance fiber, known as M5, has been produced. Akzo-Nobel
has spun off its fiber activities, and the M5 project has been taken
up by Magellan Systems International. DuPont de Nemours
has taken a majority interest in Magellan. The polymer is poly
{2,6-diimidazo[4,5-b:4’,5"-e]pyridinylene-1,4-(2,5-dihydroxy)phen-
ylene} or PIPD, with the formula shown in Scheme 9.1.

Two methods have proved effective in preparing high modulus,
high tenacity polymer fibers:

a. perfecting the drawing technique of precursor fibers
to attain draw ratios far above ten, as in the well-
known polyethylene Dyneema and Spectra yarns
[1-3] described in Section 4 and

b. manipulating rigid rod-like molecules into fibers that
are already very highly oriented in the as-spun state,
as in PPTA fibers [4-6] described in Section 3.

Work has been directed at much stiffer rigid rod like materi-
als in an effort originating with the U.S. Air Force culminating in
the PBO fiber (Section 2) that is now commercially available from
Toyobo after much development at Wright-Patterson AFB, at SRI
International and at Dow Chemical [4, 7, 8]. Although PBO shows
very impressive tensile properties, its performance under com-
pression has been disappointing, and much work has been done in
various ways to correct the problem, without making much head-
way. Various schemes have been tried to increase lateral strength
in PBO after fiber formation, [9-15] often by crosslinking. One
attempt at introducing hydrogen bonds in such a polymer did
not afford the improved compression performance hoped for; its

OH
NH N
L0
Y CN) NH n
OH

Scheme 9.1 Poly{2,6-diimidazo [4,5-b:4’,5 -e]pyridinylene-1,4-(2,5-dihydroxy)
phenylene} (PIPD).
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lack of success in attaining improved compression properties was
attributed to the hydrogen bonds being formed intra rather than
inter-molecularly [16].

It has been the aim of one of the researchers (Doetze J Sikkema)
to create polymers as rigid rod-like as PBO, with strong intermolec-
ular hydrogen bonds. After much experimentation, some of which
has been reported [17-20], scientists turned their attention to the
well-proven (albeit experimentally challenging — cf. Ref. [9-15])
polymerization of one-ring aromatic tetrafunctional nucleophiles.
An example of high merit appeared to be 2,3,5,6-tetraaminopyri-
dine: 2,6-pyridinediamine, a commercial product, is fairly simply
accessible by Chichibabin amination [21] (they found a more eco-
nomical route to 2,6-diaminopyridine) and, importantly, nitration
was expected to be highly selective to produce the 3,5-dinitro iso-
mer. Literature reports existed on this nitration, albeit with low
yield after purification, [22, 23] as well as on polymerization of the
tetraamine HCl salt (along the USAF-SRI lines [9-15] for PBO), with
isophthalic acid to prepare a thermally stable polymer [21, 24].

9.1.2 Monomer Selection and Syntheses

Synthesis of 2,3,5,6-tetraaminopyridine (TAP) along the lines of
Refs. [21] and [24], with low yield after nitration, and including
reduction with tin/hydrochloric acid afforded early samples of
TAP (Scheme 9.2).

In early work, researchers isolated TAP as the hydrochloride
salt and used it in the polymerization, cf. Ref. [9-15] The nitra-
tion problems were soon corrected by modifying the nitration
medium- changing from concentrated sulfuric acid [21, 24] to
oleum [25]. Thus, they could isolate high purity products at 90-95%
from the nitration and 85% yield of polymer grade purity crystal
(TAP - 3HCI1 - 1TH,O) from the reduction with hydrogen. Having a
sufficient supply of TAP in hand, they tackled the polymerization.
Reaction according to the method developed in Refs. [9-15] with
terephthalic acid produced almost instantaneous precipitation of
very low MW oligomer.

1.HNo,

O H,N NH,
— O
HN N°NH, 2.H,

HN  N™ NH,

Scheme 9.2 Structure 2,3,5,6-tetraaminopyridine (TAP).
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Polymerization with 2,5-dihydroxyterephthalic acid seemed
desirable in itself because the hydroxyl groups could contribute to
the hydrogen bond network envisioned (even though disappoint-
ing results were reported in Refs. [17-20] with this monomer); the
reaction led to high molecular weight products, in contrast with
the results with unsubstituted terephthalic acid. Thus, not only
an enhanced-polarity polymer proved accessible, in fact the ana-
log with fewer active protons could not be prepared in a usable
form. Concentrations of almost 20 wt.% of polymer in solution in
PPA could be attained. By contrast, 1,2,4,5-tetraaminobenzene [26]
(which likewise gives insoluble very low MW material with tere-
phthalic acid, note that reasonable MW was reached in polymer-
izing a tosylated monomer) [27] proved to have a solubility limit in
its high MW polymer with 2,5-dihydroxyterephthalic acid of about
8.5%, in related work in laboratory (at 8-9% of polymer in PPA con-
sisting, at the end of the polymerization, of 81.0% of P,O, and 19.0%
of water, |, values of about 100, 0.25 g/dl in methanesulfonic acid,
could be reached when starting with tetraaminobenzene — DHTA
1:1 complex. Lower MW products of this type were described in
Ref. 28) [28].

2,5-Dihydroxyterephthalic acid (DHTA) is described (Scheme 9.3)
in the literature as the product of bromine/sulfuric acid mediated
aromatization [29] of diethyl succinoylsuccinate, a commercial
product, followed by hydrolysis. The aromatization can also be
effected with sulfur: succinoyl succinate is boiled with slight excess
of sulfur in NMP for 20-30 min as the temperature rises from about
150°C (H,S evolution) to about 200°C. Dilution with water precipi-
tates dimethyl dihydroxyterephthalate which is hydrolyzed with
hot aqueous NaOH. Alternatively, aromatization can be done with
S and a Pd/C catalyst [17-20]. Sikkema et al. found a convenient
and non-noxious procedure in aromatizing the succinoylsuccinate
in acetic acid at reflux with 30% aqueous hydrogen peroxide with

COOCH, COCH
1.10%H40, OH
OH  AcOH IDflox
—>
2. NaOH HO
Ho H0 COOH
COOCH,

Scheme 9.3 Structure of 2,5-dihydroxyterephthalic acid(DHTA).
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a sodium iodide catalyst. After hydrolysis, >90% of polymer grade
DHTA [30] from succinoylsuccinate can be isolated upon acidifi-
cation. Alternatively, the sodium salt of DHTA can be crystallized
from the hydrolysis reaction mixture in high purity and somewhat
lower yield (abt. 87%).

With a view to improved economics in the case of scaling up,
Sikkema et al. developed syntheses of the monomers based on epi-
chlorohydrin, HCN and ammonia for 2,6-diaminopyridine [21] and
for DHTA based on hydroquinone and CO, [30].

9.1.3 Polymerization

Right from the outset of work with TAP hydrochloride and DHTA
(Scheme 9.4), scientists avoided the experimental difficulties inher-
ent in the traditional [9-15] method of adding most of the phos-
phorus pentoxide, and the organic diacid only after driving off
the hydrochloric acid by heating in (“weak”) polyphosphoric acid
(PPA). When working at a small scale at least, they could add all
ingredients at the outset of a heating cycle that involved (cf. Ref.
[9-15]) many hours of heating at about 100°C while evacuating, to
eliminate the hydrochloric acid. An important improvement was
found in isolating TAP as its phosphoric acid salt, resulting not
only in a much faster polymerization cycle, but also eliminating
the corrosion-type difficulties implicit in the earlier route. A fur-
ther convenience improvement was achieved by the synthesis of
the TAP.DHTA 1:1 complex, or TD complex. This complex is sig-
nificantly more stable against oxidation than TAP phosphate and
it precipitates in a high yield from the combination of (alkaline)
aqueous solutions of TAP and DHTA Na or K salt upon neutraliza-
tion. A fast polymerization cycle (typically 4-8 h) rather than 24 h
according to Ref. [9-15] now yields high MW polymer with high
consistency: relative viscosities (0.1 g/dl in methane sulfonic acid)
of 8 and above could be reached routinely. Others did not succeed
in preparing the terephthalic acid salt of TAP, curiously, Rosenberg,

HN o oy
2 NH, NH N
Q +  HOOC con —>4< 1O
HN T N7 N7 NH "
2 2
HO OH

Scheme 9.4 Polymerization TAP and DHTA.
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Krauss, and Kleiss describe a facile preparation of the terephthal-
ate salt of 4,6-diaminoresorcinol [31). Thus, copolymers employing
both DHTA and terephthalic acid (TPA) necessitated use of TAP
phosphate and TPA next to TD complex. Such copolymers showed
lower relative viscosities when more TPA was used as a comono-
mer, and became insoluble in the polymerization medium when
more than 50% of DHTA was substituted by TPA.

The polymerization of homopolymer consists of taking TD com-
plex, polyphosphoric acid and PO, with a trace of tin powder into
the reactor, displacing air by nitrogen, homogenizing the thick
slurry, and raising the reaction temperature to 130-140°C. Mixing
for at least 1.5 h at that temperature before taking the mixture to
180°C and stirring for another 1-2 h yields the spinning solution.
The solution becomes liquid crystalline when it reaches 140°C.
Work on the mechanism of PBO polymerization has been reported.
[32, 33] Sikkema’s view is different [34].

The PO, content of the solvent system impacts the final molecu-
lar weight, and obviously only the highest purity TD complex will
deliver the highest MW polymers. Conveniently, the final phos-
phoric pentoxide content of the solvent system is 82%, the balance
being water. Solubility limit of high MW homopolymer in 80.5-83%
PPA (ie., a PPA consisting of 80.5-83% of P,O, and the balance
being water) is 19 wt.%. At 180°C, the solution (18 wt.% of poly-
mer) is a nematic solution with long relaxation times of orientation;
upon cooling it crystallizes at about 110°C; the crystallized solu-
tion melts at about 140°C. A further thermal transformation can be
seen at about 80°C in DMA. Crystallosolvate fibers of astoundingly
high and perfect crystallinity could be prepared under special con-
ditions [35].

9.1.4 Fiber Spinning and Fiber Properties

Conventional air gap wet spinning of the as-polymerized solutions
of polymers with Mw 60,000-150,000 (Twaron aramid calibration
SEC in methane sulfonic acid) at 180°C into a water or dilute phos-
phoric acid bath, proceeded readily; spindraw ratios attainable
depend on spinning orifice diameter and the result normally deliv-
ers filaments with a diameter of about 10 mm, which are further
washed to a low phosphorus content and drawn (by a few percent
at most) at high temperature (>400°C) to produce the final, high
modulus product. It is unclear whether the crystal solvate can form
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in the air gap — the process being characterized by very fast cooling.
The XRD patterns of solidified polymer solution in PPA showed the
existence of two different crystal solvate phases. The crystal solvate
phase 1 in the polymer solution at room temperature changed to
crystal solvate 2 which starts at 85°C and is completed at 115°C. It
disappears above 135°C and a nematic phase appeared. The transi-
tion from nematic phase to the crystal solvate can happen by cool-
ing. The crystallinity of crystal solvates of PPID is higher than PBO
and PBT. The coagulated and washed fiber is isolated as a crystal
hydrate and the hot drawing process transforms this into the final
high modulus “M5” crystal structure [35]. The as-spun fiber already
shows attractive mechanical properties, comparable to para-aramid
fibers, although the modulus is higher (about 180 GPa). The as spun
fiber excels in flame resistance [36]. The crystal-to-crystal transfor-
mation during the hot drawing leads to a much higher modulus,
due to a more slender effective chain and stronger interchain bond-
ing, coupled with an improvement of the orientation [35]. Note that
the fiber modulus depends on the shear modulus through nonper-
fect orientation of the molecules [37].

Evolution of fiber structure and morphology, and its properties,
during the manufacturing process is discussed in detail in Ref. [35].
The final crystal structure is analyzed in Ref. [38] and illustrated in
Figure 9.1. The rod like polymer molecules feature internal hydro-
gen bonds between -O-H groups and imidazole N atoms, and a
network in both directions perpendicular to the rodlike chains
between imidazole N-H atoms and the — O-H groups [38]. For the
determination of this hydrogen bond structure, it was not sufficient
to ascertain the precise arrangement of the heavier atoms, but fur-
ther measurements were needed. The fact that over a very large
temperature range, both directions perpendicular to the polymer
chain direction showed that the same thermal expansion was the
final lock on the proof of the 3-dimensional network character of
the hydrogen bond system (as opposed to a sheetlike character),
[38] as an independent observation in addition to the very high
shear modulus determined from the relation [37] between molecu-
lar orientation and fiber properties [35].

The as-spun PIPD fiber is a crystal hydrate, which transforms
into a bidirectional hydrogen bonded structure during heat treat-
ment. This transition results in an increase in crystalline modulus
along the chain direction due to a decrease of the cross-sectional
area per chain, and in an increase in shear modulus due to stronger
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Figure 9.1 The crystal structure of M5-HT seen along the chain axis. Note the
bidirectional hydrogen-bonded network between the chains resembling a honey-
comb and reinforcing the lateral chain - chain interaction. This leads to a high
shear modulus and shear strength and thus to good compressive properties of
the M5 fiber. We speculate that this honeycomb-like structure may be involved in
the explanation of the impact and damage tolerance properties of M5 products
(reprinted from ref. 38 with permission from Elsevier).

interaction between the chains caused by hydrogen bonds. During
heat treatment of PIPD fiber improvement of orientation of the
fiber and change in crystal structure happened. The heat treated
fiber has a bidirectional hydrogen bonded network which causes
a strong interaction between polymer chains and results in a high
shear modulus (Figure 9.2). Figure 9.3 shows the change of struc-
ture during processing of PIPD fibers [35].

The crystal structure of as-spun PPID fiber is a two-dimensional
ordered crystal hydrate. At high temperatures a three dimensional
crystalline order is developed. The heat-treated PIPD fiber has a
monoclinic symmetry structure. The good compression perfor-
mance of heat-treated PIPD fiber can be explained by the mono-
clinic crystal structure with its bi-directional hydrogen bonding
network [38].

Even though much optimization remains to be done, Sikkema
et al. soon achieved promising mechanical properties and structure
data in new “M5” fibers, even from bench scale operations using
improvised machinery. Moduli well over 300 GPa, tenacities of
well over 2.3 N/tex (4 GPa), elongation at or above 1.5% and com-
pressive strength of 1.7 GPa (onset of plastic deformation) were
recorded — the highest compressive yield strength by far shown by
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Figure 9.2 Projection of (a) as-spun PIPD fiber and (b) heat-treated PIPD fiber
(reprinted from ref. 35 with permission from Elsevier).
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Figure 9.3 Structure development during fiber fabrication process: 1-nematic
phase; 2-oriented nematic phase; 3-crystal solvate; 4-crystal hydrate; 5-water-free
structure (reprinted from ref. 35 with permission from Elsevier).
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any polymer fiber [35]. Tensile and compressive deformations were
investigated by micro-Raman spectroscopy, with qualitatively the
same conclusions [39]. The good compressive properties are cou-
pled to a very high internal shear modulus of 7 Gpa [35]. The first
composite test bars that were tested for longitudinal compressive
strength confirmed the high compressive properties of the new
fiber in composite form [40]. Three point bending tests of compos-
ite bars indicated a compressive yield stress of 1.75 GPa in the fiber
(onset of plastic deformation at the most-stressed surface of the test
bar) [40].

Abinitio calculations were performed on the M5 molecule and crys-
tal [41]. A chain modulus of 553-578 GPa was concluded (depending
on details in the unit cell), in good agreement with the experimen-
tal chain modulus from WAXS measurements of 510 GPA [35]. The
internal hydrogen bond contributes to this particularly high value.

Work is proceeding to spin fibers with properties exceeding the
values given in Table 9.3 for early experimental samples of the new
[42] fiber. Details on convenient laboratory scale procedures to
prepare the monomers and the polymer have been published [34],
alternative routes intended for scaling up were worked out as well
[21, 25, 301.

9.1.5 Applications and Outlook

The mechanical properties of the new fiber make it competitive
with carbon fiber in most applications - in light, slender, load bear-
ing stiff advanced composite components and structures. Very
promising indications were obtained pointing to a ductile failure
mode of (bending and compression) test pieces notwithstanding
the high stiffness. Similarly, such very stiff composite test pieces
showed outstanding impact properties in scouting experiments.
This suggests the possibility to design, for instance, vehicle parts
substantially lighter than can now be done on the basis of brittle
reinforcing fibers. The ductile (as opposed to brittle) properties of
the fiber under (bending; compression) overload conditions also
explain the easy processability of the new fiber in textile type oper-
ations (weaving, knitting, braiding, and so on). Exploratory eval-
uation of the UV stability of M5 indicated excellent performance
in that field. The high electrical resistance of the new fiber would
enable it to perform in areas where carbon fiber presents problems
(corrosion in metal contacts) or is unsuitable, such as in electrical
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and electronic contexts. The high polarity of M5 aids in easy adhe-
sion to a variety of matrix materials, judging by bundle pull-out
tests performed with various epoxy, unsaturated polyester, and
vinyl ester resins. These gratifying results were obtained without
any optimization, suggesting further possibilities of even higher
or (if needed) specifically tailored adhesion levels, depending on
the application. The very good UV-resistance should be helpful in
many fields — this is a particular strength of M5 where many other
organic fibers show a weakness.

Other than the composites field, flame-resistant textiles appear
to be another interesting field of applications. Table 9.1 lists obser-
vations in a cone calorimeter, when standard construction fabrics
were challenged with an air stream at 900°C. Table 9.2 compares the
mechanical properties of M5 with aramid, carbon, and PBO fibers.

9.2 “Zylon” PBO Rigid Rod Polymer Fibers

9.2.1 Introduction

PBO fiber was commercialized by Toyobo Co. in 1998 after about 20
years research in United States and Japan with the trade name Zylon.
Poly {benzo [1,2-d:5, 4-d’]bisoxazole-2,6-diyl-1,4-phenylene} (PBO)
(Scheme 9.5) belongs to the class of high performance fibers com-
monly known as rigid-rod polymers. Rigid rod polymers are clas-
sified into lyotropic and thermotropic liquid crystalline polymers.
Lyotropic and thermotropic polymers show liquid crystallinity in

Table 9.1 Flammability of high performance fibers.

Material Time to Peak heat | Light extinc- | Residue (%)
ignition | release rate | tion in Smoke
(Seconds) column
FR M5 77 44 224 61
HT M5 48 54 844 62
PBO 56 48 2144 72
Twaron/ 20 205 70816 11
Kevlar
Nomex 14 161 38670 24
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Table 9.2 Provisional characterization of M5 fiber, spun at bench scale,

compared with commercial fibers.

p-Aramid | Carbon PBO® M5 Exper.
HM HS*

Tenacity, GPa 3.2 3.5 5.5 5
Elongation, % 29 1.5 2.5 1.5
E modulus, GPa 115 230 280 330
Compr. str., GPa* 0.58 2.1 0.4 1.6
Compr. strain, %* 0.5 0.9 0.15 0.5
Density 1.45 1.8 1.56 1.7
Water regain, % 3.5 0 0.6 2
LOL% O, 29 68 >50

Onset of thermal 450 800 550 530

degradation, air

UV resistance - ++ - ++
Electr. conduction - ++ - -
Impact resistance ++ - ++ ++
Damage tolerance - ++

Weaving props + - + +
Knot strength + - 0 0

dMechanical properties of carbon fibers are evaluated in resin impregnated
strands to protect the material against premature brittle failure in the tensile test-
ing machine. The organic fibers are tested as such: filament averages at 10 cm
gauge length are presented.

bToyobo data.

®Measured in UD composite test bars, 3-point bending test, onset of deflection for
the organic fiber reinforced composites; catastrophic failure for the carbon com-
posites. M5 composites proved to be able to carry much higher loads than the load
at onset of deflection in these tests, and to absorb much energy at high strains in
a mode analogous to the ductile behavior in steel structures being overloaded.

solution and in the melt, respectively. PBO and Kevlar polymers
both show lyotropic behavior.

The chemical structure of PBO is similar to that of poly
{2,6-diimidazo[4,5-b:4’,5"-e]pyridinylene-1,4-(2,5-dihydroxy)
phenylene} (PIPD), the new ‘M5 fiber. PBO has great thermal
stability and does not exhibit softening behavior prior to thermal
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Table 9.3 Unit cell parameters of PBO [77, 79] (reprinted from Ref. 73

with permission of Wiley).

Crystal

system a (nm) b (nm) ¢ (nm) | g (degrees) | References
Monoclinic 1.1201 0.3540 1.205 101.3 77
Monoclinic | 0.5651 0.3570 0.603 101.4 79

N N
I LA
0] 0]
Scheme 9.5 Structure of Poly {benzol[1,2-4:5, 4-d'|bisoxazole-2,6-diyl-1,
4-phenylene} (PBO).

degradation (above 600°C in air) [43]. PBO fiber has outstanding
tensile modulus (352 GPA) and tensile strength (5.6 GPA) compared
to other commercially available high performance fibers and its
specific strength and specific modulus 9 and 9.4 times that of steel
[44, 45]. For PBO, with great performance came great problems.
The resistance of PBO to UV light and visible radiation is notori-
ously poor. PBO also lack axial compressive strength. The tensile
strength of PBO fiber also reduces in hot and humid environments.
Considerable effort has been devoted to chemical modifications of
PBO fiber to enhance axial compressive strength.

9.2.2 Monomer Synthesis

The first challenge to be overcome in the production of PBO
is the high purity synthesis of the monomer 4,6-diamino-1,3-
benzenediol dihydrochloride (DABDO) (Scheme 9.6). The long-
established method developed by Wolfe et al. [46] involved reacting
diacetyl-1,3-benzenediol with concentrated nitric acid containing
less than 2% water. This method required multiple recrystalliza-
tions to remove undesirable byproducts. The expense of the starting
materials and the purification process has lead to the abandonment
of this method of DABDO production in favor of a process devel-
oped by Lysenko [47] at the Dow Chemical Company. This method
involves nitrating 1,2,3-trichlorobenzene under acid conditions to
produce 1,2,3-trichloro-4,6-dinitrobenzene. Sodium hydroxide is
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Scheme 9.6 Synthesis of 4,6-diamino-1,3-benzenediol dihydrochloride
(DABDO).

then used to displace the chlorines in the 1 and 3 positions. The
final step involves the use of hydrogen and a palladium catalyst to
remove the 2-chlorine and reduce the nitro groups to amino groups
[47]. Great care must be taken once the DABDO is produced as
the monomer will rapidly decompose if it is exposed to oxygen or
water [48].

The other monomer needed for the traditional production of
PBO is terephthalic acid (TA) or a similar TA derivative. The TA
must have extremely high purity and small particle size (50-
100 um) and is easier to handle than the acid chloride; [49, 50] suit-
able TA is commercially available. However, the particle size must
be reduced to less than 10 pm in order to ensure complete dissolu-
tion in poly phosphoric acid (PPA) for the polymerization. Recently,
TA has been used as a starting material for the synthesis of 1,4-bis
(1-chloro-2,2-dicyanovinyl)benzene (CCB) (Scheme 9.7). Using CCB
for PBO polymerization yields a more soluble precursor.

The cost of monomer synthesis has been a major consideration in
the potential commercial production of PBO. A cost effective syn-
thetic approach to PBO monomer, 4, 6 - diamino-1,3-benzenediol
dihydrochloride has been reported. This synthetic method uses
1,2,3-trichlorobenzene as a starting material for nitration, which
guarantees that only dinitration occurs at positions 4 and 6 in the
benzene ring with no possibility of trinitration. After displace-
ment of 1,3-dichloro groups by hydroxyl groups, the final catalytic
hydrogenation step combined reduction of nitro to amine groups
and hydrogenolysis of the 2-chlorine atom, and yielded the high
quality monomer [51].
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Scheme 9.7 Synthesis 1,4-bis(1-chloro-2,2-dicyanovinyl)benzene (CCB).

9.2.3 Polymerization

The role of polyphosphoric acid (PPA) in the polymerization of
PBO is complex (Scheme 9.8). PPA acts as a solvent, catalyst, and
dehydrating agent. The three functionalities of PPA allow forma-
tion of polybenzobisazoles in situ without any separation. The
functions of PPA are controlled by adjusting the concentration of
P,O, during a two stage polymerization process. During the first
stage lower viscosity is favored because it allows the hydrogen
chloride protecting groups to leave the solution more easily as they
are removed. Low viscosity during this dehydrochlorination step
is maintained by using PPA with low P,O, concentration (75-80%).
To begin the second stage the P,O, concentration is raised to 88%.

As the polymerization proceeds, the amount of P,O, decreases
to the optimal final concentration of 83% [52]. PBO is a lyotropic
polymer meaning that is displays liquid crystalline behavior which
is dependent upon the concentration in solution [53]. The two stage
method of adjusting the P,O, concentration allows the production
of PBO at high polymer concentrations.

Extensive research has been carried out to understand PBO
polymerization mechanism [54]. Observations have been made
which indicate that PBO is formed through an unusual polymer-
ization mechanism. Step-growth polymerization with AA and BB
monomers usually requires equal proportions of each monomer
type to achieve high molecular weights. Oligomers isolated dur-
ing step-growth polymerization are expected to have a statistical
distribution of each monomer type on the chain ends. Surprisingly,
unlike the conventional step-growth polymerization reactions, in
PBO polymerization only oligomers containing DABDO on the
ends are observed. This is a result of poor solubility of TA in PPA.
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Scheme 9.8 Synthesis of PBO.

PBO polymerization can proceed to high molecular weights even
when there is a 5% excess of TA. The high degree of polymeriza-
tion that can be obtained with an excess of one monomer can be
explained by the low of solubility of TA in PPA. The solubility at
140°C is 0.0006 g TA per 1 g PPA [44].

The polymerization kinetics of PBO has been studied by sev-
eral researchers, but it is difficult to draw a unanimous conclu-
sion from these resedrches due to complexity of the reaction
system involving an isotropic-nematic phase transition [55-571.
The polymerization rate for PBO was found to decrease sharply
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with the increase of the molecular weight in the isotropic state,
[58] which implied a diffusion-controlled polymerization process.
However, the polymerization in the nematic phase appeared to
be independent of the degree of polymerization [57]. This result
suggests that for well-mixed reaction mixtures, translational dif-
fusion does not appear to control the polymerization rates of PBO
in the nematic phase.

9.2.4 Solution Properties

PBO is soluble in some strong acids such as PPA, methanesulfonic
acid (MSA), chlorosulfonic acid, and trifluoroacetic acid [59] via
backbone protonation, which weakens intermolecular interaction
and reduces chain stiffness [60, 61]. The Mark-Houwink equation
of PBO in MSA at 308°C is given by [49]:

(M=277x107 Mw"®

The Mark-Houwink exponent of 1.8 indicates the high polymer
chain rigidity. The persistence length of cis-PBO in MSA reported
about 20-30 nm [62] and 50 nm [63], whereas the theoretical per-
sistence calculated in the range of 22-65 nm [64-66]. By compari-
son, the persistence length of flexible polymers such as PE is much
shorter (1 nm or less).

PBO can also be dissolved in aprotic organic solvents such as
nitroalkanes and nitrobenzene in the presence of Lewis acids such
as BCL,, AIClL,, and GaCl, because of electron donor-acceptor com-
plex formation [67-69]. The average effective diameter of the poly-
mer chains by complex formation decreases the L/D ratio. The
higher critical concentration and the utilization of organic solvents
are attractive from industrial point of view, compared with the pro-
tonated PBO using protic strong acids. However, fibers could not
be processed from these solutions.

9.2.5 Fiber Spinning

The question of how to spin a lyotropic liquid crystalline poly-
mer which has high thermal stability and degrades before it melts
presented a major challenge. Fortunately for the makers of PBO
this question had already been answered during the develop-
ment of Kevlar. PBO is spun directly from the PPA solution used
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in polymerization via the dry jet wet-spinning technique without
polymer precipitation and re-dissolution (Figure 9.4). The fibers
that are spun from this solution have maximal strength and mod-
ulus when the viscosity of the spinning solution is 30 dL/g [50].
Figure 9.4 is a schematic illustration of a fiber preparation line [70].
As the fiber emerges from the spinneret it travels through an air-
gap before reaching the coagulation bath. The air gap is another
technique which was developed for processing Kevlar in the 1960s
before being applied to PBO production. Because of liquid crystal-
line behavior, the orientation of the PBO fiber is greatly improved
by the use of the air gap. The orientation of PBO is also improved by
heat treatment under tension in a nitrogen environment following
coagulation and washing [71]. The concentration of polymer in the
spin dope is 10-15 wt% and the temperature can range from 100°C
to 170°C [49].

The common coagulation bath consists of water at room temper-
ature. Coagulation speed depends on temperature and coagulation
media. Acidic (dilute phosphoric acid solution [72)), basic (ammo-
nium hydroxide [73]), and organic (methanol [73]) coagulants are
used for PBO. Coagulation conditions significantly affect the ulti-
mate fiber structure and mechanical properties. In the post process-
ing step, coagulated fiber is washed, dried, and heat-treated under
tension. Heat treatment under tension is a key step for obtaining
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S — i L+
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Wash bath

Coagulation bath

Figure 9.4 Schematic picture of producing line of fibers (Reprinted from ref. 50
with permission of MRS).
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high molecular orientation in order to enhance mechanical proper-
ties of fibers. Typically for high tensile strength fiber, the PBO solu-
tion with the intrinsic viscosity 50 dL/g and molecular weight of
the order of 40,000 g/mol was used [49].

9.2.6 Structure and Morphology

The liquid crystalline polymeric fibers exhibit high degree of order
and orientation (greater than 0.9) compare to commodity polymeric
fibers such as polyester, nylon, and polypropylene. The structure
of commodity fibers is highly defective and contains chain folds
and low amorphous orientation and typically crystallinity 30-65%,
while the crystalline orientation is in the range of 0.9-0.98.

The crystal structure of PBO is monoclinic (Table 9.3 [74, 75, 115]
and Figure 9.5 [76]). The crystal size of PBO fibers from WAXD
increased with heat treatment along the fiber axis and c-axis in
agreement with TEM studies [77-79], and the crystal perfection also
improved by heat treatment. There is a limited growth of the crys-
tallites along the c-axis after heat treatment which indicates that a
high degree of axial order in PBO fiber has already existed in the
as-spun state. WAXD patterns show PBO-PPA complex when fiber

u*"/

Model |- 1

o\ /

Figure 9.5 Crystal structure PBO (reprinted from ref. 107 with permission
from ACS).
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coagulated for 2 s in water at room temperature and formation of
pure PBO crystals after long coagulation times ( 30 min). Diffraction
patterns of PBO fiber show layer line streaking indicative of axial
disorder similar to PBZT. However, with increasing heat treatment
the scattering becomes more localized and an off-meridian reflec-
tion on the second layer line becomes well-defined and intense.
Therefore, there is a three dimensional crystalline order in the heat
treated PBO fiber [77-79]. Adams et al. [73] studied heat treated PBO
fiber by TEM bright field lattice imaging. Fratini et al. [75] deter-
mined a non-permitive monoclinic unit cell with two chains per
cell by using X-ray. They proposed a model in which neighboring
polymer chains packed side by side are displaced by discrete axial
translations. SAXS showed the presence of voids elongated along
the fiber axis due to large volume reduction during coagulation.
The Northolt’s plot of PBO fibers showed inhomogeneity along the
fiber axis within the fibrils (four point pattern) in as spun fibers and
homogenous structure (without four point pattern) along the fiber
axis in high modulus fibers (Figure 9.6) [76, 80]. Figures 9.7 and 9.8
show the structural model of PBO fiber and TEM images showing
elongated microvoid structure in the fiber [80].

The SEM images of PBO fibers show fibrillar structure. A hier-
archical structure model [81] was proposed for oriented liquid
crystalline polymers, in which a fiber is made up of macrofibrils,

0.007 ey e
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] .
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.00 B s e i
0 0.01 0.02 0.03 0.04
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Figure 9.6 Northolt’s plot for PBO fibers with SAXS patterns (reprinted from
ref. 76 with permission from ACS).
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Figure 9.8 TEM image of capillary microvoids focusing on core region of the
fiber. Mean micro-voids diameter is approximately 30 A®, (b) TEM image of
capillary microvoids in surface region (reprinted from ref. 77 with permission
from ACS).

fibrils, and microfibril. The typical diameters of these entities are
suggested to be 5, 0.5, and 0.05 um, respectively.

9.2.7 Fiber Properties
9.2.7.1 Mechanical Properties

Table 9.4 summarizes properties of various fibers. The tensile
strength and modulus of PBO fibers were reported to be 5.8 and
352 GPA, respectively [82, 83]. The mechanical properties of PBO
fibers depend on polymer molecular weight, processing and post
processing conditions [84, 85]. The modulus of PBO fiber from
X-ray diffraction was measured to be in the range of 460-480 GPA
[86, 87]. Figure 9.9 shows crystal modulus versus fiber modulus of
various high performance fibers.

PBO is currently sold under the trade name Zylon® [88]. Toyobo
produces Zylon® AS (as spun) and Zylon® HM (high modulus)
(Tables 9.5 and 9.6).

The lack of compressive strength seen in PBO fibers is respon-
sible for driving the development of PIPD fibers. Comparisons
between Zylon®AS, Kevlar 29, and Spectra 1000 have been con-
ducted to determine the differences in cut resistance and failure
mode of these materials. The effects of cut angle, blade sharpness,
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Figure 9.9 Comparison between fiber modulus and crystal modulus of different
fibers (reprinted from ref. 74 with permission from Wiley).

Table 9.5 Mechanical properties of Zylon AS and Zylon HM (reprinted
from Ref. 85 with permission of Wiley).

Zylon® AS Zylon®°HM
Tensile strength (GPa) 5.8 5.8
Tensile modulus (GPa) 180 270
Elongation at the break (%) 3.5 2.5
Decomposition temp. (°C) 650 650

Table 9.6 Mechanical properties of Zylon and Vectran (reprinted from
Ref. 85 with permission of Wiley).

Tensile Tensile Compressive | Density
Fiber Modulus, Strength, Strength, (kg/m®) x
GPa GPa GPa 1023
PBO (Zylon) 360 ° 6.0 0.2-0.4 1.58
Vectran 65 29 14
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and pre-tension on cut resistance were investigated. Cut angle had
the greatest effect on cut resistance. All three fibers demonstrated
the greatest resistance to cutting when the blade angle was held at
90°. When the angle was reduced to 82.5° the energy required to cut
Zylon was reduced by 75%. Scanning electron microscope images
of Zylon fiber ends cut at angles of 90° (a) and 82.5° (b) are shown in
Figure 9.10. The Zylon fiber flows opposite to the movement of the
cutting blade and forms a protuberance along the side of the fiber
where the blade entered. The size of the protuberance varies, but
is generally proportional to the cut energy. Figure 9.11 illustrates
the decrease in deformation of the Zylon fibers with decreasing
cut angle. The energy required to cut Zylon at an angle of 90° was
4.5 times greater than the energy required to cut Kevlar and 3.2
times higher than the energy required to cut Spectra. At lower
angles, the difference in cut energy for Zylon was approximately
2.7 times greater than Kevlar and 1.7 times greater than Spectra [89].

At 250°C with saturated steam, the strength retention in PBO is
less than 20% of its room temperature value. Therefore, PBO fibers
should be stored in humid-free environment. PBO tensile strength
also drops sharply with UV exposure. Exposure to visible light also
affects PBO strength [85]. PBO fiber has excellent chemical resis-
tance to various organic solvents, acids, and bases [49]. Abrasion
resistance of PBO on metal is higher than aramid fiber, while both
the PBO and aramid show much lower abrasion resistance than
nylon or UHMW-PE [49]. Shear modulus of PBO fibers at room
temperature is 1 GPA and for commodity textile fibers are generally

I 20um |

Figure 9.10 SEM micrographs of Zylon fibers ends cut (a) 90°, (b) 82.5° [83]
(reprinted from ref. 83 with permission from Sage Publications).
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I 100 um |

Figure 9.11 SEM micrographs of Zylon fiber ends cut at different angles
(reprinted from ref. 83 with permission from Sage Publications).

0.5-1 GPA, whereas for carbon fibers in the range of 4-16 GPA [49].
The compressive strength of PBO fiber is 200-300 MPa, which is
only a small fraction of its tensile strength. Different theoretical
models have been proposed to explain compressive failure in high
performance fibers. One model proposed the elastic instability of
perfectly oriented rigid rod chains. This model suggested that the
compressive failure is dominated by fibrillar instability rather than
molecular instability [90, 91]. The other theories concerned the mis-
alignment between fibrils, crystals, or domains of well oriented
molecules and applied force direction [92]. PIPD (M5) shows the
highest compressive strength (1 GPa) of any polymer (bulk or fiber).
However, compressive strength of carbon fiber is in the range of 1-
3 GPa, and those of Boron, Al O,, and SiC fiber can reach 7 GPa [49].

23

9.2.7.2 Thermal Properties

Thermal decomposition of PBO in air is about 650°C and under
nitrogen or argon more than 700°C which is 100°C higher than
Kevlar [49]. TG-mass spectra analysis and TG-Fourier transformed
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infrared spectroscopy [93-95] showed small molecules such as
H.,O, CO, CO,, and NH3 were released during thermal degrada-
tion. Coefficient of thermal expansion of PBO fiber is -6 ppm/°C.
PBO fiber showed the highest limiting oxygen index (LOI) among
the polymeric fibers [96, 97]. In addition, exceptional flame resis-
tance of PBO was also reported [98].

9.2.7.3 Ballistic Properties

The combination of high strength, modulus, and toughness are
some of the key factors for the candidate materials for high per-
formance applications. The results of ballistic experiments showed
that the required energy for penetrating PBO fabric was approxi-
mately twice that of Kevlar fabric [79].

9.2.7.4 Applications and Outlook

PBO fibers are used for fire fighters’ clothing, heat resistant clothing,
high temperature cut resistant gloves, gloves for high voltage elec-
trical work, body armor, sail cloth, aircraft engine fragment barrier
[49, 99]. PBO has also attracted attention as a potential reinforce-
ment fiber for composites due to its strength and resistance to heat
where compressive strength is not a requirement. PBO is not an
ideal reinforcement fiber because its smooth and chemically inac-
tive surface causes it to have poor adhesion to the matrix. Adhesion
is one of the primary factors influencing stress transfer between
the components in the composite. For improving the adhesion of
high performance fibers through surface modification were used
plasma, electron beam, chemicals, electrolytic oxidation, and cou-
pling agents have been used. The PBO fiber was subjected to pro-
ton, electron, and gamma radiation. The proton radiation increased
the compressive strength over 140% while gamma and electron
irradiation showed 84 and 83% improvement, respectively [100].
Recent work has been conducted concerning the use of O, plasma
to activate the surface of PBO. Wu [101] investigated the effect of
oxygen plasma treatment on a Zylon®AS/Epon 828 bisphenol-A
diglycidyl ether epoxy composite. PBO which was exposed to 70 W
oxygen plasma for 5 min. had a surface free energy increase of 41%
and a composite interfacial shear strength increase of 29%. The
decrease in the tensile strength of the fiber was merely 3%. Oxygen
plasma treatment appears to be an effective method for modifying
the surface of PBO fibers for use in composites without compromis-
ing the mechanical strength [101].
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A variety of chemical modifications have been made in rigid rod
polymers such as including bulky side groups [102, 103] and intro-
ducing a small fraction of a multifunctional monomer [104, 105].
The modified PBO referred to as poly(aryl ether benzoxazoles) was
synthesized by using the nucleophilic aromatic displacement of an
aryl halide with a phenoxide in polar aprotic solvents [106, 107].

PBO also has been used in space exploration. Prototype Mars
exploration balloon tested in 2002 utilized PBO tendons [108]. PBO
fiber is used as reinforcement for producing high magnetic field
at the National High Magnetic Field Laboratory in Tallahassee,
Florida [109]. PBO fiber is also used for high temperature gas chro-
matography in a fused silica capillary [110].

Efforts to improve compressive strength of PBO fiber include
incorporation of inorganic materials to provide lateral support to
fibrils, [111-113] including morphological changes for interfibril-
lar entanglement, [111] covalent crosslinking by radiation [107].
However, crosslinking make the fiber more brittle and decrease
the tensile strength. Using carbon nanotube in polymers improved
compressive strength [114].

So far, the tensile strength of PBO fibers that has been achieved
is only about 15% of the theoretical tensile strength, while modulus
of fibers is up to 50-80% of the theoretical modulus. The modulus
(low strain property) is not very sensitive to defects, whereas ten-
sile strength is highly dependent on defects including chain ends.
Thus, molecular weight has an affect on tensile strength of high
modulus fibers. Due to difficulties in polymerization and process-
ing, there is a limit for molecular weight with current technologies.
The typical PBO molecule length is about 200 nm which is lon-
ger than PET (100 nm). Adding single wall carbon nanotubes (1-
100 pm) improved the tensile strength of PBO fibers by 60% [114].
Therefore, probably in future we can produce PBO or PBO/ carbon
nanotube fiber with tensile strength and modulus more than 10 and
400 GPA, respectively [49].

9.3 Aromatic Polyamide-Rigid Rod “Kevlar”
Poly(p-Phenylene Terephthalamide) Fibers
9.3.1 Introduction

Nomex® (a DuPont registered trademark for aromatic polyam-
ide fibers) was available in early 1960s and became breakthrough
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material in the field of the thermal and electrical insulation. Kevlar®,
a much higher tenacity and modulus fibers, is the marketed name
for the aramid based on poly(p-phenylene terephthalamide) devel-
oped by DuPont and commercially introduced in 1972. Scientists
who were in the field of liquid crystals, polymers, rheology, and
fiber processing had spent many years during the early stage
of its market introduction. While working for DuPont in 1965
Stephanie Kwolek was attempting to develop a polymer to be used
in strengthening tires and happened to find that p-aminobenzoic
acid could be polymerized into a spinnable fiber. Soon poly
(p-phenylene terephthalamide) was discovered [116, 117]. Poly
(p-phenylene terephthalamide) (PPTA) is an aromatic polyam-
ide that in fiber form exhibits highly crystalline structure and high
tensile strength. In addition to Kwolek [117-120], there were many
others such as Blades, [121, 122] Tanner, and coworkers, [123-125]
Gabara and co-workers, [126] and Yang [127, 128] who took an active
part at DuPont to bring above this achievement. The four books
entitled “High modulus wholly aromatic fibers”, Black and Preston
[129] (1973), “The strength and stiffness of polymers”, Schaefgen
[130] (1983), “High performance aramid fibers”, Jones and Jaffe [131]
(1985), and “Aromatic high-strength fibers”, Yang [127] (1989) were
the initial important sources for the literature on the matter. The US
Federal Trade Commission defines an aramid as “a manufactured
fiber in which the fiber forming substance is a long-chain synthetic
polyamide in which at least 85% of the amide linkages are attached
directly to two aromatic rings”. Weight for weight, Kevlar is signifi-
cantly stronger than steel. Kevlar is flame resistant, does not melt,
soften, or flow. The fiber also has a high modulus, high tensile prop-
erties, resistance to chemicals and environmental exposure, excellent
thermal properties, is not flammable, and has good dimensional sta-
bility. These properties make Kevlar useful in a variety of applica-
tions such as strengthening cables and ropes, and the well-known
bulletproof vests (Table 9.7). Twaron® from Teijin is also an aromatic
copolyamide, similar to Kevlar®, appeared on the market at the end
of 1980s. Teijin later produced Technora® from aromatic copolyam-
ide polymers which exhibit high tensile strength properties as well
as high resistance to hydrolysis.

Kevlar is a carbon based aramid polymer, which is similar in
structure to nylons. When nylons are at high concentration in solu-
tion their flexible chains become highly entangled. Due to this
entanglement when the solution is spun it produces only mod-
erately extended chains negatively affecting the fiber properties.
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Table 9.7 Physical properties of Kevlar 29 (reprinted from Ref. 127 with
permission of Wiley & Sons).

Physical Properties of Kevlar

Density (g/cc) 1.45

Young’s modulus (GPa) 130

Tensile modulus (g/den) 1100

Tensile strength (GPa) 3.6
Electrical resistance (mohm-m) 1015
Thermal conductivity (watts/m-K) 0.04-0.08
Melting point (°C) Decomposes at 460°C
Compressive strength (MPa) 393

Unlike nylon, the para-directed groups attached to the benzene
rings in Kevlar give it a rigid rod structure [132]. When put in
solution at high concentration these rigid structures must align
closely to optimize the solvent volume [133]. The secret to Kevlar's
strength lays in these first stages of polymerization. As the molec-
ular weight increases the critical concentration is passed and the
polymer develops liquid crystalline characteristics [121]. A lig-
uid crystal is a thermodynamically stable phase characterized by
anisotropic properties without the existence of a 3-D crystal lattice.
During the spinning process the polymer chains’ rod-like struc-
tures aggregate into ordered clumps running parallel to the flow.
While passing through the spinneret the liquid-crystalline solu-
tion remains highly oriented creating high crystalline fibers with
excellent strength, however, only in the longitudinal direction. In
the microstructure of Kevlar linear molecular chains aline along
the fiber axis and are held together by hydrogen bonds. The polar
amide groups form bonds with the carboxyl oxygen in the trans-
verse direction (Figure 9.12).

When bonded the polymer molecules form planar sheets. Within
the sheets the chains are offset slightly due to the steric hindrance
of the benzene rings. Large electromagnetic structures such as these
rings repel each other, and thus the chains become offset. These
molecular sheets are aligned radially creating a near perfect longi-
tudinal and radial order never seen before [134-136]. Kevlar's excel-
lent properties are due to its internal structure. Its high modulus has
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Figure 9.12 Kevlar molecular structure showing transverse bonds.

been the topic of much research and the verdict is that the modulus
is determined by the mis-orientation, the paracrystalline parame-
ter, and c-plane dimension. According to Rao, Waddon, and Farris,
[137] the trend is with increasing modulus there is decreasing mis-
orientation angle and paracrystalline parameter, and increasing
c-dimension. Through diffraction studies they also determined
that the ability to develop Kevlar of increasing strength such as
Kevlar 149 eliminates “cis” conformation in the structure. This cre-
ates more order in the sheets making for a more perfect crystalline
structure [137].

9.3.2 Polymer Synthesis

PPPTA can be prepared by solution polycondensation of
p-phenylenediamine (PPD) and terephthaloyl (TCL) chloride at
low temperatures. In the reaction -NH2 reacts with -Cl, produc-
ing HCI. An alternate reaction involves -NH2 reacting with an -OH
group attached at the same position that the -Cl group was attached
in the original reaction (Figure 9.13).

One of the methods involves the dissolution of appropriate quan-
tities of PPD in a mixture of hexamethylphosphoramide (HMPA)
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Figure 9.13 Polycondensation reaction of PPTA from p-phenylenediamine and
terephthaloyl chloride.

and N-methylpyrrolidone (NMP). After cooling is done in an ice/
acetone bath to 258 K (-15°C) in a nitrogen atmosphere, TCL is
added with rapid stirring. The result is a thick, paste-like gel prod-
uct. Stirring is discontinued and the reaction mixture stands over-
night followed by slow warming to room temperature. In order to
wash away solvent and HCI, the reaction mixture is agitated with
water in a blender. The polymer is then collected by filtration. In
determining the molar mass of the final product, the stoichiometry
of the solvent and reactant mixture is very important. Blair and
Morgan [138, 139] reported that a 2:1 ratio by volume of HMPA:NMP
produced PPTA having the highest inherent viscosity (and hence
largest molar mass). Reactant concentration of PPD and TCL was
found to be best at ca 0.25 M. If reactant concentration was less than
0.25 M then the inherent viscosity was shown to decrease quite rap-
idly. If reactant concentration was greater than 0.3 M, the inherent
viscosity falls but gradually. Herlinger et al. [140] who examined
the solution polymerization of aromatic diamines and aromatic
dicarboxylic acid chlorides in N,N-dimethylacetamide (DMAc)
said that the viscosity falls at a low reactant concentration due to
the occurrence of competitive side-reactions. The reason behind the
fall in viscosity at higher values of the reactant concentration is the
decrease in reactant mobility due to the onset of gelation before a
high value of inherent viscosity could be attained. As we know that
the polymerization reaction is exothermic and with greater reactant
concentrations greater quantity of heat would be produced and
this could lead to an increased rate in side-reactions and this would
hence decrease the value of inherent viscosity attainable.

Other methods in Higashi and co-workers [141-144] include the
reactions between aromatic dicarboxylic acids and diamines since
the diacids are comparatively cheaper. Here solvent mixtures/salt
systems are utilized. In Higashi, [144] high molecular mass of PPTA
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is obtained. Here polycondensation of TPA and PPD was carried
out in NMP which contained dissolved CaCl, and LiCl in the pres-
ence of pyridine.

The manufacturing process of Technora® reacts PPD and
3,4'-diaminodiphenylether (3,4'-ODA) with terephthaloyl chloride
in an amide solvent such as N-methyl-2-pyrrolidone/CaCl, (10%
concentration), to complete the polymerization (see Scheme 9.9).
The reaction mixture is neutralized and subjected to spinning into
an aqueous coagulation bath. The as-spun fiber is then brought to
extraction of solvent, super-drawn at high temperature and passed
through finishing steps to give the final product. This process is
simple and use only one solvent which simplifies the solvent recov-
ery process and free of residual acid and avoid later difficulties in
the spinning process. Technora® is spun from an isotropic solution
compared to Kevlar® is spun from a liquid crystalline.

9.3.3 Fiber Spinning

Difficulty was faced when researchers attempted to form fibers from
the polymer. It was originally not thought possible to spin the poly-
mer because when put in solution it could not be clarified leading
to the belief that there was inert matter in the solution that would
block the spinneret during extrusion. Further studies showed that
the opaque solution was due to the formation of liquid crystals [116].
Another potential problem was that PPTA is a lyotropic polymer
and degrades well below its melting point, making it impossible to
form fibers through any melt-extrusion process [135]. PPTA is also
not soluble in most common polymer solvents, preventing it from
forming fibers through solution spinning. Blades discovered that
PPTA could dissolve in highly concentrated solutions of greater than
18% in extremely strong acid solutions, 98-100% sulfuric acid. The
resulting crystalline solution could then be spun at relatively low
temperature using an air gap spinning process called dry jet-wet
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Scheme 9.9 Polymer chemical structure of Technora® 131.
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spinning. Dry jet-wet spinning employed involves dissolving PPTA
in strong acid and removing the air from the solution. The solution is
then extruded through a spinneret, exposed to air, and washed with
water and NaOH to remove the acid. The water is then removed by
drying the fiber under a small stress [122, 123] (Figure 9.14).

To increase the modulus (stiffness) and crystallinity of an aramid
fiber, it can be hot drawn. For fiber from PPTA, this involves subject-
ing the fibers to a bath at around the glass transition temperature
(400°C). The fibers are then stretched to produce a stronger, stiffer
fiber. As the fibers cool they retain their higher orientation, which
produces a high degree of crystallinity. Kevlar 29, when subjected
to this process, forms Kevlar 49 which has 1.5 times the tensile
strength and is most common in cloth applications. This process
can also produce Kevlar 149 from the hot-drawing of Kevlar 49.

9.3.4 Structure and Properties

In poly (p-phenylene terephthalamide), there are very stiff polymer
chains and this is due to the bonding of rigid phenylene rings in
the para position. The other advantage of PPTA is the presence of
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Figure 9.14 Air-gap spinning schematic from Blades [121].
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amide groups at regular intervals along the linear macromolecu-
lar backbone and due to this extensive hydrogen bonding in a lat-
eral direction between adjacent chains is achieved and this leads to
efficient chain packing and high crystallinity. Structural studies on
PPTA fibers have been described by Northolt, [145] Haraguchi et al.
[146] and Yabuki et al. [147] According to Haraguchi et al. [146] two
crystal modifications of PPTA are observed. Northolt and Chapoy
[148] worked on an X-ray diffraction analysis of PPTA fibers and
proposed a model for the crystal and molecular structure of the
PPTA. By spinning the polymer from a highly concentrated aniso-
tropic solution, the chains form an essentially mono-clinic unit cell
with associated parameters a = 0.787 nm, b = 0.518 nm, c (fiber
axis) = 1.29 nm, there are two molecular chains per unit cell.

One through the center, the other through a corner and two
monomeric units in the axial repeat. When the fiber is formed from
an anisotropic solution of lower concentration, it exhibits a different
packing arrangement that is equivalent to a lateral displacement
(b/2) of chains along alternate 200 planes. However, both crystallo-
graphic forms coexist in fibers spun from solutions of intermediate
concentration.

Before Kevlar fibers can be used in cloth applications such as
body armor, they must be first twisted into yarn structures and
coated with a plastic resin to increase the rigidness of the already
high modulus fibers. These coated fibers are then woven tightly
to produce an effective cloth and layered with plastic film to add
additional rigidness and strength. The layers are the reason for the
impact resistance because each layer absorbs some degree of energy,
spreading the force evenly throughout the material [135]. In ballistic
situations most layered materials will “mushroom” and stop before
exiting the other side. This impact resistance is due to the structural
ductile compressive failure mode. A compressive strain of about
0.5% causes buckling of the PPTA molecule. This is possible with
a rotation of the molecule between the carbon and nitrogen bonds
creating more of a trans shape conformational change rather than
the cis form commonly seen. The change in conformation folds the
molecule in an accordion-like fashion allowing the material to com-
press without breaking any bonds [149]. Other failure modes of
PPTA include intracrystalline slip, gauche-trans transitions, defor-
mation of entanglement network, and molecular scissions [150].

In Kevlar there are regularly positioned amide segments which
help in proper load transfer between the chains. These hydrogen
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bonded chains forms sheets which are stacked parallel into crys-
tallites. Between these adjacent hydrogen bonded planes, the
interaction largely takes place by Van der Waal’s forces with some
pi-bond overlap of the phenylene segments. As a result, the hydro-
gen bonded planes function as slipplanes in a manner analogous
to close-packed planes in metals. Due to the aromatic rings and
the double bond nature of the amide group arising from resonance
effects, the bond rotation and the molecular flexibility are inhibited.

The fibers are generally characterized by intense but diffuse
small-angle scattering features on the equator of the X-ray dif-
fraction (XRD) patterns. This is due to the presence of microvoids.
According to electron microscopy and X-ray data, the voids are rod
shaped with their long axis parallel to the fiber axis. The typical
width of the void is in the range of 5-10 nm and length about 25 nm.
The effect of microvoids in para-aramid fibers was explored by
Dobb et al., [151] using the original method designed by Allen [152].
The surface microstructure of an aramid fiber was also observed
directly by atomic force microscopy (153, 154] (Figure 9.15).

The supermolecular structure of Kevlar 49 has been reported
by Dobb et al. [149] Here both electron diffraction and electron
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Figure 9.15 Schematic representation of the microstructure of PPTA (fiber axis
vertical) (reprinted from ref. 147 with permission from Springer).
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microscope dark field image techniques were utilized. Analysis
showed that there was a uniform distribution of ordered crystal-
line material throughout the fiber and the dark field banding shows
changes in crystalline orientation and not of crystalline order. The
result provided strong evidence for a regular pleated structure
with the alternating components of each sheet arranged at approxi-
mately equal but opposite angles to the plane of the section. The
angle between adjacent components of the pleat is about 170°
(Figure 9.16).

Kevlar is highly anisotropic giving the high modulus and tensile
strength only in one direction. Weak hydrogen bonds in the trans-
verse direction result in low shear moduli, poor transverse proper-
ties, and low compressive strength [155, 156). In response to this,
composite designs have been introduced, and studies have been
conducted on treatments to improve the interfacial properties. Yue
and Padmanabhan [157] suggest the possibility of chemically treat-
ing the surface of Kevlar/epoxy composites with an organic solvent
to improve the interfacial shear strength. They found that surface
treating with acetic anhydride followed by a three minute metha-
nol wash improved the strength by 60%. They believe this is due to
a high oxygen surface content adding to the bonding ability to the
matrix [157]. Another surface treatment uses a size that is common
with treating glass fibers combined with a new processing method.
First PPTA was processed slightly different than that of usual
Kevlar. An open-gap system was used in spinning to create gaps
between the crystal lattice while keeping the high degree of crystal-
lization intact. The idea includes three steps: one, to introduce low
molecular size, made of a combination of silane coupling agents
and film formers, into the gaps. Two, heat the system to polymerize

Figure 9.16 Radial pleated structure model of PPTA fiber [147] (Reprinted with
permission from Springer).
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in the gaps. And three, close the gaps with heat to swell the crystals
closing the gaps and further network the size. Tests showed that
before heating the gapped system had similar interfacial strength
to the non-gapped PPTA. After heat was added the gapped fibers
increased in interfacial strength by 67% while retaining the same
fiber strength [158].

9.3.5 Application and Outlook

Kevlar has many practical end uses including but not limited to
protective armor, ropes, cords, tires, and heat/abrasion resistant
gloves. The use of PPTA in high temperature situations is a topic
of study. As stated earlier PPTA is a lyotropic fiber but due to
the rod like structure of the molecule the melting point is very
high, 500°C [135]. For long exposure to high temperatures fibers
are not effective because of decomposition and loss of elonga-
tion. However, for short length exposure and temperatures not
exceeding 300°C Kevlar holds its strength at a tenacity of 0.88 N/
tex. According to TGA and DSC data obtained, there was minimal
weight loss (1%) due to thermooxdative degradation at <400°C
but at temperatures >450-500°C there was significant degrada-
tion (4%). Suggestions for temperature limits should be noted
for products made from these fibers. Note, although there is deg-
radation with exposure to high heat the fiber is still resistant to
flame [159]. This flame resistance can further be increased with
the addition of phosphorus to fibers that are not highly drawn
[135]. More recently with the development of M5 fiber compari-
son shows Kevlar lacking in the area of thermal stability. Based on
its limiting oxygen index of 27-29% Kevlar is considered a flame
resistant fiber but in comparison M5 is reported to have LOI of
50%. In laboratory tests of brief encounters to a filament, PPTA
fibers perform adequately; however, in real situations the fiber
would be woven into fabric and possibly exposed to continuous
flames. In this same study woven Kevlar fabric was compared
to M5 in areas of smoke production, heat release, and thermal
stability and in each area M5 greatly surpassed Kevlar; however,
the thermooxidative degradation properties were comparatively
similar [160].

Kevlar finds its application in composites which are used for ship
building, pressure vessels, sports goods, etc. This is due to its light
weight, high strength, high modulus, good impact strength, and
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wear resistance. Kevlar finds its application in protective apparels
such as heat resistance work wear, fire blankets, flame retardant
textiles, cut protective gloves, and seat cover layers due to its good
heat resistance, flame retardation, and cut resistance.

Kevlar is used in high speed tires such as truck, aircraft, and
motorcycle because of its low density, weight saving, high tenac-
ity, dimensional stability, low shrinkage, and puncture resistance.
Kevlar is used in mechanical rubber goods such as conveyor belts,
transmission belts, hoses for automotive, and hydraulic hoses
because of its high strength, high modulus, dimensional stability,
thermal resistance, and chemical resistance.

Kevlar is used in friction products and gaskets such as brake
linings, clutch facings, thixotropic additive and industrial paper
because of fiber fibrillation, heat resistance, chemical resistance,
low flammability, and good mechanical performance. Kevlar is
used in ropes, and cables such as aerial optical fiber cable, electro-
cable, mechanical construction cable, and mooring ropes because of
its high strength, high modulus, dimensional stability, low density,
corrosion resistance, good dielectric properties, and heat resistance.

Kevlar is used for life protection by finding its application in bul-
let proof vests, helmets, property protection panels, vehicle pro-
tection, and strategic equipment shielding due to its high tenacity,
high energy dissipation, low density and weight reduction, and
comfort.

9.4 Spectra, Dyneema UHMWPE Flexible
Polymer Chain

9.4.1 Introduction

In the past two decades, significant progress has been made in
developing ultimate mechanical properties of fibers. Amongst
the various developments in the area of high performance fibers,
two major routes can be distinguished which are completely dif-
ferent in the respect to the starting materials. That is intrinsically
rigid chain polymers such as Kevlar (PPTA), PIPD (M5), and PBO
(Zylon) as opposed to flexible chain polymers such as ultrahigh
molecular weight polyethylene [161]. High performance polyeth-
ylene fibers are commercially produced under the trade names
Dyneema by DSM High Performance Fibers in the Netherlands and
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by Toyobo/ DSM joint venture in Japan, and Spectra by Honeywell
(formerly Allied Signal or Allied Fibers) in the USA.

High performance polyethylene fibers are produced through gel
spinning of ultra high molecular weight polyethylene (UHMWPE).
The early work of Albert J. Pennings suggested it was possible to
create an ultra-strong fiber from flexible polyethylene chains and
that it was not necessary to include a liquid crystalline state as was
previously thought required for the strong aramids [162]. Through
the work of many researchers and numerous hours of laboratory
experiment an ultra strong polyethylene fiber was created. The first
company to officially introduce a product was DSM under trade
name Dyneema, by researchers Smith and Lemstra patented in the
U.S. on August 17, 1982 [163]. Soon after, Allied Signal produced
Spectra and Kavesh patented this technology on November 1, 1983
[164]. The difference in these two products can be seen in their pro-
duction and in their DSC data but both have similar end properties.

The theoretical tensile modulus of polyethylene is 180-340 GPa.
[165, 166] The extremely high tensile modulus of polyethylene is
due to the small cross-sectional area of the chain, no side groups,
and the planar zig-zag conformation in the orthorhombic crystal
lattice. The theoretical tensile strength calculated from the C-C
bond energy is in the order of 20-60 GPa. These theoretical values
for polyethylene can happen if all the C-C bonds fracture simul-
taneously. This requires defect free, chain-extended structure, and
infinite polymer chains which is a completely different situation
from which is encountered [167].

In an array of completely paralleled and extended finite poly-
mer chains, the stress transfers through intermolecular bonds.
Therefore, in order to transfer load through the system, chain over-
lap is also needed [167]. The difference between polyethylene and
aramid is weak Van der Waals intermolecular interaction in poly-
ethylene and strong hydrogen bonds in aramid fibers. So, in order
to make high strength fibers from polyethylene, a high molecular
weight, high degree of chain extension, and sufficient chain overlap
are needed to build up sufficient intermolecular interactions along
the chains [167]. It was found that molecular weight has a great
effect on fracture mechanism and theoretical tensile strength [168-
170]. It was shown that polymers with strong intermolecular bonds
need lower molecular weight to obtain high tenacity. However,
hydrogen bonds in aliphatic polyamides (nylon 6 and nylon 6,6)
also exist in crystals which provides a barrier for ultra drawing in
order to obtain high tenacity fibers [168].
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9.4.2 Polymerization

Ethylene, or known by the systematic name ethene, is the sim-
plest and the most common organic monomer (CH2 = CH2).
A free radical polymerization of ethylene generally leads to
branching but a linear polyethylene can be produced by using
organometallic catalysts developed by Ziegler and others. Low
density (branched) polyethylene with the melting point of 105
to 115°C is an ideal material for making films and nonwovens.
Linear polyethylenes exhibit higher melting points in the range
of 120-130°C.

Tubular reactors and high pressures of 120-300 MPa (17,000-
43,000 psi) are commercially used to polymerize ethylene and pro-
duce low-density polyethylene (LDPE) [171]. The process was first
invented by ICI Laboratories in the early 1930’s. The branched poly-
mer is usually produced due to intermolecular chain transfer or
“backbiting”. Consequently, long and short branches are formed. In
the latter the propagating radical abstract hydrogens from the fifth,
sixth and seventh methylene groups to form n-hexyl, n-amyl and
n-Butyl branches respectively (Figure 9.17) [171]. n-butyl branches
generally dominate.
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Figure 9.17 Mechanisms of short branching in LLDPE (reprinted from ref. 171
with permission from Wiley-Interscience).
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In a typical industrial polymerization process (Figure 9.18), eth-
ylene is initially compressed to a higher pressure. Traces of oxygen
with alkyl or acyl peroxide are then injected to initiate the polym-
erization. To control the degree of polymerization simple alkanes
(propane, butane etc.), ketones (acetone) or alcohols (isopropanol)
are used as chain-transfer agents. The polymerization process is
carried out as a bulk polymerization. Compressed liquid ethylene
serves as a solvent for polyethylene if the pressure is above 200 MPa.
Thus, homogenous polymerization occurs. Lower pressures result
in a suspension polymerization. Low molecular weight waxes and
oils usually dissolve in the liquid ethylene and later are separated.
Tubular reactors have an inner diameter of 2-6 cm and a length of
0.5 to 1.5 km. The polymer residence time does not exceed 2 min-
utes as the process is carried to a low conversion about 30%. The
highest process temperatures reach 300-325°C. The polyethylene is
extruded into pellets at 250-275°C [172]. A number-average molec-
ular weight of commercial LDPE does not exceed 100,000 g/mole
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to high pressure or precooler  Reactor
Ethylene, R N N ,
low pressure i’ 3
Initiators,
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transter agent Reaction
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Ethylene _Separator,
Cooler high pressure
Ethylene
l . Polymer
Wax, oils
A4
Ethylene Separator,

low pressure

!

Wax, oils

+» Polymer

Extruder

Figure 9.18 Flow diagram of a high-pressure polyethylene process (reprinted
from ref. 171 with permission from Wiley-Interscience).
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and could have a high polydispersity index from 3 to 20 [171]. The
polymer has low density of 0.91-0.93 g/cm’ [162] and the degree of
crystallinity of 40-60%.

Due to good film properties LDPE is extensively used for film
making and nonwovens accounting for about 60% of polymer con-
sumption [173]. Poltrusion and paper coating account for about
15%. Over 8 billion pounds of the polymer were produced in 2001
in the United States.

Linear high-density polyethylene (HDPE) is mainly manufactured
by using traditional Ziegler-Natta and metal oxide Philips-type ini-
tiators in suspension polymerization [173]. More expensive metal-
locene catalysts are also used but accounted for less than 5% of the
total HDPE production in 2002 [172]. About 14 billion pounds of high
density polyethylene was produced in the United States in 2001.

Since HDPE is nearly a linear polymer it has a higher density of
0.94-0.96 g/ cm’, the melting point of 133-138°C as well as improved
tensile strength, bending stiffness and chemical resistance.

Polymerization of UHMWPE was commercialized in the 1950s
by Ruhrchemie AG, by using a Ziegler-Natta catalyst made from
titanium chloride and organo-aluminium compounds (triethyl
aluminum or diethyl aluminum chloride). Polymerization takes
place at 65-85°C under 0.5-2 MPa. Because of sensitivity of these
materials to air and moisture, the synthesis steps are carried out in
an inert gas environment. Pure ethylene and a suspending agent
without polar impurities are important prerequisties for successful
synthesis. The molecular weight of polyethylene can be controlled
by adding very small amounts of hydrogen to the ethylene gas or
by changing the polymerization temperature. In chain polymeriza-
tion, the ethylene molecules attached to the active sites of the cata-
lyst particles. The polyethylene grows around these particles until
the polymer encapsulates them. The molecular weight of polymer
cannot be more than 6-7 x 10° g/mol. The final product is a fine
white powder; the diameter of most of the powder particles is less
than 300 pm. Adding very small amounts of fine calcium stearate
can eliminate the residual catalysts. It also acts as a lubricant and
helps the powders have white color.

In some literature UHMWPE is referred to as high density poly-
ethylene. However, there are many differences between these two
polymers such molecular weight, melting point, and density [174].

Recently, new techniques of solvent free routes have been pro-
posed for the production of high modulus/strength UHMWPE
fiber. Porter et al. [175, 176] showed that UHMWPE reactor powder
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could effectively be drawn by solid state extrusion [175] and coex-
trusion [176). Smith et al. [177, 178] proposed a technique based on
tensile drawing of virgin (the UHMWPE reactor powders, often
referred to as virgin or nascent) UHMWPE films, which were pre-
pared by depositing a vanadium catalyst system on a glass slide,
followed by polymerization of ethylene at relatively low tempera-
tures. It was shown by Smith [179] that reactor powders, after com-
pacting below the melting temperatures, could easily be drawn into
high modulus structures. Kanamoto et al. [180, 181] have proposed
a two stage drawing technique, which consists of the initial state
coextrusion to a low draw ratio, followed by tensile drawing at con-
trolled temperatures and rates.

9.4.3 Spinning and Fiber Properties

The strength of high performance polyethylene fiber is attributed
to a high degree of parallel orientation greater than 95% and crys-
tallinity exceeding 85% [181]. This differs from polyethylene fibers
with low orientation degree and less than 60% crystallinity. The
ultradrawing during a gel spinning process is responsible for this
high crystallinity. First ultra-high molecular weight polyethylene is
dissolved in a solvent then spun through a spinneret [182]. This is
where the primary difference between Dyneema and Spectra can
be seen. DSM’s Dyneema uses a volatile solvent and approximately
5% HMWPE (high molecular weight polyethylene) solution of
2-3 x 10° Mw. In a quench stack or heated chamber the solvent is
partially removed. With decreasing solvent concentration the fibers
are drawn though increasing temperature and a very high degree of
molecular orientation is achieved and maintained through cooling.
Allied Signal’s Spectra uses a non-volatile solvent of paraffin oil
and HMWPE in the spinning process. The solvent is then removed
using a volatile solvent. Fibers with high tenacity and modulus are
achieved through both processes; however the later process is the
more cost effective and it is more easily controlled [182, 183].

The gel-spinning process (Figure 9.19) is to date the most effective
means of producing a high strength polyethylene fiber. The process
includes three basic transformations: polymer to gel, gel to Xerogel,
and orientation drawing. Gel-spinning can improve the mechanical
properties of HMWPE by one order of magnitude, but this is only
10% of what is calculated to be the theoretical limit. Pakhomov et al.
are of the opinion that the only way to improve this percentage is to
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Figure 9.19 Gel-spinning process schematic (reprinted from ref. 186 with
permission of Wiley).

understand the relationship between the structure of the molecule
and its properties. Their study shows that during the first step of the
spinning process when transitioning from solution to gel the shear
modulus is increased 3 or 4 order of magnitudes. Elastic properties
are increased as well. During this step structurally there are forma-
tions of lamellar crystallites of 4-5 nm thick and 20—40 nm in trans-
verse size that forms a gel network. The second step forms clusters
of these lamellar crystallites in a coplanar arrangement. The third
step draws out the folds of crystallites increasing uniformity along
the fiber axis and improving elastic strength [184].

Gel-spinning gained its popularity because of its ability to attain
such a high molecular orientation of the fibers. This orientation is
achieved during the drawing process through elongation of the gel
fiber. Based on Griffith theory there is a relationship between fiber
diameter and modulus. The smaller the diameter the higher the
modulus, leading to the statement that drawing is just a process
to decrease the diameter (Figure 9.20). The reason for the higher
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Figure 9.20 Drawing process schematic (reprinted from ref. 186 with permission
of Wiley).

modulus at a smaller diameter is thought to be due to higher defects
at the surface in larger fibers. Below the spinneret evaporation of
solvent causes an increase in polymer concentration, negatively
effecting the molecular orientation. A larger diameter gives more
surface area to be affected. With an increased spinning speed and
smaller diameter there is less time for evaporation and therefore
less deformation and higher modulus. The inhomogeneous struc-
ture from low speed is made up of a “skin” of interlocked shish-
kebab morphology (the “shish” refers to extended chain crystals
and the “kebab” refers to folded chain crystals) and a “core” of
lamella stacking crystals. This inhomogeneous structure hinders
drawability because of stress at the surface. The smaller diameter
has a more homogeneous shish-kebab structure that allows for
smooth drawing [185].

The final properties of the fiber in gel spinning of UHMWPE
are achieved in the drawing step. The maximum attainable draw
ratio depends to the molecular weight and concentration. Lemstra
and Smith found that the maximum achievable draw ratio (Amax)
relates to the square root of the inverse of the polymer concentra-
tion (@) [175, 186]. But, for each molecular weight there is a mini-
mum concentration. Below this concentration, there is no sufficient
molecular entanglement for drawing. HMWPE is an extremely lin-
ear molecule with high orientation due to the drawing and cooling
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procedure. HMWPE fibers are unique in their linearity. Individual
fibers have macrofibrils that contain many microfibrils whose finite
lengths have been measured to be 1000 to 2000 nm [187]. Along
the microfibrils are crystal regions with lengths of about 100 nm.
It is not, however, perfectly crystalline. Along the linear direction
are entanglements and chain end terminals creating disordered
areas that comprise about 25% of the fiber and are about 3-4 nm
in length. At ambient temperature these disordered areas are elas-
tomeric giving the molecule rubbery and stiff regions covalently
bonded to each other. The regularly interchanging rubbery and stiff
regions are what give Spectra its reputation of being so strong and
impact resistant. When made into a composite structure the alter-
nating regions are layered in a lattice structure held together by
strong covalent bonds [181].

Work by Prevorsek shows that the modulus of HMWPE is strain
dependent in that with high impact it actually increases in modu-
lus. At standard deformation rates Spectra 900 and 1000 are 120
and 170 GPa but at ballistic rates it can reach up to 300 GPa [188]
(Tables 9.8 and 9.9). At these ballistic rates the material absorb-
ing the energy of a projectile is proportional to the modulus of the
material, thus making this material popular for the end use of bul-
let protection apparel [189].

Table 9.8 Physical properties of Dyneema SK60, SK65, SK75, SK76 [188].

Physical Properties of Dyneema
SK 60 SK 65 SK 75 SK 76
Density (g/cc) Strength 0.97 0.97 0.97 0.97
Tenacity (N/tex) 2.8 3.1 3.5 3.7
Tenacity (g/den) 32 35 40 42
Tensile strength (GPa) 2.7 3.0 3.4 3.6
Modulus
Specific modulus 91 97 110 120
(N/tex)
Specific modulus 1025 1100 1250 1350
(g/den)
Modulus (GPa) 89 95 107 116
Elongation (%) 3.5 3.6 3.8 3.8
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Table 9.9 Physical properties of Spectra 900, Spectra 1000, Spectra 2000
[189].

Physical properties of Spectra

Weight/unit 900 1000 2000
length

(den) (decitex) 650 4800 215 2600 75 180

Ultimate tensile 722 5333 239 2888 83 200

strength
(g/den) 30.5 27.4 38 34 41 38
(GPa) 2.61 2.34 3.25 291 3.51 3.25

Breaking strength | 44 290 18 195 6.8 15.0
(Ibs)

Modulus (g/den) | 920 885 1320 1135 1450 1350

(GPa) 79 75 113 97 124 116
Elongation (%) 3.6 3.6 29 34 29 29
Density

(g/cc) 0.97 0.97 0.97 0.97 0.97 0.97
(lbs/in%) 0.035 | 0.035 | 0.035 | 0.035 | 0.035 | 0.035
Filament/tow 60 480 60 480 40 60
Filament (dpf) 10.8 10.0 3.6 54 19 3.0

Thermalstability of HMWPE was tested and the results as reported
by Xiaoyan and Weidong [189] show that with increasing annealing
temperatures properties of tensile tenacity, modulus, and extension
at break decrease. They subjected samples of Dyneema SK65 to dif-
ferent temperatures and aging times and found that Dyneema can
be used and keep its mechanical properties at constant temperatures
under 70°C [190]. Mechanical properties that vary with temperature
are thus the topic for much study. Tensile and creep tests preformed
at different temperatures show a higher temperature dependence
at temperatures between 5°C and 140°C [191]. This is most likely
due to a solid phase change from orthorhombic to hexagonal. In the
orthorhombic phase the molecular chains do not slide freely as they
do in the hexagonal phase and the fiber failure is due only to the pri-
mary bonds. Therefore the temperature dependence of mechanical
properties in the orthorhombic phase is much lower than in the hex-
agonal phase [192]. With no stress applied the phase change occurs
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slightly below the melt (146°C) at 140°C. It is possible to lower the
phase change temperature with applied stress. The stress required
to lower the change increases with lowering temperature until a
point is reached where the stress to change equals the failure stress
of 2.74 GPa. This critical stress is reached at 5°C below which it is
not possible to have a phase change [191]. To show the stress depen-
dence on creep strain a mathematical expression was developed:
(=ct/T)

E=C,0't% T

where: E¢ is the creep strain, s is the applied stress, the C’s are the
constants for the model. The constants were generated at five tem-
peratures and 2 different loads. The solution to this model verifies
the work completed on phase change control of tensile and creep
behavior [193].

Smith and Lemstra [186] studied the effect of molecular weight
on the tensile strength of melt and solution spun, ultra drawn PE
fibers. They showed that the tensile strength (s) and tensile modu-
lus (E) of drawn fibers increases with molecular weight (Mw) based
on an empirical relationship [186]:

o<E"M,,” n=07,m=04

They [186] also found that decreasing polydispersity (Mw/Mn)
enhances the tensile strength at specific molecular weight and ten-
sile modulus.

Methods to improve the thermal stability of polyethylene
include crosslinking and zone drawing. Crosslinking by radiation
can cause scission in the polymer backbone leading to lowered
tensile strength and modulus. Crosslinking by peroxide is effec-
tive but must be introduced to the system before chain orientation
occurs. Zone drawing creates a necking effect using heat to orient
the chains. Combining cross linking by peroxide (dicumyl peroxide
in decaline) with a zone drawing technique keeps high modulus
at high temperature but it showed negative drawability. Sung et al.
achieved maximum storage modulus of 65 GPa at 25°C and a draw
ratio of 150 using this method. Comparatively uncrosslinked fibers
had a storage modulus of 165 GPa at 25°C and a draw ratio of 324.
At high temperatures reaching 190°C, it was possible for the cross-
linked PE to retain a modulus of 0.77 GPa where the uncrosslinked
PE melted at 150°C. Considering this high temperature stability
the peroxide-zone drawing method was an effective treatment for
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thermal stability [194]. The negative drawability could be due to the
increased defects added by the crosslinking discussed previously.

The UHMWPE fibers show an orthorhombic crystalline struc-
ture with low levels of non-orthorhombic crystals [196-99]. Tension
along the fiber axis and lateral compression in UHMWPE fibers
make crystal transformation from the orthorhombic to the mono-
clinic form [199, 200]. At high temperatures and temperatures near
to melting point, crystal transformation happens through a solid
state phase transformation from orthorhombic to pseudohexagonal
crystals [195-197, 200].

9.4.4 Application and Outlook

The tensile strength and modulus of UHMWPE fibers are relevant
in a large number of applications such as composites, ropes, and
fishing nets. The UHMWPE fibers also have favorable properties
such as high impact resistance, cutting resistance, low dielectric
constant, high heat conductivity, high sonic modulus, and low
stretch. These properties are important for applications such as
ballistic (bullet proof vests), helmets (impact), gloves (cutting resis-
tance), hybrid composites (impact), loudspeaker cones (sonic mod-
ulus), and radomes/sonar domes (dielectric properties).

9.5 Carbon Fibers

9.5.1 Introduction

It has been more than 50 years that carbon fibers have been under
development from rayon, polyacrylonitrile (PAN), isotropic and
mesophase pitches. PAN-based technologies are most commercial
production of carbon fibers and rayon-based carbon fibers are no
longer in production. Pitch-based carbon fibers currently account
for niche markets. Isotropic pitch-based carbon fibers have mod-
est level of strength and modulus and are the least expensive car-
bon fibers. PAN and mesophase-based carbon fibers heat treated
to improve modulus. Both PAN and mesophase pitch-based car-
bon fibers are not subject to creep or fatigue failure and set them
apart from other material which is critical for application such as
tension leg platforms for deep sea oil production [201]. The new
generation of carbon based fibers is carbon nanotube (single and
multi-walled). There are different synthesis methods for carbon
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nanotubes include arc-discharge, laser ablation, gas phase catalytic
growth from carbon monoxide, and chemical vapor deposition
(CVD) from hydrocarbon {202].

9.5.2 PAN-Based Carbon Fibers

Polyacrylonitrile (PAN) fibers are produced by dry and wet spin-
ning process. Although the preferred process for high strength fiber
is wet spinning. Impurities and voids in the PAN fibers have signif-
icant effect on strength of carbon fibers. It is believed spinning PAN
precursor under clean room conditions in order to remove small
impurities which can act as crack initiators is critical for producing
high strength carbon fibers such as Toray’s T800 and T1000. The
PAN for textile application modified by introducing co-monomers
to assist processing and eliminating impurities to avoid reduction
in tensile strength [201].

The chemistry of conversion of PAN to carbon fibers is complex
and the most details of the manufacturing processes are the proprie-
tary. The steps of producing PAN-based carbon fibers are: a) Cyclize
the pendant nitrile groups. This step is exothermic and activation
temperature depends on type and amount of co-monomer in PAN
fibers. The fibers are under tension at this step. b) Oxidize the fibers
by adding oxygen atoms to the polymer by heating in air (>600°C
for tens of minutes). At this step decynisation and dehydrogenation
take place. The PAN fibers lose ~50% weight and the carbon fibers
structure contain longitudinal voids (see Figure 21) [201] .

9.5.3 Pitch-Based Carbon Fibers

The low strength carbon fibers made from isotropic pitch. These
fibers produced by centrifugal and melt blowing process. High per-
formance carbon fibers are produced from mesophase pitch by melt
spinning process. Three common elements in pitch preparation
are: highly aromatic feedstock, polymerization, and separating the
unreacted molecules. In polymerization step the pitch molecules
aggregate and will form ‘Brooks and Taylor spheres. As polym-
erization continues a continuous nematic liquid crystalline phase
(mesophase) will form. Mochida et al. (24) showed strong Lewis
acid combination (HF/BF,) can act as solvent for aromatic mole-
cules and catalyst for polymerization of mesophase pitch. HF/BF,
is gas at atmospheric pressure and can be removed completely from
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the product. Another progress in producing pitch-based carbon
fibers is development of solvated mesophase pitch which consist a
heavy aromatic pitch fraction and a volatile solvent with more than
one aromatic ring. The high amount of solvent acts as plasticizers
and allows the spinning of very high molecular weight pitches. The
fibers can produce from fibers using melt blowing process [201].

Melt spinning is the preferred method for producing fibers from
mesophase pitch. The next step is removing hydrogen from melt
spun fibers by heating at 450-600°C. We can avoid this step by
stabilization by air oxidation. Two chemical reactions at stabiliza-
tion process are increasing melting or boiling point and bridge two
pitch molecules by oxygen. The great advantage of pitch-based car-
bon fiber is that carbonization and graphitization (>1600°C) can be
accomplished with the relaxed fiber. The heat treatment improves
the modulus of pitch fibers [201].

9.5.4 Vapor-Grown Carbon Fibers

In this method, pure carbon fibers produce by a catalytic process
from carbon containing gases. The most common process the cata-
lyst is a metal supported on a ceramic. This process produces long
fibers which tangled together in a ball which is difficult to break up.
The other method, the catalyst is an organometallic, injected into a
chamber containing the gas mixture. The fibers produced by this
method are short and straight. The vapor-grown carbon fibers have
limited reinforcing capabilities [201].

9.5.5 Carbon Nanotubes

Since nearly two decades ago that lijima [203] reported the observa-
tion of carbon nanotubes, numerous researchers studied physical
and chemical properties of this new form of carbons. From unique
electronic properties and a thermal conductivity higher than dia-
mond to mechanical properties (stiffness, strength, resilience)
higher any current material, carbon nanotubes offer tremendous
opportunities for the development of new materials.

Carbon nanotubes can be imagined as a sheet of graphite that
has been rolled into a tube. The properties of nanotubes depend
on atomic arrangement, the diameter and length of the tubes,
and the morphology, or nano structure. Nanotubes exist as either
single-walled (SWCNT) or multi-walled (MWCNT) structures. The
MWCNTs are composed of concentric SWCNTs [202].
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The primary synthesis methods for single and multi-walled
carbon nanotubes include arc-discharge [203, 204], lase ablation
[205], gas-phase catalytic growth from carbon monoxide [206], and
chemical vapor deposition (CVD) from hydrocarbons [207-209].
The scale-up limitation of arc discharge and laser ablation methods
would make them cost prohibitive. One unique aspect of CVD tech-
nique is its ability to synthesize aligned arrays of carbon nanotubes
with controlled diameter and length. The details on these methods
go beyond the scope of this chapter.

The exceptional mechanical and physical properties of carbon
nanotubes along with low density make this new form of carbon an
excellent candidate for composite reinforcement. The understand-
ing thermo-mechanical properties of nanotube-based composite
require knowledge of the elastic, fracture, and interface interaction
of nanotube.

9.5.6 Applications

According to wide range of properties of carbon fibers, they are
suited to different applications. The properties of some commer-
cially available fibers are given in Table 9.10.

Table 9.10 Mechanical properties of carbon fibers [201].

Type Manu- Product | Tensile | Young’s | Strain to
facturer name strength | modulus | failure
(GPa) (GPa) (%)
PAN Toray T300 3.53 230 1.5
T100 7 294 2.0
M55] 3.92 540 0.7
Hercules M7 5.3 276 1.8
GP-Pitch | Kureha KCF 0.85 42 2.1
200
HP-Pitch | BP-Amoco | Thornel 1.4 140 1.0
P25
Thornel 2.00 500 0.4
P75
Thornel 2.20 820 0.2
P120
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During the 1980s, the development of PAN-based carbon fibers
was driven by use in composites for military aircraft. Due to reduc-
tion in weight and improvement of performance, the carbon fibers
used into sporting goods, medical devices, industrial applications,
and infrastructure. Electrical and thermal conductivity of car-
bon fibers are also important in many applications. By increasing
modulus electrical resistivity (1Q.cm) and thermal conductivity
(W/mK) decrease and increase, respectively [201].

9.6 Advances in Improving Performance of
Conventional Fibers

9.6.1 Introduction

With the increasingly fierce competition in the synthetic fiber market,
itis extremely important to operate at a high performance to cost ratio.
This has been done before by: a) improving the fiber properties by
the development of the dry jet wet-spinning (aramid) or gel-spinning
(UHMWPE) or b) reducing the production cost via high-speed spin-
ning in the traditional melt-spinning process. As a result, the ever
successfully developed fibers can be divided into two groups: high
performance fibers such as carbon, aramid and UHMWPE, and con-
ventional fibers such as PP, PET and nylon. The performance (tenac-
ity) is plotted against cost ($/1b) for these fibers in Figure 9.22, where
the most intriguing feature may be the big gap between the two
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Figure 9.22 Performance vs. cost for various fibers.
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groups. Since the difference is minor between the theoretically pre-
dicted ultimate tenacity values of various fibers (e.g., 232 g /d for PET
and 235 g/d for aramid) [210], it is generally believed that the gap
can be filled up by improving the fiber formation process.

In the book Structure Formation in Polymeric Fibers, Cuculo et al.
[210] demonstrated the substantial potential of enhancing fiber
properties by judiciously controlling the threadline dynamics. In
other words, the enhanced fiber properties result not only from
higher quality of raw materials but also from improved fiber struc-
tures. Hence in this Section, focus will be on advances in improving
performance of conventional fibers by manipulating fiber struc-
tures, i.e., molecular orientation and crystallization.

9.6.2 Conventional Methods

The general idea [211] that the polymer undergoes stress-induced
orientation (SIO) and crystallization (SIC) has been used for a long
time to guide the conventional fiber formation process. However, it
seems insufficient to further improve the process.

Various conventional methods have been used to control the
SIO/SIC process. One of the typical examples may be the solid-
state drawing of PET above T. It was observed [212-215] that
drawing PET at different strain rates led mainly to three types of
results. When the strain rate was higher than that of chain retrac-
tion, there was only a development of molecular orientation with
the crystallization delayed until the end of drawing. The presence
of highly-oriented but noncrystalline molecule chains or chain seg-
ments was related to the precursor for crystallization {216-218].
When the strain rate is between those of chain retraction and repta-
tion, the concurrence of SIO and SIC was observed, resulting in not
well aligned but tilted crystals. When the strain rate is slower than
that of chain reptation, there was no significant molecular orienta-
tion but an isotropic crystallization occurred.

Cooling rate also plays a critical role in controlling the SIO/
SIC process. This can be clearly illustrated by using “Continuous
Cooling Transformation (CCT)” curves (Figure 9.23) [219]. As
Figure 9.23 shows, the threadline starts to crystallize when the cool-
ing curve crosses the “c-curve” for crystallization. SIC moves the
“c-curve” to less time and higher temperature. This leads the crys-
tallization to occur at higher temperatures and much wider range
of time (strain rate). Under both quiescent and stressed conditions,
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cooling at a rate that misses the “nose” of the “c-curve” will result
in solidification of the threadline without crystallization.

Although various strategies, such as altering strain rate or cooling
rate, have been conventionally used to control the SIO/SIC process,
it is usually difficult to avoid massive crystallization especially with
a high degree of orientation achieved. In the solid-state drawing pro-
cess, SIC produces crystallites which act as rigid crosslinks inhibiting
further drawing. These crystallites, associated with the intense chain
entanglements built during the solidification process prior to draw-
ing, make the achievable draw ratios far below the predicted maxi-
mum values [210]. This forms an insuperable barrier for substantially
improving molecular orientation via the solid-state drawing process.

9.6.3 Innovative Liquid Isothermal Bath (LIB)
Method

The liquid isothermal bath (LIB) was first applied in producing
PET fibers by NCSU researchers in early 1990s. The initial moti-
vation was quite straightforward, i.e., to produce high tenacity/
high modulus fibers via a one-step high-speed spinning process.

! Low cooling rate
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g (c=0)
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g 4~ High cooling
a rate
£
2
Crystallization
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Log Time

Figure 9.23 Schematic of “Continuous Cooling Transformation (CCT)”
curves [219] (Reprinted with permission of Wiley).
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The results turned out fairly encouraging, as the maximum tenacity
of the PET fibers were improved from 9.5 g/d to 11.8 g/d [220-224].
It was also surprisingly found that the fibers spun with LIB showed
unique morphology [224-232].

9.6.3.1 Liquid Isothermal Bath (LIB)

The traditional melt spin-draw process consists of melt-extrusion/
spinning and solid-state drawing processes, as shown on the left
hand in Figure 9.25. Apparently, the threadline in the melt-spinning
stage undergoes changing parameters, such as time (strain rate),
temperature, and tension. The solid-state drawing is usually car-
ried out under constant temperature and tension, but changing
strain rate, which has been widely studied [210].

To optimize the threadline dynamics, a liquid isothermal bath
(LIB) has been designed as shown on the right hand in Figure 9.24.
Note that several forms of LIB have been designed but only one
is present here because all the forms have proven equivalent in
the general effect. When the threadline passes through the bath at
high speeds (>1000 m/min), the polymer molecules are subjected
to a combined effect of enhanced tension and constant tempera-
ture for a longer time in state of fluid or semi-fluid. This endows
the polymer molecules with a great freeness or flexibility to reach a
highly-oriented state. Meantime, the SIC process can be effectively
suppressed by the judicious selection of processing parameters,

b

Traditional melt spin-draw brocess Liquid isothermal bath (LIB) process

Figure 9.24 Schematic of traditional melt spin-draw process and liquid
isothermal bath (LIB) process.
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Figure 9.25 Equatorial and azimuthal X-ray diffraction profiles of undrawn
(lower) and drawn (upper) PEN fibers spun with LIB.

such as bath temperature and take-up speed (strain rate). As a
result, the polymer molecules are locked in a highly-oriented but
noncrystalline state which acts as precursor to crystallization.

9.6.3.2 Properties of LIB Fibers

Numerous studies [220-232] have shown that superior properties
were obtained for fibers spun with LIB. Tables 9.1 and 9.2 show
typical results for PET and PEN fibers spun with LIB, with the
experimental details described in Ref. [233]. As shown in Tables
9.1 and 9.2, the LIB fibers are featured by high tenacity but low
modulus and high elongation. The tenacity of PET and PEN fibers
spun with LIB is ca. 30-40% higher than that of fibers spun with the
conventional meltspinning process. After a mild hot-drawing with
draw ratio (DR) of 1.40, the tenacity and the modulus are increased
by almost 50% and 90%, and the elongation is decreased by 40%,
respectively, for the LIB fibers. Table 9.3 gives the maximum prop-
erties for PET and PEN fibers spun with LIB achieved in prelimi-
nary studies. As a result, the highest tenacity reaches 11.4 g/d for
PET fibers and 12.3 g/d for PEN fibers spun with LIB and drawn at
a low DR of less than 2.0, respectively, compared with 9.2 g/d for
PET commercial fibers and 9.5 g/d for PEN commercial fibers by
using large DRs of 5.0-7.0.

The LIB fibers also show interesting properties in orientation
and crystallization, as shown in Tables 9.11 and 9.12. To be specific,
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Table 9.13 Maximum properties of polyester fibers.

Polymer Tenacity (g/d) | Modulus (g/d) | Elongation (%)
Description
PET | Commercial 92 n/a 14.0
LIB 11.4 n/a 9.0
PEN | Commercial 9.5 156.7 12.8
LIB 12.3 217.2 7.0

the undrawn fibers spun with LIB always have very low crystallin-
ity and relatively high amorphous orientation, compared with the
fibers spun without LIB. After a mild hot-drawing, the LIB fibers
gain highly improved crystallinity (>50%) and high orientation in
both crystalline and amorphous phases. Apparently, the improved
crystallinity and the high amorphous orientation are credible for
the superior mechanical properties for the LIB fibers. It may be
expected to further improve the fiber properties by increasing the
crystallinity as well as the amorphous orientation to higher levels.

9.6.3.3 Morphology of LIB Fibers

The superior fiber properties have inspired a great curiosity on
the morphology of the LIB fibers. Of most interests is the highly-
oriented but noncrystalline characteristic of the undrawn fibers
spun with LIB, which is clearly indicated in Tables 9.11 and 9.12
and confirmed by wide angle X-ray diffraction (WAXD) data in
Figure 9.25. Microscopy analysis showed that the undrawn LIB
fibers was featured by a banded structure not only on their sur-
face but also inside (The images can be found in Ref. [233]). When
the LIB fibers were subjected to hot-drawing, the banded structure
gradually disappeared and was finally transformed into a fibril-
lar crystalline structure, showing a transient and mesomorphic
characteristic.

Moreover, profuse microvoids were found in the LIB fibers by
using a focus ion beam (FIB) method (The images can be found in
Ref. [233]). Other than the crazes usually observed in the plastic
deformation of glassy polymers, the microvoids in the LIB fibers
were empty and aligned in the fiber direction. Such microvoids
were similar to those observed during deforming semicrystalline
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polymers at high strains which were related to the negative pres-
sure generated between crystalline lamellae [234, 235]. However,
there was a lack of crystalline lamellae in the undrawn LIB fibers.
This implied that the necessary condition for cavitation might
not be the existence of crystalline lamellae, but formation of any
ordered /rigid structures, such as the precursor for crystallization,
between which the negative pressure could be generated [233].

9.7 Conclusions

While great challenges still exist, a promising way has been
opened up for improving performance of conventional fibers via
the newly developed liquid isothermal bath (LIB) technology. The
LIB technology provides a feasible and economical way to manipu-
late the principle factors, i.e., time, tension, and temperature, dur-
ing the melt-spinning process. This makes possible to disentangle
the stress-induced orientation and crystallization of the polymer
molecules. Further, a highly-oriented but noncrystalline precur-
sor phase, acting as a hinge connecting the unoriented amorphous
state and the oriented crystalline state, is produced and plays a
key role in controlling orientation and crystallization of polymers.
As a result, the fiber properties have been significantly improved
for polyesters (PET, PEN). Work is still to be done to extend the
application of the LIB technology to other semicrystalline polymers
and to fill up the gap between the high performance fibers and the
conventional fibers.
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Synthesis and Characterization of
Poly (aryl ether ketone) Copolymers

G Wang
College of Chemistry, Jilin University, Changchun, China

Abstract

In this chapter, two general synthetic methods of poly (aryl ether ketone)
copolymers were introduced, that is, (1) nucleophilic substitution step
copolycondensation of at least two different monomers of bisphenol and
at least one dihalobenzoid compound or at least one monomer of bisphe-
nol and at least two different dihalobenzoid compounds; (2) electrophilic
Friedel-Crafts copolycondensation of at least two different monomer of
diphenyl ether and terephthaloyl chloride or at least one monomer of
diphenyl ether and terephthaloyl chloride as well as isophthaloyl chlo-
ride. Some representative monomers were included. By the method (1),
the synthesis and characterization of structural poly (aryl ether ketone)
copolymers—poly (ether ether ketone)-poly (ether ether ketone ketone)
(PEEK-PEEKK), poly (ether ether ketone)-poly (ether biphenyl ether
ketone) (PEEK-PEDEK), poly (ether ether ketone ketone)-poly (ether
biphenyl ether ketone ketone) (PEEKK-PEDEKK), poly (ether ether
ketone)-poly (ether ether ketone biphenyl ketone) (PEEK-PEEKDK) and
poly (ether biphenyl ether ketone)-poly (ether biphenyl ether ketone
biphenyl ketone) (PEDEK-PEDEKDK) were discussed. The synthesis and
characterization of the functional PAEK copolymers, such as liquid crys-
tal poly (aryl ether ketone) copolymers, poly (aryl ether ketone) copoly-
mers with pendent group of low dielectric constant and poly (aryl ether
ketone) copolymers with crosslinking moieties were also discussed in
details. These PAEK copolymers showed a lot of special performance and
can maybe be applied in optical waveguides, microelectronics, display
devices, membrane materials and so on.

Keywords: High performance polymer, poly (aryl ether ketone),
copolymers, synthesis, characterization
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10.1 Introduction

High performance polymers have received considerable attention
over the past decade owing to their increased demands as replace-
ments for metals or ceramics. Poly (aryl ether ketone)s (PAEKSs) are a
class of important high-performance aromatic polymers with excel-
lent mechanical properties, good solvent resistance, size-accuracy,
electrical characteristics, and superior thermal stability [1-3]. This
class of advanced materials is currently receiving considerable
attention for potential applications in aerospace, automobile, elec-
tronics, and other high technology fields [4-8]. However, in spite
of having excellent combination of properties, PAEKs have some
serious drawbacks, e.g., insolubility in common organic solvents,
intractability in processing, infusibility and strong color that often
limit their utility in various advanced technological applications.
For example, low refractive index, low dielectric constant, high
optical transparency along with good mechanical properties and
high thermal stability are the important properties required for
applications in optical waveguides, microelectronics and display
devices. Moreover, for membrane applications, the polymers need
to have good film forming ability, high chemical resistance, thermal
stability, low moisture uptake and a good balance of permeability
and selectivity [9-14]. To obtain the desired solubility, processabil-
ity and other essential properties, the PAEKs with pendant groups
and copolymers have been developed [15-22].

10.2 General Synthetic Methods of PAEK
Copolymers

In general, PAEK copolymers have been synthesized by two meth-
ods: (1) nucleophilic substitution step copolycondensation of at least
two different monomers of bisphenol and at least one dihalobenzoid
compound or at least one monomer of bisphenol and at least two
different dihalobenzoid compounds; (2) electrophilic Friedel-Crafts
copolycondensation of at least two different monomer of diphenyl
ether and terephthaloyl chloride or at least one monomer of diphe-
nyl ether and terephthaloyl chloride as well as isophthaloyl chloride.
Some of bisfluoro, bisphenol monomers, aromatic bisbenzoyl chloride
and diphenyl ether used for the synthesis of poly (aryl ether ketone)
copolymers have been included in Table 10.1.
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10.3 Synthesis and Characterization of Structural
Poly (aryl ether ketone) Copolymers

In order to obtain PAEK copolymers with different properties, such
as thermal properties, mechanical properties, etc., a lot of novel
monomers and corresponding PAEK copolymers are synthesized.

1. Poly (ether ether ketone)-poly (ether ether ketone ketone)
(PEEK-PEEKK) copolymer

The thermal properties and mechanical properties of PAEKs will
be modified by changing number of phenyl, ether bond or ketone
bond in constitutional unit of PAEKs. PEEK-PEEKK copolymer
could be synthesized by copolymerizing with 4,4’-difluorobenzo-
phenone (DFB), 1,4-bis(p-fluorobenzoyl)benzene (BFB) and hydro-
quinone (HQ) according to Scheme 10.1 [23].

A typical synthetic procedure is as follows: The four-neck flask of
1000 ml was fitted with a mechanical stirrer, thermometer, nitrogen
inlet, and a Dean Stark trap fitted with a condenser and a nitro-
gen outlet. After the reaction vessel was purged with dry nitrogen,
DFB/BFB/HQ/Na,CO,/K,CO, (molar ratio: 0.4/0.1/0.5/0.44/0.1)
and 360g diphenyl sulfone (DPS) in a solid content of 30 wt% were

nx F‘@'@OF +n(1-x) F—@—g—QvQéOF +n HOOOH—»
HOEO-O-t OO0l

x=1 PEEK
Q
—6@%}@»0—@-0}“ Tg = 143°C, Tm = 338°C
x=0 PEEKK

Q Q
n

x = 0-1, nis a independently integer of more than zero

Scheme 10.1 Synthesis routes of PEEK-PEEKK copolymers [23].
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added. The mixture was slowly heated to 180°C and held at that
temperature for 2 h in a nitrogen atmosphere, and then reaction
temperature was gradually raised to 240-250°C and kept for 1 h.
After the polymerization reaction temperature was raised to 290°C
and held for 1 h, the reaction temperature was raised to 320°C to
polymerize 4 h. The resulted mixture was slowly poured into cool
distilled water by strip form. The solid obtained was pulverized
and after filtration, washed with ethanol under reflux to remove
DPS completely, then washed with hot distilled water to remove
by-products, and dried at 140°C in oven for 12 h to give PEEK-
PEEKK (DFB/BFB = 0.4/0.1) as an off-white powder in 96% yield.

The other PEEK-PEEKK copolymers with different ratio of DFB/
BFB were prepared by the same method. The relation of melting
point of PEEK-PEEKK copolymers vs the mole fraction of BFB was
shown in Figure 10.1.

The results exhibited that the melting point of PEEK-PEEKK copo-
lymers increased with the mole fraction of BFB because of increase
of PEEK-PEEKK copolymers’ rigidity, in other words, the heat-resis-
tance of copolymers increased by introducing more ketone bonds into
copolymers. So the properties of PEEK-PEEKK copolymers could be
optimized by adjusting the ratio of copolymerization monomers.

Based on the Scheme 10.1, PEEK could be synthesized when x = 1
and PEEKK could be prepared when x = 0. The basic properties of
PEEK (x = 1) and PEEKK (x = 0) were listed in Table 10.2.

370
365 —
360
355 —

350

Tm (°C)

345
340

335 4

T T T T T T T T T T T T T M T T T T
00 01 02 03 04 05 06 0.7 08 09 1.0
The mole fraction of BFB

Figure 10.1 The relation of melting point of PEEK-PEEKK copolymers vs the
mole fraction of BFB.
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Table 10.2 The basic properties of PEEK and PEEKK.

Properties Unit PEEK PEEKK
T, °C 143 162
T, °C 338 367
Tensile strength MPa 94 110
Elongation at break % 60 40
Flexural strength MPa 160 180
Flexural modulus GPa 3.8 4.0

From the data of Table 10.2, it could be found that heat-resistant,

mechanical properties of PEEKK were more excellent than those of
PEEK.

2. Poly (ether ether ketone)-poly (ether biphenyl ether ketone)
(PEEK-PEDEK) copolymer

PEEK-PEDEK copolymer could be synthesized by copolymeriz-
ing with 4,4'-difluorobenzophenone (DFB), 4,4’-diphenol(DP) and
hydroquinone (HQ) according to Scheme 10.2.

Figure 10.2a and Figure 10.2b showed that the thermal properties
of PEEK-PEDEK copolymers.

One could find from Figure 10.2a and Figure 10.2b that the T
of PEEK-PEDEK copolymers increased with increase of biphenyi
content of copolymers, but the T_ of PEEK-PEDEK copolymers
firstly decreased with increase of biphenyl content until the biphe-
nyl content increased 30% and then T_of PEEK-PEDEK copoly-
mers gradually increased with increase of biphenyl content. The
T, change of PEEK-PEDEK copolymers was different from that
of PEEK-PEEKK copolymers. This phenomenon maybe resulted
from different link mode of phenyl, ether bond or ketone bond in
polymer chain.

3. Poly (ether ether ketone ketone)-poly (ether biphenyl ether
ketone ketone) (PEEKK-PEDEKK) copolymer

PEEKK-PEDEKK copolymer could be synthesized by copolymeriz-
ing with 1,4-bis(p-fluorobenzoyl)benzene (BFB), 4,4’-diphenol(DP)
and hydroquinone (HQ) according to Scheme 10.3.
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nF‘O'i—OF +xn HOOOH + {130 OHOH *1M,CO;—»
HO-+O-OHO+0~-O-Oros

x=1 PEEK

Ty=143°C, T,,=338°C

PEDEK

%QOH%

o
=171°C, T,y = 410°C

Scheme 10.2 Synthesis routes of PEEK-PEDEK copolymers.
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Figure 10.2a The T, of PEEK-PEDEK copolymers with different mole
fraction of DP.

The T, and T change trend of PEEKK-PEDEKK copolymers
was the same as those of PEEK-PEDEK copolymers, as shown in
Figure 10.3a and Figure 10.3b.
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Figure 10.2b The T of PEEK-PEDEK copolymers with different mole
fraction of DP.
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)
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Scheme 10.3 Synthesis routes of PEEKK-PEDEKK copolymers.

4. Poly (ether ether ketone)-poly (ether ether ketone biphenyl
ketone) (PEEK-PEEKDK) copolymer

PEEK-PEEKDK copolymer could be synthesized by copolymerizing
with 4,4’-bis(4-fluorobenzoyl)biphenyl (BFBB), 4,4’-difluorobenzo-
phenone (DFB) and hydroquinone (HQ) according to Scheme 10.4.

The T, and T, change trend of PEEK-PEEKDK copolymers
was the same as those of PEEK-PEDEK copolymers, as shown in
Figure 10.4a and Figure 10.4b.
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Figure 10.3b The T  of PEEKK-PEDEKK copolymers with different mole
fraction of DP.

5. Poly (ether biphenyl ether ketone)-poly (ether biphenyl ether
ketone biphenyl ketone) (PEDEK-PEDEKDK) copolymer

PEDEK-PEDEKDK copolymer could be synthesized by
copolymerizing with 4,4’-bis(4-fluorobenzoyhbiphenyl (BFBB),
4,4’ -difluorobenzophenone (DFB) and 4,4’-diphenol(DP) according
to Scheme 10.5.
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Scheme 10.4 Synthesis routes of PEEK-PEEKDK copolymers.
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Figure 10.4a The T, of PEEK-PEEKDK copolymers with different mole fraction
of BFBB.

The T, and T change trend of PEDEK-PEDEKDK copolymers
was the same as those of PEEK-PEDEK copolymers, as shown in
Figure 10.5a and Figure 10.5b.

10.4 Synthesis and Characterization of Liquid
Crystalline Poly (aryl ether ketone) Copolymers

High melting temperature and high melt viscosity are characteris-
tics of PAEKs, which are also the primary drawbacks associated with
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Scheme 10.5 Synthesis routes of PEDEK-PEDEKDK copolymers.

their processing. Thermotropic liquid crystalline polymers (LCPs)
are known to have lower melt viscosities compared with structur-
ally similar polymers due to the existence of an isotropic melt state.
In addition, it is common knowledge that LCPs show a high modu-
lus and a very low thermal expansion in the direction of the mac-
roscopic orientation. Some novel thermotropic liquid crystalline
PAEK copolymers were synthesized by the reaction of a monomer
containing liquid crystalline mesogen, 4,4-biphenol (BP), and crystal
disrupting substituted monomer with 4,4-difluorobenzophenone
or 1,4-bis(p-fluorobenzoyl)benzene (BFB) [42—44].
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1. The synthesis and characterization of a full aromatic
thermotropic liquid crystalline poly (aryl ether ketone)
with pendant chlorine group (CIPAEK)

A full aromatic thermotropic liquid crystalline poly (aryl ether
ketone) was synthesized by the reaction of 4,4’-biphenol (BP) and
2-chlorohydroquinone with 4,4’-difluorobenzophenone according
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Scheme 10.6 The synthesis reaction of liquid crystalline CIPAEK [43].

to Scheme 10.6 [43]. In a typical procedure, 2.3 g (0.0159 mo1l) of
2-chlorohydroquinone, 3.0 g (0.0161 mol) of 4,4’-biphenol and
7.0 g (0.032 mol) of 4,4'-difluorobenzophenone were placed in a
250 ml three-necked flask equipped with a thermometer, nitrogen
inlet, magnetic stirrer and a Dean-Stark trap. 6.2 g (0.0449 mol) of
potassium carbonate, 50 m1 of xylene and 100 ml of N,N'-dimethyl
pyrrolidone were added into the flask. Over a period of 3 h the tem-
perature was slowly raised to 160°C to allow phenolate formation
and water/xylene azeotrope distillation which was collected in the
trap. Subsequently the reaction temperature was gradually raised
to 180°C. For the polymerization this temperature was kept over a
period of 6-8 h. The resulting polymer was separated by precipita-
tion of the reaction mixture in methanol. The crude product was
purified by hot methanol and water, and dried for 24 h under vac-
uum to obtain a white polymer powder.

The characterization of CIPAEK was carried on using DSC, PLM
and X-ray. In Figure 10.6, the DSC heating scan consists of two
first order transitions which were associated with crystal-to-liquid
crystal transition (T =338°C with AH_ = 115.4]/g) and liquid
crystal-to-isotropic transition (T, = 368°C with AH, = 6.2]/g). The
reversibility of the phase transitions was evidenced by the pres-
ence of the corresponding peaks (crystallization temperature =
283°C and liquid crystallization temperature = 354°C) in the cool-
ing curve. The T, of CIPAEK measured by second heating scan
of sample was 168°C and the thermal degradation temperature
of CIPAEK was 430°C by TGA. CIPAEK couldn’t be dissolved in
organic solvent, inorganic strong alkalies and strong acids except
for strong sulfuric acid. The PLM result showed a typical nematic
texture in Figure 10.7. The WAXD curves of crystalline, quenched
and amorphous sample were showed in Figure 10.8.
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Figure 10.7 Schlieren texture of the sample quenched from the LC state to room
temperature [43].
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Figure 10.8 WAXD curves of the amorphous sample (a), quenched from the LC
state sample (b) and no quenched sample (c) [43].

2. The synthesis and characterization of the novel poly
(aryl ether ketone) copolymers with liquid crystallinity

A series of novel thermotropic liquid crystalline poly (aryl ether
ketone) copolymers were synthesized by the reaction of4,4’-biphenol
(BP) and substituted hydroquinone with 4,4’-difluorobenzophenone
according to Scheme 10.7 [39]. The synthesis procedure of copoly-
mers is like that of reference [43].

The characterization of copolymers (named 70BP /30CH/100DF,
50BP/50CH/100DF, 70BP/30PH/100DF and 50BP/50PH/100DF,
respectively) was carried on using DSC, TGA, PLM and X-ray.

1) Thermal properties

The thermal properties of four samples were listed in Table 10.3. All
of samples showed better thermal stability below 703K. The melt-
ing point, enthalpy change of the same series samples were down-
trend with the increase of the substituted hydroquinone content
because of copolymerization [45]. The DSC results indicated that
there are multi-first order phase transition temperatures in heat-
ing process of samples. The samples became viscous, and could be
sheared and occur strong birefraction above the low phase transi-
tion temperature. The samples became the isotropic liquid when
the temperature was over high phase transition temperature.
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Scheme 10.7 The synthesis reaction of liquid crystalline R-PAEK [39].

Table 10.3 The thermal properties of the novel copolymers of poly (aryl
ether ketone) [39].

Copolymer x | T/ T/K AH |/ | AH/ T/K
K ggd | Jgh
70BP/30CH/100DF | 0.7 | 611 641 115 6 703
50BP/50CH/100DF | 0.5 | 609 623 19 19 731
70BP/30PH/100DF | 0.7 | 593 646 50 5 737
50BP/50PH/100DF | 0.5 | 553 | 608,617 1 66 750

The heating and cooling curves of four samples were shown in
Figure 10.9 (A) and (B) respectively. Except for 50BP/50PH /100DF,
all of other samples presented two endothermic peaks in the heating
curves and two exothermic peaks in the cooling curves. Two endo-
thermic peaks in the heating curves were associated with crystal-
to-liquid crystal transition and liquid crystal-to-isotropic transition.
Two exothermic peaks in the cooling curves were associated with
liquid crystallization and crystallization temperature. DSC curve of
50BP/50PH/100DF sample presented three endothermic peaks; the
weak endothermic peak near 280°C was corresponded with crystal-
line phase to high ordered smectic phase transition, the strong endo-
thermic peak near 335°C was corresponded with smectic phase to
nematic phase transition and the shoulder peak near 345°C was cor-
responded with nemaric phase to isotropic phase transition. There
is only one wide exothermic peak in the cooling curve, which was
reported in other main chain liquid crystal polymers [46].
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Figure 10.9 Sets of DSC heating (A) and cooling (B) curves for
70BP/30CH/100DF(a), 50BP/50CH/100DE(b),70BP/30PH /100DF(c) and
50BP/50PH /100DF(d) [391.

2) Morphological texture

The polarized light picture of 70BP/30CH/100DF was shown
in Figure 10.10. Figure 10.10 A indicated that the sample of
70BP/30CH/100DF displayed a typical nematic silky texture. The
director of the sample approximately presented uniform orienta-
tion and the perpendicular banded texture to shearing direction
was observed under orthogonal polarized microscope because of
the relexation of molecular chain by a very little shearing force
(Figure 10.10 B), which resulted from the periodical bending opti-
cal effect of the nematic liquid crystalline polymer microfiber [47].
The sample of 50BP/50CH/100DF exhibited a typical fan-shaped
texture after the heat treatment (Figure 10.10 C).

The sample of 70BP/30PH/100DF displayed a nematic silky texture
that resembles thatof Figure10.10A. The sample of 50BP /50PH / 100DF
presented many kinds of liquid crystalline textures. The sample of
50BP/50PH/100DF showed a typical nematic silky texture after it
was annealed at 320°C and cooled at once (Figure 10.11 A). It showed
a red and yellow colorized banded texture after it was sheared
(Figure 10.11 B). It displayed a mosaic texture that resembles the small
molecular liquid crystal after the sample was cooled from the isotro-
pic state to 300°C (Figure 10.11 C). This indicated that this phase was
high ordered smectic texture [48-49].

3) The structure of liquid crystalline phase

The WAXD patterns of four samples were shown in Figure 10.12.
The main crystalline phase diffraction peaks of four copolymers
were similar to that of PEEK and crystalline phase belonged to
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Figure 10.10 PLM morphological observations of 70BP/30CH/100DF (A,B) and
of 50BP/50CH/100DF(C) (A) Without mechanical shearing; (B) With mechanical
shearing. The arrow shows the shearing Direction [39].

Figure 10.11 PLM morphological observations of 50BP/50PH /100DF at 320°C
without shearing (A),with shearing (B), and at 300°C (C) The arrow shows the
shearing direction [39].

orthorhombic, space group Pbcn. The patterns of amorphous
samples were dispersion peak with 26 = 19°.

The 70BP/30CH/100DF WAXD patterns of three phases were
shown in Figure 10.12 A. The pattern of liquid crystalline phase
was typical nematic diffraction distribution with a dispersion peak
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Figure 10.12 Sets of WAXD powder patterns of 70BP/30CH/100DF (A),
50BP/50CH /100DF (B), 70BP /30PH /100DF (C) and 50BP /50PH/100DF (D) [39].

at 20 = 19.2° corresponding with molecular chain spacing. The cor-
relation length of diffraction was 1.5 nm from the Scherrer equa-
tion, which indicated that the molecular structure was short-range
order and this liquid crystalline phase was nematic phase [S0].

Figure 10.12 B was the diffraction curves of 50BP/50CH /100DF.
The pattern of liquid crystalline phase was a sharp single peak with
20 = 19.1°. The correlation length of diffraction was 2.0 nm and was
long range order [50]. This indicated that the liquid crystalline
phase was semectic A phase.

The 70BP/30PH/100DF WAXD patterns resembled the
70BP/30CH/100DF WAXD patterns and the liquid crystalline
phase exhibited nematic phase. Figure 10.12 D was the diffrac-
tion curves of 50BP/50PH/100DF. The diffraction of sample at
320°C was a dispersion peak of typical nematic phase with cor-
relation length of 1.7 nm. A sharp diffraction peak appeared at
low-angle of 26 = 9° and its correlation length was 26.6 nm (long
range order) [50] at 300°C besides the diffraction peaks similar to
crystalline phase. The correlation length of 26 = 19.0° and 23.3°
in wide angle section was 20.2 nm and 27.0 nm, respectively and
all of them were long range order. The results of x-ray diffraction
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indicated that dispersion of this phase was evidently strengthened
than that of crystalline phase. At the same time, the sharp diffrac-
tion peak appeared in low-angle section and the diffraction peak of
resembling the hexagonal packing appeared in wide-angle section,
which showed this phase was high ordered smectic phase [42] and
it was smectic G phase based on the definition of small molecular
smectic phase [48-49].

3. Synthesis and characterization of thermotropic liquid
crystalline poly(aryl ether ketone) copolymers with pendant
3-(trifluoromethyl) phenyl groups

Novel poly(aryl ether ketone) copolymers with pendant 3-(tri-
fluoromethyl)phenyl groups (FPAEKs) were synthesized by the
reaction of a crystal-disrupting monomer, 3-(trifluoromethyl)phen-
ylhydroquinone (FH) and a mesogenic monomer, 4,4-biphenol (BP)
with 1,4-bis(p-fluorobenzoyl)benzene (BF). The synthetic routes of
FPAEKSs are shown in Scheme 10.8.

A typical synthetic procedure is as follows. The four-neck flask
was fitted with a mechanical stirrer, thermometer, nitrogen inlet,
and a Dean Stark trap fitted with a condenser and a nitrogen outlet.
After thereaction vessel was purged with dry nitrogen, FH/BP/BF/
K,CO, (molar ratio: 0.0-1.0/1.0-0.0/1.0/1.1) and tetramethylene
sulfone/xylene (weight ratio: 75/25) in a solid content of 15 wt%
were added. The mixture was slowly heated to 160°C and held
at that temperature for 2 h in a nitrogen atmosphere. During that
time, the water produced was removed by azeotropic distillation,
and then reaction temperature was gradually raised to 220-240°C
as xylene was distilled. After the polymerization reaction at 240°C

F,C

K,CO4, TMSO,
nx HO OH+n1x) HOHOH +HFO O— B .
160-240°C, 10h
BF

FH

-H :' EQO—O—Q—O— 'CO‘OE

FPAEK copolymers X=0.0-1.0

Scheme 10.8 The synthetic routes of FPAEKSs.
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for 8 h, the reaction mixture was slowly poured into distilled water.
The solid obtained was pulverized after filtration, washed with hot
distilled water, and dried at 120°C under vacuum for 24 h to give
FPAEK (FH 0.0-1.0) as an off-white powder in 90-95% yield.

Thermotropic liquid crystalline behavior of the copolymers was
investigated by means of differential scanning calorimetry, polar-
ized optical microscope and wide-angle X-ray diffraction. The
results were as follows:

1) DSC and TGA analysis

The results of DSC measurements of the copolymers are summa-
rized in Table 10.4. Three FPAEK copolymers with high FH molar
ratio (FH 1.0, 0.9, 0.8) showed only one glass transition tempera-
ture (T ) in the DSC thermograms and no melting endotherm was
observed. Other FPAEK copolymers with lower FH molar ratio
(FH 0.7-0.0) showed both T (128-185°C) and melting temperature
Tm (277-411°C), indicating that these FPAEK copolymers are semi-
crystalline. T_ and T_ decreased with increasing molar ratio of FH,
namely increasing the molar ratio of the crystal disrupting bulky
group. Among these copolymers, FPAEK (FH 0.7-0.2) showed two
endothermic peaks related to crystal-to-liquid crystal (T_) and lig-
uid crystal-to-isotropic transitions (T). Both the T and T, decreased
with increasing molar ratio of FH. Figure 10.13 shows the first cool-
ing and second heating DSC thermograms of FPAEK (FH 0.5) as a
typical DSC thermogram of the liquid crystalline FPAEK. Two main
first-order transitions on the second heating scan are attributed to
crystal-to-liquid crystal transition (T = 285°C) and isotropization
of liquid crystal phase (T, = 354°C) respectively. In general, the sta-
bility of liquid crystal can be evaluated by the temperature range of
liquid crystal (AT = T, - T ) [51]. The wider the temperature range
of the liquid crystalline state is, the more stable is the liquid crystal-
line phase. The main factors affecting the stability of liquid crystal
are the space-obstructing effect and the polarity effect. The view of
Flory-Onsager is that the space obstructing effect is greater than
the polarity effect, whereas Maier-Saupe hold the opposite view,
that the key factor affecting stability of liquid crystal is molecu-
lar polarity [52]. The AT value of the copolymers decreases with
increasing molar ratio -of FH. There is no doubt that the bulky tri-
fluoromethylphenyl group destabilizes the liquid crystalline phase
based on the space-obstructing 4,4_-biphenylene moieties. The AT
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Table 10.4 Thermal properties of FPAEK copolymers [13]. Reproduced
with permission from Wiley.

Sample FH/BP/BF | T | T T. |AT*| _H_| AH T)

— m

molar ratio (°Cg) (°E) (°é) O | Jdg™M (]g'll) O

FPAEK 0/100/100 | 185 | 411 - - 90 - 520
(FHO0.0)

FPAEK 10/90/100 | 173 | 376 | - - 60 - Non®
(FHO.1)

FPAEK 20/80/100 | 139 | 301 | 376 | 75 24 62 480
(FHO0.2)

FPAEK 30/70/100 | 135 | 297 | 365 | 68 20 46 500
(FHO0.3)
FPAEK 40/60/100 {133 1 294 | 362 | 68 17 42 498
(FHO.4)
FPAEK 50/50/100 | 132 | 285 | 354 | 69 15 22 | Non©
(FHO.5)

FPAEK 60/40/100 | 131 | 281 | 345 | 64 12 20 484
(FHO.6)

FPAEK 70/30/100 | 128 | 277 | 334 | 57 8 11 510
(FHO0.7)

FPAEK 80/20/100 | 135| - - - - - Non®
(FHO0.8)

FPAEK 90/10/100 | 142 | - - - - - Non¢
(FHO0.9)

FPAEK 100/0/100 | 147 | - - - - - 505
(FH1.0)

AT =T -T..

*The temperature at which a 5% weight loss occurred.

‘Not tested by TGA.

values (57-75°C) of FPAEK copolymers is higher that those of gen-
eral liquid crystalline polyesters (20-50°C). It is thought that the
polar trifluoromethyl group may contribute to the stabilization
of the liquid crystalline state to some extent. The heat of melting
(AH_) was smaller than the heat of isotropization (AH)), indicating
that the difference in order between the semi-crystalline state and
mesophase is smaller than the difference between the mesophase
and the isotropic melt. This result suggests that the mesophase is
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Figure 10.13 DSC thermograms of FPAEK (FH0.5) during the first cooling and
second heating scans at a rate of 10°C min™ [13]. Reproduced with permission
from Wiley.

highly ordered [53]. Regarding the thermal stability, all the copoly-
mers had very high 5% weight loss temperatures (T,) ranging from
480 to 520°C.

2) Polarized optical microscope and WAXD analyses

Liquid crystalline textures are observed by the optical polarized
microscopy. FPAEK (FH 0.3-0.4) copolymers showed liquid crys-
talline textures such as mosaic and fan-shaped textures related to
smectic phase, when the samples were melted at above T, cooled
to the liquid crystalline temperature, and annealed at the tempera-
ture for 10 min (Figure 10.14 and 10.15). For example, FPAEK (FH
0.3) showed unspecified texture, like mosaic texture and fan-shaped
texture, when annealed at 345°C (seen in Figure 14). FPAEK (FH 0.4)
also showed mosaic texture and fan-shaped texture when annealed
at 335°C (seen in Figure 10.15). The observation of these textures sug-
gests that the copolymers form a highly ordered smectic phase simi-
lar to small molecular weight small molecular liquid crystals [49].
Namely the FPAEK (FH 0.2-0.5) copolymers showed mosaic texture
and fan-shaped texture. However, the FPAEK (FH 0.6-0.7) copoly-
mers only showed thread-like texture at the liquid crystal tempera-
ture, indicative of a nematic phase (seen in Figure 10.16).

Figure 10.17 shows the temperature-dependent WAXD pat-
terns of FPAEK (FH 0.3-0.4) at the heating rate of 5°C min'. The
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Figure 10.14 Optical texture of FPAEK(FH0.3) sample, melted at 420°C for 2 min,
then cooled to 345°C at 10°C min™, and maintained at 345°C for 10 min [13].
Reproduced with permission from Wiley.

Figure 10.15 Optical texture of FPAEK(FHO0.4) sample, melted at 410°C,
then cooled to 335°C at 10°C min~!, and maintained at 335°C for 10 min [13].
Reproduced with permission from Wiley.

X-ray diffraction patterns of FPAEK (FH 0.3-0.4) below the crys-
tal melting temperature (297°C) show strong reflections with four
peaks 20 = 18.4°, 19.6°, 22.7° and 28.5°, which are assigned as (110),
(111), (200) and (211), respectively, based on orthorhombic pack-
ing [54]. This implies that the copolymers have a typical crystal
structure, which is similar to other regular members of poly(aryl
ether ketone) family. When the sample is heated to liquid crys-
talline temperature range of 300-368°C, the peak intensity in the
high-angle region decreased remarkably, which suggests that the
crystal structure is being destroyed. However, the diffraction peak
in the low-angle region does not appear synchronously, which may
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Figure 10.16 Optical texture of FPAEK(FHO0.6) sample, melted at 390°C,
then cooled to 315°C at 10°C min™, and maintained at 315°C for 10 min [13].
Reproduced with permission from Wiley.
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Figure 10.17 Temperature dependence of WAXD patterns for FPAEK(FHO0.3) and
FPAEK(FHO0.4) at a heating rate of 5°C min™ [13]. Reproduced with permission
from Wiley.

be attributable to the limit of instrument of characterization. In the
case of the condition of our current instrument, because the mode
of the clamping sample is vertical we cannot achieve isotropy on
T, and anneal between T and T, so as to form the highly ordered
smectic phase either. If we let the sample achieve isotropy on T,
and achieve anneal between T_ and T, the sample shows liquid
state and pollutes the instrument, so we adopt a process of gradu-
ally increasing temperature for the obtained polymer in order to
decrease the probability of polluting the instrument. However,
forming the highly ordered smectic phase of the obtained polymer
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becomes difficult under gradually increasing temperature, namely
it is very difficult to get a diffraction peak of obtained polymers
in the low angle region by WAXD characterization. Therefore we
cannot yet provide data about the layer thickness of the X-ray char-
acterization. We hope that the work can be perfected in the future.
Upon further heating to the isotropic phase (372°C), all the peaks in
high angle regions disappeared, which suggests the crystal struc-
ture is completely destroyed.

10.5 Synthesis and Characterization of Poly
(aryl ether ketone) Copolymers with
Pendent Group

1. Synthesis and characterization of poly(aryl ether ketone)
with trifluoromethyl-substituted benzene in the side chain

In recent years, considerable attention has been devoted to the prepa-
ration of fluorine-containing polymers due to their unique properties
and high-temperature performance. The incorporation of fluorine
atoms (or groups containing fluorine atoms) into polymer chains
changes solubility of polymers, glass transition temperature (T) and
thermal stability, while also led to decreased moisture absorptlon
and dielectric constant. The aromatic fluoropolymers have currently
been used as films, coatings microelectronics devices [37, 55-60].

A new monomer (4-(4’-trifluoromethyl)phenoxyphenyDhydro-
quinone (TFPOPH) was synthesized in a three-step synthesis. A
series of poly (aryl ether ketone) copolymers were prepared by the
reaction of (4-(4'-trifluoromethyl)phenoxyphenyl) hydroquinone
and hydroquinone (HQ) with 4,4’-difluorobenzophenone (DFB)
in the presence of potassium carbonate. A typical polymerization
was carried out as follows: To a three-neck round bottom flask were
added hydroquinone and (4-(4'-trifluoromethyl)-phenoxyphenyl)
hydroquinone (TFPOPH) (total 0.10mol) in molar ratios of 100:0,
80:20, 60:40, 40:60, 20:80 and 0:100, 4,4’-difluorobenzophenone
(DFB), toluene and 3.04 g (0.022 mol) of potassium carbonate
and tetramethylene sulfone (TMS) (a prescribed amount shown
in Table 10.5) and heated to 140°C to remove produced water by
azeotropic distillation with toluene and then rose up to 210°C for
4-6 h. The copolymer was precipitated by pouring the hot reaction
mixture into a large amount of distilled water, filtered, and washed
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Table 10.5 Experimental data and properties of PAEK copolymers
containing trifluoromethyl-substituted benzene in the side chain [41].
Reproduced with permission from Taylor and Francis.

No. | DFB | HQ | TFPOPH | Molar | T, | T, | T> | 7,,°

(mol) | (mol) | (mol) fractfion CO | CO | O | dL/g)

TFP(E)PH“

1 0.10 | 0.10 0.00 0.00 143 | 334 | 561 | 0.79
2 0.10 | 0.08 0.02 0.20 145 | 284 | 531 | 0.56
3 0.10 | 0.06 0.04 0.40 149 | - |575| 095
4 0.10 | 0.04 0.06 0.60 146 | - | 555 | 0.68
5 0.10 | 0.02 0.08 0.80 142 | - | 573 | 052
6 0.10 | 0.00 0.10 1.00 140 | - | 553 | 0.54

aMolar ratio of TFPOPH /(TFPOPH + HQ).

°T, is the temperature at which the weight loss of the polymer is 5.0%.

‘Measured at the concentration of 0.1 g/dL solution in 98% sulfuric acid at
258°C.

with acetone and distilled water several times. Drying at 120°C for
12 h afforded an off-white polymer in 90-95% yield.

The copolymers were characterized by DSC, TGA, X-ray and
impedance gain-phase analyzer. The results and discussion was
specified as follows:

1) Synthesis of monomer

The synthesis of the three fluorine-containing diphenol is shown in
Scheme 10.9. TFPOPH was synthesized by reducing the diquinone
compound (2) that were derived from 1,4-benzoquinone with com-
pound (1). The chemical structure of TFPOPH was confirmed by
elemental analysis, FTIR, NMR and MS.

2) Synthesis of the Copolymers Containing 4-(4'-trifluoromethyl)
phenoxyphenyl Side Chain

Scheme 10.10 outlines the synthesis of poly(aryl ether ketone)
s copolymers derived from different molar ratio of TFPOPH and
hydroquinone with 4,4’-difluorobenzophenone by the nucleophilic
substitution reaction method.
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DMSO, KOH
HZNO—OH+ CI—@—CF3 — HZNO—OO—CFa
120°C
(1)

CF,

&

HCI, NaNO, NaHCO, O

! 0-5°C o C> Q
o Q 0
)

CFqy

Zn, HCI

2 —Y Q
HOH

)

Scheme 10.9 Synthesis of monomer, (4-(4'-trifluoromethyl)phenoxyphenyl)
hydroquinone.

The polymerizations were completed at a solid content of about
20%, and toluene was used for the azeotropic removal of water. After
the completion of bisphenolate formation in about 2 h, the reaction
temperature was increased to 220°C. High molecular weight poly-
mers were readily obtained in 4-6 h. The resulting copolymers had
high inherent viscosities of 0.52-0.95 dL/g (Table 10.5).

3) Copolymer Solubility

The solubility of the PAEK copolymers is listed in Table 10.6 that
was qualitatively determined by mixing 1.5 g of solid with 8.5 g of
organic solvents, followed by stirring in nitrogen for 24 h to deter-
mine if the solid was completely or partly dissolved in organic
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Scheme 10.10 Synthesis of the copolymers containing 4-(4'-trifluoromethyl)
phenoxyphenyl moieties.

Table 10.6 Solubility of PAEK copolymers containing trifluoromethyl-
substituted benzene in the side chain [41]. Reproduced with permission
from Taylor and Francis.

No. Molar Solvent
fraction of
TFPOPH |DPMF [DMAc| NMP | THF | CH/Cl, | Acetone
1 0.00 - - - - - _
2 0.20 - - - - - -
3 0.40 - _ _
4 0.60 + + -
5 0.80 ++ ++ ++ + + -
6 1.00 ++ ++ ++ ++ ++ -

++, soluble at room temperature; +, soluble on heating; +, swelling on heating;
—, insoluble.

solvents. The solubility of poly(aryl ether ketone)s copolymers
increased with increasing content of 4-(4’-trifluoromethyl)phenoxy-
phenyl side chain. The excellent solubility of these CoPAEKSs could
be attributed to the presence of bulky pendant groups, which led to
increased free volume and broken crystallinty of polymers.




PoLY (ARYL ETHER KETONE) COPOLYMERS 371

4) Thermal Behaviors

Figure 10.18 shows the DSC traces of the quenched samples of the
copolymers in the heating run. When the molar fraction of TFPOPH
is over 0.2, the clear cold-crystallization temperature (T) and Tm
cannot be detected. For the copolymer samples with a TFPOPH
molar fraction of not more than 0.2, the T_ decreased with increas-
ing the content of TFPOPH, while T showed the reverse tendency.
These results are thought to be attributed to the disturbance of the
segmental movement and the destruction of the symmetry and reg-
ularity of the molecular chains due to the introduction of 4-(4’-tri-
fluoromethyl)phenoxyphenyl pendant group. The glass transition
temperature (T) increased and then decreased with increasing
the content of OPH moieties. One possible explanation for the
change is the affection of molecule weight [16, 61], the other is that
the introduction of bulky pendant group would block the mobility
of segments and the atom of fluorine would lead to an internal plas-
ticization in addition to the geometry and free-volume factors [62].

The 5.0% weight loss temperatures (T,) of the copolymers were
determined by thermogravimetric analysis given in Table 10.5. The
copolymers with a TFPOPH molar fraction of 0.20 showed the T
(531°C), which is little lower than that of PEEK (561°C). However,
the copolymers sustained the T, over 530°C.

F
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T T T T T T T T T T T

150 200 250 300 350

Temperature (°C)

Figure 10.18 DSC traces of PAEK copolymers containing trifluoromethyl-
substituted benzene (A) 0.00, (B) 0.20, (C) 0.40, (D) 0.60, (E) 0.80, (F) 1.00 [41].
Reproduced with permission from Taylor and Francis.
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5) Wide-angle X-ray Diffraction Analysis

The results of WAXD measurement of PEEK and the copolymers
are shown in Figure 10.19. The pattern of diffraction peaks and the
values of 20 for each diffraction peak are the same as each other,
suggesting that the crystal structure of the copolymer is a rhombic
system in the same manner as is PEEK [63].

The intensity of diffraction peaks decreased with increasing con-
tent of TFPOPH moieties. It can therefore be presumed that the
segments containing TFPOPH moieties in the copolymer are not in
the crystal unit cell of the copolymer but in the amorphous phase
between the crystalline lamellae.

6) Dielectric Constants and Water Sorption

The dielectric constants of the copolymers, as listed in Table 10.7,
were measured on the thin films. At IMHz, the dielectric constant
of conventional PEEK without pendant groups was 3.3. The dielec-
tric constants of the copolymers decreased when the bulky 4-(4’-tri-
fluoromethyl) phenoxyphenyl increased.

There is a related factor that the pendant groups may affect
the dielectric properties of the polymers. The bulky side groups
attached to the polymer main chains might have pushed the neigh-
boring chains apart, and this resulted in loosely packed polymers

Relative intensity —»
§
(
?
)

Figure 10.19 WAXD patterns’of the copolymers with the molar fraction of
TFPOPH (A) 0.00, (B) 0.20, (C) 0.40, (D) 0.60 [41]. Reproduced with permission
from Taylor and Francis.
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Table 10.7 Dielectric constant of PAEK copolymers containing trifluo-
romethylsubstituted benzene in the side chain [41]. Reproduced with
permission from Taylor and Francis.

No. DFB HQ TFPOPH | Molar Fraction Dielectric
(mol) (mol) (mol) of TFPOPH Constant

(at 1 MHz)

1 0.10 0.10 0.00 0.00 3.30

2 0.10 0.08 0.02 0.20 3.22

3 0.10 0.06 0.04 0.40 3.00

4 0.10 0.04 0.06 0.60 2.87

5 0.10 0.02 0.08 0.80 2.72

6 0.10 0.00 0.10 1.00 2.67

and a low dielectric constant. By the same token, the incorporation
of bulky pendant groups disrupted the crystallinity, leading to a
less dense amorphous structure and a decreased dielectric constant.

2. Synthesis of Poly(aryl ether ketone) Copolymers Containing
Adamantyl-substituted Naphthalene Rings

Adamantane has attracted a great interest in the fields of medicine,
polymer industry, and fine chemical industry, and so on because
of its unique physical and chemical characters. The incorporation
of adamantine as a pendant group on the polymer backbone leads
to several property modification results, which include decreasing
crystallinity, improving solubility, enhancing glass transition tem-
perature, and modifying dielectric properties of polymer [64-67].
At the same time, owing to the excellent thermal stability of ada-
mantly groups, the thermal stability of the polymer will not be
decreased by its incorporation [64, 65].

A new double adamantyl-substituted aromatic bisphenol
monomer, 4,8-bis (1-adamantly)-1,5-dihydroxynaphthalene (AdNp)
was successfully synthesized via the Friedel-Crafts reaction as
depicted Scheme 10.11, and two new PAEKSs containing adamantly
groups (Ad-PAENKSs) were synthesized based on the new monomer
of AdNp, (B-trifluoromethyl)phenyl hydroquinone (BFHQ) and
4,4’-difluorobenzophenone (DFB) via the nucleophilic aromatic sub-
stitution polymerization as depicted Scheme 10.12.
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Br HO O AICIy/PhNO, HO O g‘
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Scheme 10.11 Synthesis of 4,8-bis(1-adamantly)-1,5-dihydroxynaphthalene(AdNp).

HO OH o)
HO O A A(1-m) Y " nF—.—C—.— ! 8 )F ™S
H O CF,

K,CO,
AdNp 3FHQ DFB
{( t 0
|
;—CF "
3
m=0.25(Poly-1) (1-m)
Ad = m=0.5(Poly-2)

Scheme 10.12 Synthesis of PAENKSs containing adamantyl pendant group.

Typically, AdNp (4.28 g, 0.01 mol), 3FHQ (2.54 g, 0.01 mol), DFB
(4.36 g, 0.02 mol), and potassium carbonate (2.90 g, 0.021 mol) were
dissolved in TMS (30 mL) and toluene (10 mL) in a reaction flask
fitted with a nitrogen inlet, a mechanical stirrer, and a Dean-Stark
trap. The mixture was heated to reflux with stirring under nitro-
gen gas flow for 2 h to remove produced water by azeotropic dis-
tillation with toluene, followed by the gradual removal of toluene
from the reaction flask by increasing the flask temperature up to
220°C. The reaction mixture was maintained at 220°C with vigor-
ous stirring for 10 h and then poured into distilled water. The crude
precipitated polymer was pulverized, washed thoroughly with hot
distilled water and ethanol several times, and dried at 120°C for
24 h to yield an off-white powder. The structure and basic proper-
ties of Ad-PAENKS were characterized by several analysis methods.

The results and discussion were described as follows:

1) Synthesis of Polymers

New PAEKs containing adamantyl-substituted naphthalene
were derived from AdNp and 3FHQ with DFB by a nucleophilic
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polycondensation reaction as shown in Scheme 10.12. The polycon-
densation reaction was completed in 10 h and resulted in copoly-
mers with reasonable molecular weight and polymerized index as
summarized in Table 10.8, which indicates that in spite of the pres-
ence of the bulky adamantyl in the polymerization process, high
molecular weight polymers could be obtained by the co-polymer-
ization of AdNp with other aromatic bisphenol.

FTIR was used to characterize the structure of Ad-PAENKSs. The
characteristic absorption bands of aryl carbonyl groups appeared
near 1660 cm™, and that of aryl ether linkages at 1220 cm™; the
characteristic absorption bands of adamantyl groups appeared at
about 2920 cm™ (—CH,—) and 2850 cm™ (—CH,—), and proved
that the adamantyl groups were successfully incorporated into the
polymers, which confirmed that the nucleophilic polycondensa-
tions proceeded, leading to the formation of Ad-PAENKS.

2) Characterization of Ad-PAENKs

The solubilities of Ad-PAENKSs were tested in various solvents (see
Table 10.9). All Ad-PAENKSs were soluble at room temperature in
polar solvents such as DMAc, NMP, CHCl,, and THF. The good
solubilities of the polymers were attributed to the incorporation of
bulky (3-trifluoromethyl) phenyl and adamantly groups, which led
to increasing the free volume and destroying the crystallinity of the
polymers. Also, they were easy to form films by solution casting
technique owing to their good solubilities.

The T s of the adamantyl substituted polymers were determined
by DSC. The results are given in Table 10.8. The glass transition
temperature (T ) dramatically increased with increasing the con-
tent of adamantly moiety. When the AdNp molar fraction was up
to 50% (Poly-2), a Tg of 205°C was displayed, which is a marked
increase of 70°C compared to that of the homopolymer (135°C [68])
derived from 3FHQ and DFB and is considerably higher than the
value reported for commercial PEEK (VitrexTM, 143°C). This large
increase in T, may be attributed to the bulky adamantane group
inhibiting chain mobility [64]. The DSC traces of the copolymers
indicate that they had no melting transitions, which are considered
to be attributed to the destruction of the regularity of the molecu-
lar chains and the crystallinity of polymers owing to the introduc-
tion of trifluoromethyl and adamantyl-substituted naphthalene
groups. According to the TGA test as summarized in Table 10.8,
the Ad-PAENKS exhibit good thermal stability and have 5% weight
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Table 10.9 Solubility behavior of PAENKSs containing adamantyl
pendent group [40].
Polymer Solvent
Acetone | DMAc CHCI, THF NMP
Poly-1 - + + + +
Poly-2 - + + + +

+, Soluble at room temperature; —, insoluble.

loss (DT)) at temperatures around 490°C in nitrogen, which showed
that the introduction of the bulky aliphatic adamantyl groups had
not significantly reduced the thermal stability of the polymers. This
result can be attributed to the unique multi-cage structure of the
adamantyl groups, which leads to the high thermal stability of ada-
mantly groups [64]. The mechanical properties of the polymer thin
films cast from CHCI, are summarized in Table 10.10.

All the films are transparent, tan, and rigid. Their Young’s moduli
are similar to that of commercial PEEK (Vitrex™, 2.21 GPa); how-
ever, their tensile strength and elongation at break rapidly decrease
with the increased molar fraction of AdNp.

10.6 Synthesis and Characterization of poly
(aryl ether ketone) copolymers with
Containing 2,7 -Naphthalene Moieties

In order to develop materials with properties and structural modi-
fications, such as introducing crosslinking lateral groups and func-
tional groups onto the main chain of a polymer or synthesizing
copolymers have been attempted [69-72]. Naphthalene rings have
been introduced into polymer structures by some authors since a
naphthalene ring has a larger volume than a benzene ring, which
can enlarge the proportion of rigid groups in a main chain, reduce
the mobility of segments and therefore increase the T s of polymers
[73-82]. A series of poly (aryl ether ketone) copolymers containing
naphthalene moieties (PANEKSs) were synthesized via a nucleo-
philic substitution reaction. It was made up of hydroquinone (HQ),
2,7-dihydroxynaphthalene (DHN) and 4,4" -difluorobenzophenone
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Table 10.10 Mechanical properties of PAENKSs containing adamantyl
pendent group [40].

Polymer Tensile Young'’s Modulus Elongation at
Strength (MPa) (GPa) Break (%)

Poly-1 89.4 1.95 7

Poly-2 55.0 2.15 3

(DFB). The paper’s attention is focused on the relationship between
the polymer compositions and the balance between their T,and T .

A typical procedure, DFB (0.20 mol) and diphenyl sulfone (DP$)
(a prescribed amount shown in Table 10.11) were added into a
three-necked round bottom flask and heated to 160°C to give a
homogenous solution. With stirring and under nitrogen protec-
tion, HQ and DHN (with a total amount of 0.2000 mol) with molar
ratios of 95:5, 90:10, 85:15, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70,
20:80, 10:90, and 0:100 were added into the solution, respectively.
In a typical process, after reacting at 200°C for 1 h, the mixture was
gradually heated to 280-330°C, and kept at the temperature for
3—6 h. The copolymer was precipitated by pouring the hot mixture
into a large amount of distilled water, ground, and washed with
acetone and distilled water several times. Poly (aryl ether ketone)
copolymers containing 2,7-naphthalene moieties were obtained
after drying at 120°C for 12 h.

Poly (aryl ether ketone) copolymers having various composi-
tions of 2.7-dihydroxynaphthalene and HQ were synthesized by
the nucleophilic substitution reaction of 4,4’ -difluorobenzophenone
(DFB) with HQ and DHN in the presence of sodium carbonate and
potassium carbonate (Scheme 10.13).

The copolymers were characterized by DSC, TGA and WAXD,
etc. The results were discussed as follows:

1) FTIR Spectral Analysis

The FTIR spectra of the synthesized polymers are shown in
Figure 10.20. It is obvious that there are four types of ether stretch-
ing corresponding to four types of ether linkages in the copolymers
containing naphthalene moieties, which are denoted as A, B, C and
D in Scheme 10.14. The ether stretching (corresponding to A) will
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Scheme 10.13 Polymerization reaction of DBF with HQ and DHN.
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Figure 10.20 IR spectra of the PANEK copolymers with different molar fractions
of DHN. a. 0.05; b. 0.10; c. 0.15; d. 0.20; e. 0.30; £. 0.40; g. 0.60; h. 0.90 [33].

0O — Yy o
A B cC D
Scheme 10.14 Four types of ether linkages in copolymer PANEK.

decrease with increasing the naphthalene moieties in the copoly-
mers. On the contrary, the ether stretching (corresponding to C) will
increase. The ether stretching (corresponding to B) and the ether
stretching (corresponding to D) will result in the absorbance peaks
with similar positions in the infrared spectra with the assump-
tion that the long-range interaction could be ignored. Figure 10.20
shows the infrared spectra in the ether stretching region (1100 to
1300 cm™) of the copolymers containing naphthalene moieties,
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in which three absorbance peaks are observed. The absorption at
1220 cm™, the absorbance of which decreases with increasing the
naphthalene moieties in the copolymers, is assigned to the ether
stretching (corresponding to A in Scheme 10.14).

The absorption at 1180 cm™ is enhanced with increasing the
naphthalene moieties and is assigned to the ether stretching (cor-
responding to C). The absorption at 1200 cm™ is attributed to the
synergetic effect of the ether stretching (corresponding to B) and
the ether stretching (corresponding to D), which is constant when
the naphthalene content of the copolymer is varying.

2) Thermal Behavior

Figure 10.21 shows the DSC thermograms of the quenched samples
of the copolymers. The composition dependencies of T and T_ for
the copolymers are shown in Table 10.11. The T values increase
with increasing the content of the naphthalene moieties. When
the molar fraction of DHN is over 0.3, the peaks corresponding
to the clear cold-crystallization temperature (T") and T_ cannot
be detected. For the synthesized copolymers with a DHN molar
fraction being less than 0.3, the T_ decreases with increasing the
content of the naphthalene moieties, while T’. shows a reverse

i

Exothermic

xf§—f—

150 200 250 300 350
t/°C

Figure 10.21 DSC thermograms recorded during the first runs at 20°C/min for
the quenched samples of PAEK copolymers. Molar fraction of DHN: a. 1.00; b.
0.90; . 0.80; d. 0.70; e. 0.60; J. 0.50; g. 0.40; h. 0.30; i. 0.20; j. 0.15; k. 0.10; 1. 0.05 [33].
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tendency. These results are attributed to the disturbance of the
segmental movement and the destruction of the symmetry and
regularity of the molecular chains due to the introduction of the
naphthalene moieties.

3) TGA analysis

The 5% weight loss temperatures (T,) of the copolymers were
determined by thermogravimetric analysis. T, decreases with
increasing the content of the naphthalene moieties (Table 10.11).
However, the polymer containing a DHN molar fraction of 100%
with the poorest heat resistance shows a T, over 450°C (Table 10.11
and Figure 10.22).

4) Wide-angle X-ray Diffraction Analysis

The results of WAXD measurements of the semi-crystalline copo-
lymers are shown in Figure 10.23. The patterns of the diffraction
peaks, the values of 28 for each diffraction peak and crystal cell
parameters are the same for all the samples, suggesting that the
crystal structures of the copolymers belong to a rhombic system
in the same manner as that of PEEK [81]. The intensities of the
diffraction peaks decrease with the increase of the content of the

90 -

(1-a) (%)

60 -

1 1

0 300 600 900
trc

Figure 10.22 The TGA curve of the PAEK copolymer with the molar fraction of
DHA to be 1.00% [33].
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Figure 10.23 WAXD patterns of the PAEK copolymers with various molar
fractions of DHN. a. 0.05; b. 0.10; c. 0.15; d. 0.20; e. 0.30; . 0.40; g. 0.50 [33].

naphthalene moieties. It can therefore be presumed that the seg-
ments containing naphthalene moieties in the copolymers are not
in the crystal unit cell of the copolymers, but in the amorphous
phase between the crystalline lamellae.
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Liquid Crystalline Thermoset
Epoxy Resins
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Abstract

The increasing demand of new materials for aircraft industry has pushed
resin suppliers to identify on new systems to meet the requirement for high
performance composite applications. Many efforts were directed towards
the increase of toughness by means of admitting functionalized rubbers in
glassy thermosets. However, higher fracture energies are negatively bal-
anced by T, reduction and consequently decrease of mechanical proper-
ties. Hence, as far as composite applications are concerned, the goal is to
design resin with high Tg, high modulus and superior fracture toughness.
With demand for new high performance polymers, the scientific commu-
nity devoted many efforts to synthesis of liquid crystalline polymers. The
synthesis of the some of the important Liquid Crystalline Epoxy Resins is
disclosed. The cure reaction of LCERs can have a large influence on the
liquid crystalline phase as physical properties of the final cured material.
The mechanical and thermal properties of the LCT are discussed in this
chapter.

Keywords: Liquid crystalline thermosets, liquid crystalline epoxy resins,
curing reactions, mechanical properties, thermal properties

11.1 Liquid Crystals

The name liquid crystals suggests that it is a state of a matter in
between the liquid and crystal that mixes the properties of both lig-
uid and solid states and intermediate between the two in many of
its property. In other words, liquid crystals are partially ordered,
anisotropic fluids, thermodynamically located between the three
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dimensionally ordered solid state crystal and isotropic liquid as
shown in Figure 11.1 and this is the origin of the term mesogenic
state, used synonymously with liquid crystal state. Material that
exhibit such unusual properties are often called mesogens and the
various phases in which they could exist are termed mesophases.
The anisotropic nature of liquid crystals is responsible for the unique
optical properties exploited by scientists and engineers in a variety
of applications. The molecules in liquid crystal phases diffuse much
like molecules in a liquid, but they maintain some degree of orienta-
tional order and sometimes some positional order too. The amount
of order in a liquid is quite small as compared to a crystal. Liquid
crystalline materials are generally divided into two categories the
thermotropic and the lyotropic mesophases. Thermotropic liquid
crystal phases are observed by a change of temperature, while lyo-
tropic phases form in the presence of a suitable (isotropic) solvent.
Liquid crystalline materials in general may have various types
of molecular structure. What they all have in common is that they
are anisotropic. Either their shape is such that one axis is very dif-
ferent from the other. Thermotropic liquid crystals are generally
further distinguished with respect to the molecular shape of the
constituent molecules, being called calamitic for rod-like, discotic for
disk-like, and sanidic for brick- or lath-like molecules as shown in
Figure 11.2. A common structural feature of calamitic mesogens is
that the mesogenic molecule be fairly rigid for at least some por-
tion of its length, often incorporating phenyl and biphenyl groups,
and two flexible end groups, often alkyl or alkoxy chains, since
it must maintain an elongated shape to produce interactions that
favor alignment. In discotic mesogens six flexible end groups are
commonly attached to a rigid, disk-like core. Obviously, numerous

Figure 11.1 Schematic representation of the order of solid, liquid crystal and
liquid.
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Figure 11.2 Classification of liquid crystals. Reproduced from reference 6.

variations to these general molecular structures may be imple-
mented, leading to the large variety of mesogenic compounds.

Based on the arrangement of molecules (in terms of their orien-
tational and translational degrees of freedom), the liquid crystalline
phases are classified broadly in to two main types: nematic and smec-
tic mesophases. The nematic mesophase frequently adopts a charac-
teristics “threaded” texture, clearly visible between crossed Polaroid,
and the word nematic stems from the Greek, nematos-thread-like.
The word “smectic” is derived from the Greek word for soap. This is
explained by the fact that the thick, slippery substance often found
at the bottom of a soap dish is actually a type of smectic liquid crys-
tal. The nematic phase is the simplest liquid crystal phase. In this
phase the molecules maintain a preferred orientational direction
as they diffuse throughout the sample with no positional order but
tend to point in the same direction along the director. When the crys-
talline order is lost in two dimensions, one obtains stacks of two-
dimensional liquids: such systems are called smectics. In smectic
phases molecules show a degree of translational order, tend to align
themselves in layers or planes with a well-defined interlayer spac-
ing. There exist several types of smectic phase with layer structures
in which the molecules inside the layer possess effective rotational
symmetry around their long axes and are arranged in a hexagonal
(Sy) or pseudo hexagonal (S, S, 5, 5) manner. Some of the smectic
phases are showed in Figure 11.3.
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Figure 11.3 Schematic representation of Nematic, Smectic-A and Smectic-C
phases.

To quantify just how much order is present in a material, an
order parameter (S) is defined. Traditionally, the order parameter
is given as follows:

==

S=(1/2)(Bcos28-1)

Where, 6 is the angle between the director and the long axis
of each molecule. In an isotropic liquid, the average of the cosine
terms is zero, and therefore the order parameter is equal to zero.
For a perfect crystal, the order parameter evaluates to one. Typical
values for order parameter of a liquid crystal range between 0.3 and
0.9, with exact value a function of temperature, as a result of kinetic
molecular motion [1-10].

11.1.1 Characterization of Liquid Crystals

Different experimental techniques have been used to character-
ize structural and phase behavior of liquid crystalline materi-
als. Polarizing optical microscopy is one of the essential tools for
the characterization of newly synthesized mesogenic materials,
together with differential scanning calorimetry (DSC) and x-ray
investigations, while DSC provides information on phase transi-
tion temperatures and order of transitions. X-ray investigations for
actual structural evaluation, i. e. determination of phase type, have
to be performed on macroscopically well oriented samples, which
is often time consuming and sometimes hard to realize. Therefore
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X-ray studies are often carried out on unoriented samples, while
the results only allow limited characterization of the structural fea-
tures. X-ray studies are very much useful especially to identify the
ordered smectic phases. Polarizing microscopy on the other hand
can provide a determination of both phase transition temperatures
and phase type [5-7].

11.1.2 Electric and Magnetic Field Effects

The response of liquid crystal molecules to an electric field is the
major characteristic utilized in industrial applications. The ability
of the director to align along an external field is caused by electric
nature of the molecules. When an external electric field is applied to
liquid crystal, the dipole molecules tend to orient themselves along
the direction of the field [10].

In the diagram below (Figure 11.4), the black arrows represent the
electric field vector and the gray arrows show the electric force on
the molecule. Even if a molecule does not form a permanent dipole,
it can still be influenced by an electric field. In some cases, the field
produces slight re-arrangement of electrons and protons in mole-
cules such that an induced electric dipole results. While not as strong
as permanent dipoles, orientation with external field still occurs.

The effects of magnetic fields on liquid crystal molecules are anal-
ogous to electric fields. Because magnetic fields are generated by
moving electric charges, permanent magnetic dipoles are produced
by electrons moving about atoms. When a magnetic field is applied,
the molecules will tend to align with or against the field [6-9].

+

‘-i--;-_b

|

>

Figure 11.4 Representation of the alignment of a liquid crystal molecule in an
electric field.
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11.1.3 Liquid Crystalline Polymers (LCPs)

The liquid crystalline polymers are generally comprises of low
molecular weight mesogenic moieties. This means that the same
mesophases can be obtained for liquid crystalline polymers as to
that of low molecular weight counterparts. At the same time, they
combine the properties of polymers with those of liquid crystals.
Generally, liquid crystalline polymers are classified into two types.
The placement of the mesogens play a major role in determining
the type of LCPs, such as Main-Chain Liquid Crystalline Polymers
(MC-LCPs) are formed when the mesogens are themselves part
of the main chain of a polymer. Conversely, Side-Chain Liquid
Crystalline Polymers (SC-LCPs) are formed when the mesogens
are connected as side chains to the polymer by a flexible “bridge”
(called the spacer normally methylene units).

A number of liquid crystal polymers (LCPs) were produced in
the 1970s which displayed order in the melt (liquid) phase analo-
gous to that exhibited by non-polymeric liquid crystals. However,
the commercial introduction of liquid crystal polymer resins did
not occur until 1984, at that time liquid crystal polymers could not
be injection molded. Today, liquid crystal polymers can be melt
processed on conventional equipment at fast speeds with excellent
replication of mold details and efficient use of regrind [11].

11.2 Liquid Crystalline Thermosets Based on
Epoxy Resins

As one of the most widely used thermoset materials, epoxy resins
have special chemical characteristics compared with other thermo-
setting resins: no byproducts or volatiles are formed during curing
reactions, thus shrinkage is low; epoxy resins are cured over a wide
range of temperatures; and the degree of cross-linking can be con-
trolled. Depending on the chemical structure of curing agents and
on curing conditions, the properties of cured epoxy resins are versa-
tile, including excellent chemical and heat resistance, high adhesive
strength, low shrinkage, good impact resistance, high strength and
hardness, and high electrical insulation. Curing can result in a tri-
dimensional network with properties depending on the extent and
density of crosslinking. Aromatic amines generally lead to thermo-
sets with higher T s, superior thermal resistance and mechanical
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performances. If aliphatic acids are used as curing agents a more
flexible material will result with lower T_ [12-15].

The increasing demand of new materials for aircraft industry
has pushed resin suppliers to identify on new systems to meet the
requirement for high performance composite applications. Many
efforts were directed towards the increase of toughness by means of
admitting functionalized rubbers in glassy thermosets. However,
higher fracture energies are negatively balanced by T, reduction
and consequently decrease of mechanical properties. Hence, as far
as composite applications are concerned, the goal is to design resin
with high Tg, high modulus and superior fracture toughness. With
demand for new high performance polymers, the scientific com-
munity devoted many efforts to synthesis of liquid crystalline poly-
mers [16, 171].

In the early stage, in 1975, De Gennes [18] suggested that nem-
atic polymers might be cross linked to produce networks of quite
remarkable properties such as high strength, low creep, excellent
corrosion and weather resistance. These characteristics arise by the
incorporation of mesogenic structures in the cured networks and
the resultant materials are called as liquid crystalline thermosets
(LCTs). The low viscosity of LCTs in the initial stage of processing
make it possible to fill complicated molds easily or thoroughly pen-
etrating the fiber weaves or mats for the formation of composites
[19-21]. The microstructure of LCTs, having overall isotropic prop-
erties, consists of anisotropic domains with properties, such as
strength, different along and across their molecular orientations.
This leads to the deviation of crack propagation from a straight
line and suggests that in-homogeneities and localized anisotropy
of nematic structure are the main reasons for gain of mechanical
properties in liquid crystalline materials.

Liquid crystalline epoxy resins (LCERs) may be obtained by
end-capping mesogenic or rigid-rod molecules with reactive
epoxy groups (crosslinking end-groups) (Figure 11.5) in the pres-
ence of suitable curing agent, typically diamines. While this gen-
eral concept implies that the monomer and cured thermoset have
the same liquid crystalline order, in fact the liquid crystalline order
can be affected by the cure reaction. The selection of both glycidyl
terminated compound and curing agent are important to achieve
an ordered thermoset and that it is not essential the epoxy mono-
mer and curing agent form a liquid crystalline phase by them-
selves [22]. The structural difference between some of conventional
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Figure 11.5 Rigid monomers for the preparation of LCERs.

epoxy resins and LCERs can be found from Figure 11.5 and Figure
11.6 respectively. If geometry of bisphenol A (Figure 11.6) is taken
into account, it can be easily demonstrated that this molecule is
kinked: therefore, in order to get a liquid crystalline structure for
cured epoxy resin, new glycidyl terminated monomers, having a
rigid skeleton, needed to be synthesized (Figure 11.5.)

Epoxy LC networks were first claimed in a Japanese Patent issued
in 1984 [23]. Followed by, Bayer AG and the Dow Chemical Company
were issued a number of patents on thermosets based on glycidyl
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Figure 11.6 Some of the conventional epoxy resins.

end-capped mesogenic structures [24-26]. These LC epoxy systems
consisted of rigid-rod monomers such as the diglycidyl ethers of
4-hydroxyphenyl 4-hydroxybenzoate, 4,4’-dihydroxybiphenol and
4,4’-dihydroxy-a-methylstilbene (shown in Figure 11.5) cross-linked
with a variety of reagents; for example, with anhydrides, amines and
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sulfanilamide. Retention of the mesomorphic character of the mono-
mers in the resulting networks was described despite the introduc-
tion of non-LC crosslinking reagents during the curing reaction.

11.3 Synthesis and Physical Properties of LCERs

11.3.1 Synthesis of LCERs

Various types LCERs are available in the literature, however the
synthesis of the some of the important LCERs are discussed in this
section. To find the effect of mesogenic structure on the properties
of LCER, the mesogenic length of the LCER was changed by chang-
ing the length of the rigid rod unit of LCER and it was correlated
with the curing behavior and thermomechanical properties of LCE
resins. The structure of the LCERs is depicted in Figure 11.7 fol-
lowed by synthetic procedure [27].

LCER 1 [1,4-Di(2,3-epoxypropenyloxy)benzene)]. Diallyl mono-
mer 1,4-Di(2-propenyloxy)benzene (19 g, 0.2 mol) was added to
300 ml CH,CI, solution containing 3-chloroperoxybenzoic acid
(78 g 0.45 mol) and the mixture was boiled for 48 h, cooled and

Aoy B

LCER1
Q o o)
B0 (O bo (Gyon
LCER2
(0] O Q
Ao -0 -8
LCER3
0 0 o} 0 0
Bro(-doO-ot -0t 8
LCER4

Figure 11.7 Chemical structures of liquid crystalline epoxy resins with deferent
mesogenic length. Reproduced from reference 27.
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filtered. The filtrate is washed with 5% aqueous solution of Na,SO,
(200 ml), 5% aqueous solution of NaHSO, (200 ml) and saturated
aqueous solution of NaCl (200 ml). The CH,Cl, layer was dried over
MgSO, and CH,Cl, was evaporated. Yield: 68% (30 g) Tm: 113°C.

The similar procedure was adopted for the synthesis of LCER 2,
LCER 3 and LCER 4 as described for the synthesis of LCER 1 with
small variations. LCER 2 [4,4'-Di(2,3-epoxypropenyloxy)phe-
nyl benzoate] was prepared by oxidizing the diallyl monomer
4,4’-Di(2-propenyloxy)phenyl benzoate (31 g, 0.1 mol) with 3-chlo-
roperoxybenzoic acid and recrystallizing the product in acetonitrile/
isopropanol (1:1). Yield: 75% (25 g) T_: 116°C. LCER 3 [p-Phenylene-
dil4-(2,3-epoxypropenyloxy)benzoate] was synthesized by oxidiz-
ing dially] monomer p-phenylene-di[4-(2-propenyloxy)benzoate]
(13 g, 0.030 mol), obtained pure product after recrystallization from
ethylacetate/isopropanol. Yield: 68% (8.9 g). The pure product of
LCER 4 [4,4’-di[4"-(2,3-epoxypropenyloxy)benzoyloxy]phenyl ben-
zoate] was obtained by oxidizing the diallyl monomer 4,4’-di[4"-(2,3-
epoxypropenyloxy)benzoyloxylphenyl benzoate. Yield: 66% (7.7 g).

Two series of liquid-crystalline epoxy resins were prepared by
varying spacer length (methylene groups) as well as central aro-
matic imine mesogen (naphthalene and biphenylene) linked to
glycidylic groups as presented in Figure 11.8a and b [28, 29] respec-
tively and the procedure for synthesis of naphthalene containing
epoxy resins is given as follows [28].

Synthesis of N,N’-bis[(4-(2,3-epoxypropoxy)-benzyliden)
naphthalene-1,5-diamine] (A): A mixture of epichlorohydrin
(6 mol) and the bisphenol N,N’-bis[(4-hydroxybenzylidene)-
naphthalene-1,5-diamine] (0.1 mol) was heated to 110°C, and
solid benzyltrimethylammonium chloride (BTMA), (0.01 mol) was
added in one batch and the mixture was heated at reflux temper-
ature for 30 min. A homogeneous solution was formed cooled to
room temperature, and the solid that crystallized upon cooling was
filtered off, washed with ether, and dried in vacuo. The product was
recrystallized from benzene. Yield: 80%; mp: 212-215°C.

Synthesis of diglycidylic compounds A2, A4, A6, A8, and A10:
A mixture of bisphenol {N,N’-bis[(4-hydroxybenzylidene)- naph-
thalene-1,5-diamine]} (5 mmol), (w -bromo-1-alkyl) glycidylether
(10 mmol), K,CO, (25 mmol), and 18-crown-6 (0.5 mmol) in 50
mL of acetone was heated at reflux temperature for 24 h. The sol-
vent was evaporated, and the solid was dissolved in CH,Cl, and
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washed with water. The organic phase was evaporated under vac-
uum to obtain a solid that was recrystallized from benzene and
dried in vacuo. The structure of all five diepoxides is conformed
by, FTIR, 'H NMR and "“C NMR spectroscopy. The biphenyl con-
taining LCERs can also prepared in the similar manner with slight
modifications.

11.3.2 Cure Behavior LCERs

The cure reaction of LCERs can have a large influence on the lig-
uid crystalline phase as physical properties of the final cured mate-
rial. Depending on the nature of the LC monomer and the type of
reactive group, the liquid crystalline order may either decrease or
increase as a result of the cure. Thus, examples exist in the litera-
ture of LCT’s that undergo transitions from isotropic to nematic or
smectic phases from nematic to smectics from nematic or smectic to
isotropic and from smectic to nematic [30-37].

To clearly illustrate the phase changes that occur during cure
and their relationship to physical and chemical changes, Cho and
Douglas proposed a liquid crystalline phase-time-temperature-
transformation (LCPTTT) diagram, as shown in Figure 11.9. To con-
struct these diagrams, DOMS (Figure 11.10) was melted at 150°C,
and a stoichiometric amount of sulfanilamide (SAA) was dissolved
in the melt. The mixture was poured into an aluminum boat and
kept in a freezer to prevent further reaction. The DOMS formula-
tion was placed between two 12 mm round, glass microscope cov-
erslips and isothermally cured at various temperature between 120
and 170°C. Gelation and vitrification are determined using oscil-
latory parallel plate rheology, and the liquid crystalline phases are
observed with optical microscopy between crossed polarizers by
heating the monomer isothermally [38].

For this material the order increases during cure, changing from
isotropic to smectic A. The DOMS monomer itself is actually a
monotropic nematic. The formation of the smectic phase during
cure is directly attributable to the use of sulfonilamide (SAA) as the
curing agent. The two amine groups of SAA have unequal reactivi-
ties. Thus, during cure the aromatic amine preferentially reacts with
the epoxide groups of DOMS first, allowing primarily chain exten-
sion to occur. Entropic considerations suggest that as the length of
the rod increases, it will undergo a transition from a disordered to
an ordered phase. This ordering is likely enhanced by electronic
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Figure 11.9 LCPTTT diagram for DOMS/SAA stoichiometric mixtures. All
phase changes and physical changes are observed during isothermal cure. Light
grey indicates the region where the material is isotropic, dark grey indicates
smectic, and white indicates a biphasic structure. Filled circles are the gel times
at each temperature and open circles are the vitrification times. Reproduced from
reference 38.

DOMS

SAA

Figure 11.10 Structure of 4,4’-diglycidyloxy-o-methylstilbene (DOMS) and
sulfanilamide (SAA)

interactions between stilbene units on neighboring chains. In the
later stages of cure sulfonamide groups react with remaining epox-
ide groups, causing crosslinking.

Figures 11.11 and 11.12 explains gelation and liquid crystalline
phase development in a liquid crystalline epoxy curing system.
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Figure 11.11 Temperature vs conversion for phase transition (*) and gelation (o).
Reproduced from reference 38.
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Figure 11.12 Idealized plot for cure temperature vs time or conversion.
Reproduced from reference 38.

Figure 11.11 shows the conversion at the gel point as a function of
cure temperature.

Even though DOMS/SAA experiences different amounts of cure
in liquid crystalline phases at different cure temperature, the sys-
tem seems to hold isoconversion theory of gelation. For example, at
the cure temperature of 120°C, cure in the isotropic phase occurs up
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to a conversion of 25%, while at 160°C cure in the isotropic phase
occurs up to a conversion of 59% (Table 11.1). At both temperatures
gelation occurs at 70% conversion, so at 120°C considerably more of
the reaction prior to gelation occurs in the liquid crystalline phase.
Even though the amount of reaction that occurs in the liquid crys-
talline phase is different at these different cure temperatures, the
isoconversion theory of gelation fits quite well. Thus, gelation is
independent of liquid crystalline phase as well as cure temperature.

Figure 11.11 also shows the plot of phase transition temperature vs
conversion. In contrast to gelation, the phase transitions do not show
isoconversion behavior. Instead, the conversion at the point where the
isotropic phase changes to a liquid crystalline phase tends to increase
with temperature. This is due to the fact that critical length of the
molecules needed for liquid crystallinity increases with temperature.

Figure 11.12 is an idealized plot that explains this phenomenon.
The straight line shows the increase of isotropization temperature
with increasing cure time or molecular length (i.e., conversion).
If DOMS is cured at temperature A, it will start to show liquid
crystallinity at point X, where the straight line and cure tempera-
ture line cross. If the cure temperature increases to B, DOMS needs
more time to show liquid crystallinity (X’). Therefore, molecular
length needs to be longer; i.e., the conversion needs to be higher.
This result indicates the increase in transformation time as cure
temperature increases for DOMS-SA A system (isotropic-to-smectic
transition) suggesting that this is a general phenomenon related to
mechanism of epoxy cure and is not dependent on type of liquid
crystalline phase that forms.

Table 11.1 Times of liquid crystalline phase appearance (t, ), gel point
(tgel), and conversion at phase transition (¢, ) and at gel point (agel)'
Reproduced from reference 38.

T (°C) t, (min) t . (min) o, (%) o, (%)
120 48.03 222.50 25.17 70.16
130 37.52 131.50 28.10 64.56
140 30.05 44.50 41.49 64.14
150 26.7Q 37.00 46.27 69.44
160 19.00 28.50 58.63 69.71
170 14.93 22.00 54,73 68.15
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Finally, it is summarized that by curing the liquid crystalline
epoxy, 4,4"-diglycidyloxy-a-methylstilbene, with the curing agent,
sulfanilamide, the isoconversion theory of gelation was confirmed;
i.e., the conversion at gelation was uniform regardless of the liquid
crystalline phase as well as cure temperature. This result indicates
that the actual network formed by these molecules is unaffected by
any long-range order that may be present and is only controlled
by the functionality of the individual molecules. It is to be noted
that this study does not address the issue of whether the reaction
actually occurs at a faster rate in liquid crystalline phase, but rather
that gelation occurs in the same manner as non-liquid crystalline
epoxies with respect to conversion dependence and structure of the
resulting network.

11.3.3 Properties of Liquid Crystal Epoxy Thermosets
Cured in a Magnetic Field

The use of a magnetic field to prepare macroscopically oriented
polymers has an important advantage over mechanical stretch-
ing or electrical alignment since samples with different geometries
(rods, sheets, and blocks) can be readily prepared [39-48].

Influence of the field on molecular alignment

By comparing X-ray diffraction images obtained for the same sam-
ple cured in an external magnetic field and out of field, it is pos-
sible to estimate the influence of the field on direction and quality
of molecular alignment in the investigated sample. Examples of
diffraction patterns for MU (Figure 11.13) material are shown in
Figure 11.14.

Samples without externally enforced orientation exhibit some
spontaneous alignment of the molecules in the direction roughly
parallel to the capillary axis, due to interactions with boundary sur-
faces. After applying a magnetic field in the direction perpendicu-
lar to the capillary axis orientation of the molecules changes and
the crescent-shaped reflections become shorter and less diffuse.
This means that the applied magnetic field of 1.8T was quite effec-
tive in enforcing requested orientation of the sample [49].

Mechanical properties

Compared to samples cured outside the field under the same con-
ditions, the oriented LCTs show an improvement in their mechani-
cal properties for the diepoxides and diamines combinations



404 Hica PERFORMANCE POLYMERS AND ENGINEERING PLASTICS
Q Q Q Q
HZC\—?C—(HZC)Z—C—O C-0 0-C O—C—(CHZ)Z—C(I'/CHz
o o]

MU

o)

o
H,C—HC—(H,C),~C OOL—N@—O ('c'): (CH,),—CH-CH
2 \ / 212 2/2 \ / 2
o AU 0
Dol
DDM

Figure 11.13 Chemical structure of bis[4-(4,5-epoxypentanoyloxy)benzoate]
p-phenylene (MU), 4,4'-bis(4,5- epoxypentanate) azoxydiphenyl (AU) and
4 4'-diaminodiphenylmethane

Figure 11.14 Examples of diffraction patterns for MU compound, registered at
T = 180°C (a) without magnetic field, (b) with external magnetic field of B = 1.8T.
Reproduced from reference 49.

(Figure 11.15, Table 11.2). Diepoxide A exhibits a nematic phase
from 175 to 250°C. Diepoxide B melts directly to form a liquid at
155°C, but a monotropic smectic phase was observed upon cool-
ing of the isotropic phase to 147°C. Mixtures of A and B exhibit
an enantiomeric nematic phase when the weight percentage of B
ranges from 0 to 50%. The diamine C melts at 124°C and does not
exhibit any mesomorphism but can form nematic mixtures with
compound A or B [50]. To study the effect of macroscopic molecu-
lar orientation on the mechanical properties of the LCTs, two sam-
ples with a diepoxide/diamine mole ratio of 4:1 were cured in a
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Figure 11.15 Chemical structures of diepoxide monomers and cross-linking
agent. Reproduced from reference 51.

Table 11.2 Tensile properties of selected samples. Reproduced from
reference 51.

Sample No. Tensile Elongation | Break Strength
Modulus (GPa) | at Break (%) (MPa)
A/C, unoriented 1.44 6.15 155
A/C, oriented 2.48 10.65 334
[A+B]/C, unoriented 1.85 6.08 20.2
[A+B]/C, oriented 2.98 11.24 425

magnetic field for 6 h. For one sample, only diepoxides A is used;
for the other, the mole ratio of A/B was 4:1. The measured mechan-
ical properties of the unoriented and oriented polymers are listed
in Table 11.2. The data show that the modulus, break strength, and
elongation for both oriented samples were about 2 times as large
as the corresponding parameters for unoriented polymer samples.
The tensile modulus and elongation at break are comparable to
those of most commercial epoxy resins, but the break strength is
40-50% smaller. The likely reason for this behavior is the rigidity
of the mesogenic core of the monomers, which is nevertheless a
basic requirement for the formation of liquid crystals. The storage
modulus also increased by a factor of about 1.8. Interestingly, the
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glass transition temperature and the cross-linking density of the
oriented sample are smaller than those of the sample cured outside
the magnetic field. A possible explanation for this behavior is that
the magnetic field aligns the monomer molecules, and the extent of
cross-linking is reduced in the curing process [51].

11.3.4 Curing of LCERs at Different Temperatures

Depending on the temperature, the reaction may require different
amounts of time to reach its completion. By varying the curing tem-
perature it is possible to obtain a cross-linked resin in a nematic, or
isotropic structure. It is also well known that temperature of cur-
ing affects the properties of final product. High temperatures may
cause thermal degradation of material. Temperatures too low may
prevent full cure, leaving many of the reactive groups still not con-
verted. One of potentially important factors in the case of liquid
crystalline materials is the relation between temperature of curing
and temperature range of the mesophases [52, 53].

The curing of a diepoxide (AU) with DDM (Figure 11.13) carried
out at different temperatures can be compared from the dynamic DSC
curves (Figure 11.16) recorded for products cured in 120°C, 140°C and
160°C. The data demonstrate that stable materials with no phase tran-
sitions were formed (despite the small peak visible at about 50°C in
all the cases), however the shapes of individual curves are somewhat
different. Therefore it can be concluded that - as expected - different

0 _
~0.1 1 ]
4 T=120%
o
2 o2
3 ! 2 T-140%
k=]
3 0.3 R
T =2 T=160%
—0.44
T T T T
=053 70 120 170 220

T[C]

Figure 11.16 Dynamic DSC thermograms for the products of AU/DDM
system cured at various temperatures. Data recorded in the course of heating.
Reproduced from reference 49.
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conditions of cure and varying dynamics of the reaction lead to slightly
different final products, which is a common observation for epoxy
resins. However the structural order of the finally cured products can
be conformed by WAXS and DSC techniques.

11.3.5 Curing of LCERs with Deferent Curing Agents

Curing of LCERs with different curing agent like primary aro-
matic diamines and tertiary amines etc may affect the formation
of liquid-crystalline phases as well as the properties of the cured
thermosets. For example crosslinking of biphenyl epoxy monomers
(Figure 11.8b) with primary aromatic diamine 2,4-diaminotoluene
(DAT) led to nematic networks, some of which contained crystal
inclusions, however, through curing with tertiary amine 4-(N,N-
dimethylamino)pyridine (DMAP) as catalytic agents smectic C
organized thermosets were obtained. Tables 11.3 and 11.4 shows
the curing conditions, the final order achieved, and the thermal
stability data obtained for DAT and DMAP cured LCTs. We can
also note that the LCTs obtained with tertiary amines are slightly
less thermally stable than the LCTs obtained when DAT was used
as the curing. The similar properties can be observed in the case
of naphthalene containing epoxy monomers (Figure 11.8a) when
cured with same diamines.

11.3.6 Fracture Mechanism of LCTs

The fracture of amorphous, isotropic thermosets based on non-LC
epoxy monomers has been studied extensively. The fracture mech-
anism is explained here by comparing the conventional DGEBA
and Liquid crystalline DOMS cured with DMA as explained in
Figures 11.17 and 11.18 [54]. The load (N) versus displacement
(um) curves for the three-point bend, chevron-notched fracture
toughness experiments are given in Figure 11.17a~-d and the data
is presented in Table 11.5. The isotropic DGEBA /MDA thermoset
exhibits a linear load versus displacement curve (Figure 11.17a) up
to a maximum load, at which time a crack is initiated and propa-
gates catastrophically in a brittle manner across the sample. The
fracture surface appears smooth and featureless under the SEM
(Figure 11.18a), a typical characteristic of brittle fracture.

The DOMS/MDA isotropic, rigid-rod and nematic thermosets
exhibit stable crack propagation, which takes place in two steps
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Figure 11.17 Typical load, P, versus displacement, d, curves for thermosets in the
chevron-notched three-point bend fracture toughness tests: (a) DGEBA/ MDA
isotropic thermoset, (b) DOMS/MDA isotropic, rigid-rod thermoset, (c) DOMS/
MDA nematic LCT, and (d) DOMS/MDA smectic LCT. Reproduced from
reference 54.

Figure 11.18 Scanning electron micrographs (SEM) of cross sectional surfaces
of thermosets fractured in the chevron notched three-point bend technique:
(a) DGEBA /MDA isotropic thermoset, (b) DOMS/MDA nematic LCT, and
(c) DOMS/MDA smectic LCT. Reproduced from reference 54.
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Table 11.5 Estimates of the plane strain fracture toughness for the
Thermosets measured by the Chevron-Notched three-point bend
fracture toughness test. Reproduced from reference 54.

Thermoset G, (KJ/m?) K, (MPam'?)
DOMS /MDA, smectic 1.62 1.59
DOMS/MDA, nematic 0.75 1.46
DOMS/MDA, isotropic, rigid-rod 0.68 1.27
DGEBA /MDA, isotropic 0.40 1.21

G, (kJ/m2) The critical strain energy release rate K, (MPam'/?) critical stress
intensity factor.

(Figure 11.17b, ¢). First, they exhibit a regime of relatively fast crack
propagation followed by more non-uniform crack propagation at
slower speeds (as indicated by the reduced slope and nonlinearity
of the P versus 4 curve at high displacements). A cross-sectional
SEM (Figure 11.18b) of the fracture surfaces shows that the isotro-
pic, rigid-rod and nematic DOMS/MDA samples exhibited para-
bolic, elongated deformation markings, indicative of some limited
plastic deformation. The DOMS/MDA smectic LCT exhibits only
slow, stable crack propagation for the duration of the experiment,
(Figure 11.17d) indicative of complex, ductile fracture. A cross-
sectional SEM (Figure 11.18¢) of the fracture surface shows that
the smectic DOMS/MDA thermosets exhibited voiding and an
extremely rough and highly deformed fracture surface, suggest-
ing that bulk plastic deformation had occurred. Overall, there is
a general increase in fracture toughness with decreasing T, _
i.e., when the local order is increased from isotropic and nematic to
smectic. The smectic phase exhibited the highest fracture toughness
with values of G, = 1.62 kJ/m? and K, = 1.59 MPa-m!/2,

Proposed Toughening Mechanism of Smectic LCT’s

Figure 11.19 shows the proposed fracture mechanism responsible
for high fracture toughness of the smectic LCT’s. As the network
is deformed, it is difficult to maintain the continuity of the poly
domain microstructure (especially with such a high cross-link den-
sity) and, instead, it is likely that the LC domains prefer to fail in
an individual and isolated manner. The network strands of unfa-
vorably oriented domains (perpendicular or nearly perpendicu-
lar to the stress direction) should be “softer” and fail first, thus
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Figure 11.19 Schematic of proposed fracture mechanism in a polydomain smectic
liquid crystalline thermoset. (6 = Deformation). Reproduced from reference 54.

producing microscopic voids and defects ahead of the crack tip.
Neighboring domains can then deform under uniaxial rather than
triaxial stress and undergo significant plastic deformation, similar
to rubber-modified thermosets. This type of fracture is similar to
non-catastrophic micro-crack formation in polycrystalline metals,
which also results in extensive plastic deformation. The stable crack
propagation observed in the smectic LCT’s most likely takes place
through the slow growth and interconnecting of these voids, lead-
ing to the macroscopically fibrillar fracture surfaces observed under
the SEM. Most likely, we do not observe as much plastic deforma-
tion in the nematic LCT’s because the domain size is too small to
generate voids of a large enough size.

The similar fracture behavior can be observed by comparing the
fracture surfaces (Figure 11.20) of commercial DGEBA and a LCER
2,5-bis(4-diglycidyloxyphenyl)-1,3,4-oxadiazole (DGEOD) cured
with DDM as observed for DOMS/DDM system. The fracture sur-
face appears smooth and featureless under the SEM (Figure 11.18a),
a typical characteristic of brittle fracture [55].

11.3.7 Water Absorption

The presence of absorbed water generally has a devastating effect on
the integrated properties including dielectric, thermal and mechanical
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Figure 11.20 Fracture surface of (a) DGEBA/DDM thermoset, (b) DGEOD/ DDM
cured at 120°C and post cured at 185°C. Reproduced from reference 55.

properties of a resin, due to plasticization, creation of internal stresses,
and crack initiation, so outstanding water resistance is an important
property for high performance resins. Liquid crystalline polymers
are well known to have reduced permeability to gases and liquids
due to the molecular packing in the liquid crystalline phase. It would
therefore be expected that LCT’s would also have reduced perme-
ability. In the case of epoxies, enhanced barriers to moisture diffusion
would be of benefit for composite applications. Diffusion coefficients
for water transport were determined for DOMS/SAA and DGEBA/
SAA with varying amine/epoxide ratios by measuring the moisture
permeability [56]. It was found that for all stoichiometry the diffusion
coefficients of the non-liquid crystalline DGEBA /SAA were approxi-
mately twice that of the smectic DOMS/SAA. In addition, the dif-
fusion coefficient for both materials decreases monotonically with
increasing amine content. The difference between the two materials
can be considered as a direct consequence of the packing of the epoxy
molecules in the liquid crystalline phase, which limits the amount of
free volume available for the water molecules and restricts their abil-
ity to diffuse through both the hard and soft phases.

The combinations LCE and non liquid crystalline CE resins
(Figure 11.21) possess significantly smaller water absorption than
cure CE resin, and the resin with larger content of LCE has smaller
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Figure 11.21 2,2"-Bis(4-cyanatophenyl) isopropylidene (CE) and Liquid
crystalline epoxy resin (LCE).

water absorption. For example, the water absorptions of LCE10/
CE and LCE20/CE are about 81.2%, and 46.7% of that of CE resin,
respectively, indicating that LCE/CE resins have better water resis-
tance than CE resin [57].

It is thus theorised that the mesogen-induced reduction in chain
motion leads to a concomitant reduction in the polymer free volume,
and that there is thus much less available space within the network
matrix to accommodate solvent guest molecules. However, water
does not wet most epoxy resins significantly, and the variance in
solvent absorption is greatly magnified when organic species are
used [58].

11.3.8 Thermal Properties

Thermal properties include many aspects, of which glass transition
temperature (T ) thermal coefficients of expansion (TCE) and thermal
stability are most important parameters to decide the utility of the
resins for high performance applications. The degree of order at the
microdomain level can be related to the network physical properties,
and thus increasing mesogen content (or long rigid rod mesogen)
leads to increased intermolecular interactions between the polymer
chains and hence reduced micro-Brownian motion and reduced free
volume. These properties are manifested as increased elastic moduli
at high temperatures, reduced thermal coefficients of expansion,
increased decomposition onset temperatures and reduced solvent.

Glass transition temperature

Figure 11.22 illustrates the correlation among the mesogenic length,
glass transition temperature and modulus of liquid crystalline
thermosets obtained for the LCERs in Figure 11.7 cured with DDS.
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Figure 11.22 Plot of storage modulus and T_ against mesogen aspect ratio.
Reproduced from reference 27.

This result indicates that modulus of LCE resins is closely related
with the aspect ratio of the mesogen. This also implies that activa-
tion energy for local motion of cured thermoset is higher for the LCE
resins with long mesogen than for short mesogen. The relationship
between modulus and aspect ratio was maintained up to 200°C. Glass
transition temperature of LCER resin showed the same tendency as
storage modulus. In common, epoxy resins crosslinking density is
the major factor in determining the glass transition temperature of
cured thermoset resin. The adverse tendency was observed for the
glass transition temperature of LCE resins synthesized in this experi-
ment, indicates that mesogenic length plays a major role in deter-
mining the glass transition temperature of LCE resin [27].

A common bifunctional epoxy resin has a T, around 200°C and a
tetrafunctional epoxy resin has a T, of about 250°C. It was even close
to the Tg of polyimide (300°C), widely used as a heat-resistant mate-
rial. This suggests that the T_of the LCE networks can be elevated
drastically by controlling the chemical structure of mesogen. DDS
is a typical amine curing agent for high performance conventional
epoxy resins. In spite of its kinked geometry, Curing of 6,6’-bis(2,3-
epoxypropoxy)-2,2’-binaphthyl (EPBN) with 4,4’-diaminodiphenyl
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sulphone, promote the alignment of the prepolymeric chains, lead-
ing therefore to networks with liquid crystalline order reveals the
Tg at 254°C. In the case of conventional epoxy resins cured with
DDS, lower Tgs was resulted [59].

Thermal stability

Most typical epoxy resins undergo thermal decomposition at rel-
atively low temperatures, usually losing up to 10% of their mass
between 250 and 300°C in air, and the scant TGA data for liquid
crystalline systems seem to corroborate this generalization. Indeed,
the maximum recommended use temperature for most epoxy res-
ins is between 80 and 110°C, and thus it would be advantageous if
the temperature at which onset of decomposition occurs could be
increased in line with the other physical properties for liquid crys-
talline polymers [58, 591.

Thermal stability of DDS cured LCER (Figure 11.7) networks
shows maximum decomposition temperature and char yield were
high for LCE networks with long mesogenic group. This is due to the
fact that long rigid rod mesogen is resistant to the thermal decompo-
sition. The initial decomposition temperature was above 350°C for
LCER 3 and LCER 4. Therefore, we can conclude that thermal stabil-
ity of LCE resins is enhanced with increasing the mesogenic length.
The combination of 2,5-bis(4-diglycidyloxyphenyl)-1,3,4-oxadiazole
(DGEOD) (Figure 11.20) with DDM and DDS epoxy resin also pro-
vide high thermal stability 355°C and 404°C respectively [55, 60].

The poor flammability of organic epoxy resins a major drawback in
many applications, e.g., structural materials for aircraft, motor vehi-
cle construction, and electronics. Among the various flame retardant
systems, organophosphorus compounds were identified as better
fire retardant materials in terms of environmental and health safety,
which generate less toxic plume than halogen-containing counter-
part [61-65]. By combining the liquid crystallinity and flame retar-
dant properties, organophosphorus epoxy liquid crystalline were
prepared from the monomers [(diepoxide; diglycidylphenylphos-
phate (DGPP) and diglycidylbiphenylphosphate (DGBP), aromatic
diamines: 2,5-bis (p-aminophenyl)1,3,4-oxadiazole(BPOD), diami-
nodiphenyl sulphone (DDS) and 4,4-diaminobiphenyl (BPD)] estab-
lished in Figure 11.23 [66, 67]. Though the resins and diamines are
inherently non LC compounds, during the curing reaction of epoxy/
amine system, oligomers are formed at initial stages and attain suffi-
cient high molecular weight species, thus phase separation (nematic)
took place (representative LC photographs are shown in Figure 11.24).
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Figure 11.23 Chemical structures of organophosphorus epoxy resins and
diamines.

()

DGBP/DDS at 147°C  DGBP/BPD at 145°C

Figure 11.24 LC photographs of DGPP/BPOD (a), DGBP/DDS and DGBP/BPD
taken at various temperatures. Reproduced from reference 66, 67.

Continuation of post-cure in the nematic state results in the develop-
ment of permanent linkages between the secondary reactive groups
that stabilize the nematic phase.

Flame retardant properties and thermal stability data are presented
in Table 11.6, and the TGA thermograms are shown in Figure 11.25.
Unlike the one-stage weight loss behaviour of a conventional epoxy
system, the DGPP/diamine LCTs showed two-stage weight loss.
A similar trend has been observed in some other phosphorylated-
epoxy systems [68-71]. This phenomenon indicates an important role
in improving the flame retardancy of the resins. When the resin is
burning, the phosphorus segments decompose in the first-stage deg-
radation and then form a phosphorus-rich residue that prevent further
decomposition of the thermosets by raising the second decomposition
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Figure 11.25 TGA thermograms of cured DGPP/(DDS,BPOD and BPD) and
DGBP/(DDS, BPOD and BPD) LCT’s. Reproduced from reference 66, 67.

to higher temperature and resulting in high char yield. The forma-
tion of high char yield during combustion of materials can usually
limits the production of combustible carbon-containing gases, which
decreases the exothermicity due to pyrolysis reactions, and decrease
the thermal conductivity of the burning materials, thus the flamma-
bility gets reduced. The flame retardant properties of the cured LCTs
were examined by measuring the limiting oxygen index (LOI) values
and the results (Table 11.6) showed higher LOI values 35-47. The char
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residue 36-48% obtained in the TGA is fairly linearly proportional to
the oxygen index for these thermosets. Generally the LOI values for
the polymers should be >26 to meet the requirements of flame retar-
dant applications [71]. It is ascertained from the TGA and LOI data
that high char residue is indicative of high LOI value [72-73].
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Microfibrils, 315
Microwave, 119, 129-130
Monomers
alkynes, 246249
azides, 246-249
Mosaic, 358, 364
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Perfluorosulfonic acid based
polymers (PFSA), 81, 107
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