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ABSTRACT: 2',6',3",5""-Tetraphenyl- or tetra(4-biphenylyl)-4,4"""-diamino-p-quinquephenyls were syn-
thesized from the corresponding pyrylium salts. Using them as starting materials, rigid-rod polyamides
and polyimides containing phenyl or 4-biphenylyl side groups on the p-quinquephenyl segments of the
backbone were prepared. They were characterized by inherent viscosity, elemental analysis, H-NMR,
BBC-NMR, X-ray analysis, differential scanning calorimetry, thermomechanical analysis, thermogravimetric
analysis, isothermal gravimetric analysis, and water uptake measurements. The polymers with
4-biphenylyl pendent groups showed an enhanced solubility, lower crystallinity and hydrophilicity, and
higher thermal stability in comparison to the corresponding polymers with phenyl pendent groups.
Polyamides displayed strong blue fluorescence in the DMF solution. The polyamide containing
4-biphenylyl pendent groups possessed a well-defined chromophore, resulting from steric interactions in

the polymer chain.

Introduction

Aromatic polyamides and polyimides constantly at-
tract much interest because of their high-temperature
resistance and mechanical strength.! In recent years
the interest has been focused on the synthesis of rigid-
rod polyamides and polyimides by incorporating aro-
matic rings into the polymer backbone. The increased
number of aromatic rings enhanced the rigidity of the
polymer backbone, and their polarizable -electrons lead
to strong intermolecular interactions increasing the
transition temperatures of these polymers. Rigid-rod
polymers also exhibit high thermal stability and excep-
tional mechanical,23 optical, and morphological proper-
ties.* They can easily form lyotropic solutions from
which high-strength fibers can be spun.5

Infusibility and limited solubility are characteristic
properties of rigid-rod polymers which restrict their
synthesis, characterization, and applications, especially
of high molecular weight materials. Particularly, poly-
amides prepared from 4,4"-bis(chloroformyl)-p-ter-
phenyl and 4,4"-diamino-p-terphenyl, benzidine, or 1,4-
phenylenediamine were insoluble in polar aprotic sol-
vents containing LiCl, even in strong acids.® Analogous
behavior has been observed for poly(amide—imides)
prepared from 3,4-dicarboxy-(4'-chloroformyl)biphenyl
anhydride.” Therefore, much effort has been made to
increase the solubility of rigid-rod polymers. The most
common method to achieve this goal is the incorporation
of bulky pendent groups along the backbone.?B=38 Rod-
like polymers which are soluble in organic solvents
without the addition of inorganic salts enable not only
processing routes such as dry spinning but also open
applications in the area of films, coatings, polymer
blends, and composites.

Recently, we have prepared soluble rigid-rod poly-
amide and polyimides derived from an aromatic diamine
of p-terphenyl containing two phenyls ortho to each

* Corresponding author.

S0024-9297(97)00490-7 CCC: $15.00

amino group.®® In addition, we have synthesized soluble
rigid-rod polyamides and polyimides starting from an
analogous diamine or amino acid of biphenyl.*® These
diamines or amino acids were obtained from intermedi-
ate pyrylium tetrafluoroborate salts. The polymers
synthesized in this way, displayed a relatively low
degree of polymerization due to the deactivation effect
caused mainly by steric hindrance of the two phenyls
ortho to each amino group.

To overcome this problem, we synthesized rigid-rod
polyamides and polyimides derived from two new aro-
matic diamines of p-quinquephenyl having phenyl or
4-biphenylyl pendent groups in such positions so that
they do not interact on the amino groups. Specifically,
2',6',3" 5" -tetraphenyl- or tetra(4-biphenylyl)-4,4""-
diamino-p-quinquephenyls were prepared through pyry-
lium salts. The method applied for the preparation of
diamines consisted of three steps, was simple, and used
readily available and inexpensive commercial com-
pounds. The wholly aromatic polyamides and polyim-
ides synthesized are expected to exhibit an outstanding
thermal stability, high glass transition temperatures,
and an enhanced solubility owing to the presence of the
bulky phenyl or 4-biphenylyl pendent groups. Finally,
the optical properties and especially the light emission
of the synthesized polyamides were investigated and
correlated with their structures.

Experimental Section

Characterizatiom Methods. Melting temperatures were
determined on an electrothermal melting point apparatus
1A6304 and are uncorrected. IR spectra were recorded on a
Perkin-Elmer 16PC FT-IR spectrometer with KBr pellets. *H-
NMR (400 MHz) and '3C-NMR (100 MHz) spectra were
obtained using a Bruker spectrometer. Chemical shifts (0
values) are given in parts per million with tetramethylsilane
as an internal standard. UV/vis spectra were recorded on a
Beckman DU-640 spectrometer with spectograde DMF. Dif-
ferential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) were performed on a DuPont 990 thermal
analyzer system. Ground polymer samples of about 10 mg
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each were examined by TGA and isothermal gravimetric
analysis (IGA), and the weight loss comparisons were made
between comparable specimens. Dynamic TGA measurements
were made at a heating rate of 20 °C/min in atmospheres of
N or air at a flow rate of 60 cm®min. Thermomechanical
analysis (TMA) was recorded on a DuPont 943 TMA using a
loaded penetration probe at a scan rate of 20 °C/min in N;
with a flow rate of 60 cm3min. The TMA experiments were
conducted in duplicate. The TMA specimens were pellets of
8 mm diameter and 2 mm thickness prepared by pressing
powder of polymer for 3 min under 5—7 kpsi at ambient
temperature. The inherent viscosities of polymers were
determined for solutions of 0.5 g/100 mL in 98% H,SO, or
DMACc at 30 °C using an Ubbelohde suspended level viscom-
eter. Elemental analyses were carried out with a Hewlett-
Packard Model 185 analyzer. The wide-angle X-ray diffraction
patterns were obtained for powder specimens on a X-ray PW-
1840 Philips diffractometer.

To determine the equilibrium water absorption, polymer
samples were previously conditioned at 120 °C in an oven for
12 h. They were subsequently placed in a desiccator where
65% r.h. (relative humidity) was maintained by means of an
oversaturated aqueous solution of NaNO; at 20 °C and were
periodically weighed.

Reagents and Solvents. 4-Phenylacetophenone and tri-
phenylmethanol were recrystallized from ethanol. 1,4-Ben-
zenedicarboxaldehyde was recrystallized from distilled water.
Terephthalic acid was sublimed under vacuum. Terephthaloyl
chloride was recrystallized from n-hexane. Pyromellitic di-
anhydride (PMDA) and benzophenone tetracarboxylic dian-
hydride (BTDA) were recrystallized from acetic anhydride.
Acetophenone was distilled under vacuum. Dimethylaceta-
mide (DMAc) and toluene were dried by distillation over CaH,.
4-Nitrophenylacetic acid sodium salt was prepared by reacting
equimolar amounts of 4-nitrophenylacetic acid with aqueous
sodium hydroxide and fusing. Boron trifluoride etherate, 48%
tetrafluoroboric acid, propionic anhydride, and hydrazine
hydrate were used as supplied.

Preparation of Starting Materials (Scheme 1). 3,3'-
(1,4-Phenylene)bis(1,5-diphenyl-1,5-pentadione) (1) and 4,4'-
(1,4-phenylene)bis(2,6-diphenylpyrylium tetrafluoroborate) (2a)
were prepared by a reported method* 4% and characterized
previously.®®

4,4'-(1,4-Phenylene)bis[2,6-di(4-biphenylyl)pyrylium tet-
rafluoroborate] (2b). A flask was charged with a mixture
of 1,4-benzenedicarboxaldehyde (1.23 g, 9.16 mmol), 4-phenyl-
acetophenone (7.11 g, 36.64 mmol), and toluene (10 mL).
Boron trifluoride etherate (5.75 mL, 45.8 mmol) diluted with
toluene (3 mL) was added portionwise to the stirred mixture
at room temperature, and it was refluxed for 3 h. The dark
red solution was concentrated under reduced pressure, and
the residue was stirred and refluxed with ether. The red solid
obtained was filtered off, washed with ether, and dried to
afford 2b in 60% yield (5.60 g). It was recrystallized from
acetic acid. Mp: 182—185 °C. IR (KBr, cm™): 1622, 1596,
1486, 1460 (pyrylium structure and aromatic); 1056 (br, BF47).
IH-NMR (DMSO-dg): 6 9.18 (s, 4H, aromatic meta to oxygen);
8.18—7.20 (m, 40H, other aromatic).

2'6',3",5""-Tetraphenyl-4,4""-dinitro-p-quinque-
phenyl (3a). A mixture of 2a (5.74 g, 8.04 mmol), 4-nitro-
phenylacetic acid sodium salt (6.53 g, 32.16 mmol), and
propionic anhydride (18 mL) was stirred and refluxed for about
3 h. It was cooled at ca. —10 °C overnight, and the yellow
solid precipitate was filtered off, washed with acetone, and
dried to afford 3a (3.50 g, 56%). A purified sample was
obtained by recrystallization from nitrobenzene. Mp: >300
°C. IR (KBr, cm™): 1596, 1518 (aromatic); 1518, 1346 (NO).
1H-NMR (DMSO-dg): ¢ 8.23—-8.21 (d, 4H, aromatic ortho to
NO; groups); 7.86—7.84 (d, 4H, aromatic meta to NO; groups);
7.77—7.66 (m, 8H, aromatic of positions 3', 5', 2", 3", 5", 6",
2", 6""); 7.22—7.15 (m, 20H, aromatic of side phenyls).

2',6',3",5""-Tetra(4-biphenylyl)-4,4""-dinitro-p-quin-
quephenyl (3b). A mixture of 2b (5.18 g, 5.09 mmol),
4-nitrophenylacetic acid sodium salt (4.13 g, 20.34 mmol), and
propionic anhydride (12 mL) was refluxed for 3 h. Methanol
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Figure 1. FT-IR spectra of compounds 3b and 4b.
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Figure 2. 'H-NMR (upper) and 3C-NMR (lower) spectra of
compound 4a in a DMSO-ds solution.

(10 mL) was added to the mixture, and it was cooled at —10
°C overnight. The light brown solid precipitate was filtered
off, washed with methanol, and dried to afford 3b (4.02 g, 73%).
It was recrystallized from acetic acid. Mp: 191-193 °C. The
IR spectrum is shown in Figure 1. *H-NMR (DMSO-dg): o
8.20—8.16 (d, 4H, aromatic ortho to NO; groups); 7.90—7.86
(d, 4H, aromatic meta to NO, groups); 7.80—7.25 (m, 44H,
other aromatic).

2'6',3" 5" -Tetraphenyl-4,4""-diamino-p-quinque-
phenyl (4a). Hydrazine hydrate (5 mL) was added dropwise
to a mixture of 3a (3.37 g, 4.34 mmol), 1,4-dioxane (15 mL),
and a catalytic amount of 10% palladium on activated carbon
at the boiling temperature. The mixture was refluxed over-
night, and 3a was dissolved during this period. It was
subsequently filtered, and water was added to the filtrate. The
whitish solid precipitate was filtered off, washed with metha-
nol, and dried to afford 4a (2.44 g, 78%). It was recrystallized
from 1,2-dichlorobenzene. Mp: >300 °C. IR (KBr, cm™):
3455—3376 (N—H stretching); 1618 (N—H deformation); 1514,
1486, 1450 (aromatic); 1280 (C—N stretching). *H-NMR and
13C-NMR are shown in Figure 2. Anal. Calcd for CsqsHaoN2:
C,90.47; H, 5.62; N, 3.91. Found: C, 89.16; H, 5.60; N, 3.94.

2'6',3",5"-Tetra(4-biphenylyl)-4,4""-diamino-p-quin-
quephenyl (4b). This was prepared as a light brown solid
in 79% (2.83 g) by hydrogenating 3b (3.80 g, 3.51 mmol)
according to the procedure described for 4a. A purified sample
was obtained by recrystallization from a mixture of 1,4-
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dioxane/ethanol (1:1, v/v). Mp: 174—176 °C. The IR spectrum
is shown in Figure 1. 'H-NMR (DMSO-ds at 80 °C): 6 7.78—
7.73 (d, 4H, aromatic of positions 3', 5', 2", and 6'"); 7.65—
7.63 (m, 4H, aromatic of positions 2", 3", 5", and 6"); 7.51—
7.17 (m, 36H, aromatic of side biphenyls); 7.11—7.06 (d, 4H,
aromatic of positions 2, 6, 2", and 6'"'); 6.30—6.28 (d, 4H, of
positions 3, 5, 3"", and 5"""); 4.62 (br, 4H, NH;). ¥C-NMR
(DMSO-ds at 80 °C): 6 146.44, 141.95, 139.73, 137.80, 131.75,
130.15, 128.83, 128.74, 127.39, 127.16, 126.55, 126.35, 125.63,
125.53, 113.34. Anal. Calcd for CssHssN2: C, 91.73; H, 5.53,;
N, 2.74. Found: C, 91.12; H, 5.54; N, 2.76.

Preparation of Polymers (Chart 1). Polyamide PAa.
A flask was charged with a mixture of 4a (0.80 g, 1.12 mmol),
terephthalic acid (0.18 g, 1.12 mmol), triphenyl phosphite (0.70
g, 2.24 mmol), pyridine (1 mL), DMAc (5 mL), and 5 wt % LiCl.
It was refluxed under N overnight and poured into water. The
yellowish solid precipitate was filtered off, washed with water,
and dried to afford PAa (0.89 g, 95%). It was extracted with
acetone in a Soxhled apparatus for 3 h.

Polyamide PAb. A flask was charged with a solution of
4b (1.00 g, 0.98 mmol) in DMACc (12 mL). Triethylamine (0.20
g, 1.96 mmol) was added to the solution. Terephthaloyl
chloride (0.20 g, 0.98 mmol), dissolved in DMAc (5 mL), was
added dropwise to the stirred solution at —10 °C. Stirring of
the mixture was continued at this temperature for 5 h and
then at room temperature overnight in a stream of N.. It was
poured into water, and the yellow—brown solid precipitate was
filtered off, washed with hot acetone, and dried to afford PAb
(0.97 g, 86%). It was extracted with acetone in a Soxhlet
apparatus for 3 h.

Polyimides PIPa, PIPb, PIBa, and PIBb. A typical
procedure for the preparation of PIPa is as follows: Granual
PMDA (0.12 g, 0.54 mmol) was added to a stirred solution of
4a (0.39 g, 0.54 mmol) in DMAc (10 mL) at room temperature.
The solution became viscous, and stirring was continued at
this temperature for 3 h and then at 100 °C for 2 h under N,.
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Table 1. Yields, Inherent Viscosities, and Elemental
Analyses of Polymers

yield  %inn? empirical elemental analyses
polymer (%) (dL/g) formula C (%) H (%) N (%)

PAa 95 1.02b (C62H42N202)n calecd 87.92 5.00 3.31
found 86.55 4.89 3.28
PAb 86 0.94° (CggHssN202)n calcd 89.71 5.08 2.43
found 88.89 4.98 247
PIBa 95 1.262 (C71H42N205)n calecd 80.89 5.38 3.56
found 79.71 5.35 3.58
PIBb 92 1.07° (CgsHssN2Os), calcd 87.27 4.47 2.14
found 85.98 4.38 2.10
PIPa 98 1.212 (CesH3sN204)n calcd 80.89 5.38 3.56
found 79.71 5.35 3.58
PIPb 88 1.34% (CggHs54N20y4)n calcd 87.83 4.52 2.33
found 87.06 4.50 2.35

a Inherent viscosity in H,SO4 (0.5 dL/g)) at 30 °C. ° Inherent
viscosity in DMAc (0.5 dL/g)) at 30 °C.

Acetic anhydride (5 mL) and pyridine (1 mL) were added to
the solution, and it was heated at 100 °C overnight. It was
subsequently poured into water, and the brown solid precipi-
tate was filtered off, washed with water, and dried to afford
PlIPa (0.48 g, 98%). It was extracted with acetone in a Soxhlet
apparatus for 3 h.

The reaction yields, the inherent viscosities, and the el-
emental analyses for all polymers are listed in Table 1.

Results and Discussion

Synthesis of Monomers and Polymers. Scheme
1 outlines the synthetic route applied for the prepara-
tion of two new aromatic diamines 4a and 4b of
p-quinquephenyl with phenyl or 4-biphenylyl pendent
groups. The key stages of this method were the
preparation of pyrylium tetrafluoroborate salts as in-
termediates and their reaction with substituted sodium
acetate. More particularly, compound 2a was prepared
by a reported method.**=*3 Compound 2b was synthe-
sized from the reaction of 1,4-benzenedicarboxaldehyde
with 4-phenylacetophenone in the presence of BF3-Et,0.
The preparation of 2b was accomplished by this method,
because it is more convenient since it involves only one
step. Compounds 2 reacted with 4-nitrophenylacetic
acid sodium salt in propionic anhydride and afforded
compounds 3. It has been reported that the reaction of
2,4,6-triarylpyrylium salts with phenylacetic acid an-
hydrides, generated in situ from phenylacetic acid
sodium salt and an excess of acetic or propionic anhy-
dride, yields 1,2,3,5-tetraarylbenzenes.** 2-(Acyloxy)-
benzophenones are formed as byproducts from the
reaction, which are easily separated from the desired
compound.** The obtained dinitro compounds 3 were
hydrogenated to the corresponding diamines 4 by means
of hydrazine hydrate in 1,4-dioxane. In the case of 4b,
the hydrogenation time was significantly shortened,
when a mixture of 1,4-dioxane/ethanol (4:1, v/iv) was
used as the reaction medium.

The structure of the monomers was confirmed by
elemental analyses as well as IR and NMR spec-
troscopies. The hydrogenation of dinitro compounds 3
to the corresponding diamines 4 was monitored by IR
spectroscopy (Figure 1). Specifically, 3b showed char-
acteristic absorptions at 1518 and 1344 cm~! associated
with the nitro groups, whereas 4b lacked these absorp-
tion bands. The latter displayed new absorptions at
3459—-3376 (N—H stretching), 1618 (N—H deformation),
and 1280 cm~! (C—N stretching). Both compounds
exhibited absorptions around 1600, 1514, and 1486 cm™?!
assigned to the aromatic rings.
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Scheme 1

<j%cocr43 Q_
OHCOCHO _ .
NaOH Q
X

2a,3a,4a: X =H

2b, 3b, 4b : X=.®

Figure 2 presents the 1H-NMR and 13C-NMR spectra
of diamine 4a. Assignments of peaks for both spectra
are given in the figure. In the 'H-NMR spectrum the
amino protons were exchangeable with D,O.

Rigid-rod polymers bearing phenyl or 4-biphenylyl
pendent groups were synthesized (Chart 1). Polyamide
PAa was prepared from terephthalic acid by the phos-
phorylation method due to the limited solubility of
diamine 4a in DMAc at low temperature. Since diamine
4b showed remarkably higher solubility in DMAc,
polyamide PAb was prepared from terephthaloyl chlo-
ride utilizing the solution polycondensation method. In
addition, polyimides PIP and PIB were synthesized by
reacting diamines 4 with PMDA and BTDA, respec-
tively.

The yields of the preparation reactions were almost
guantitative (86—98%) for all polymers (Table 1). Their
inherent viscosities ranged from 0.94 to 1.34 dL/g and
were considerably higher than those of other phenyl-
substituted rigid-rod polymers derived from less reactive
diamines or amino acids.394°

Structural Characterization of Polymers. The
structural characterization of polymers was accom-
plished by FT-IR, TH-NMR, and 3C-NMR spectroscopy
as well as X-ray analysis. Figure 3 presents typical FT-
IR spectra of polymers PAa and PIBa. Polyamide PAa
showed absorptions at 3265 (N—H stretching), 1667
(C=0), 1596 (aromatic), 1518 (N—H deformation and
aromatic), and 1314 cm~1 (C—N stretching). Polyimide
PIBa displayed absorptions at 1780, 1720, 1366, and
1094 cm™! assigned to the imide structure. The 1H-
NMR spectrum of polyamide PAb in a DMSO solution
showed peaks at 6 9.95 (NHCO), 7.98 (aromatic of
terephthalic acid segments), and 7.62—6.97 (other aro-
matic). Figure 4 presents the 3C-NMR spectrum of
polyamide PAb as well as the assignments of peaks.
The carbonyl displayed an upfield peak at 6 164.59.

The crystallinity of polymers was estimated by means
of X-ray diffractograms (Figure 5). All polymers were
microcrystalline, while PIPb was amorphous. Upon
comparing polyamides PAa and PADb, the first polymer
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Figure 3. FT-IR spectra of polymers PAa and PIBa.
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Figure 4. 3C-NMR spectrum of polyamide PAb in a DMSO-
ds solution.

containing phenyl pendent groups was more crystalline.
The longer 4-biphenylyl pendent groups of PAb caused
higher disorder in chains and therefore less chain
packing. This feature conforms with the significantly
higher solubility of PAb in comparison to PAa.
Hydrophilicity and Solubility of Polymers. The
hydrophilicity of polyamides PAa and PAb was evalu-
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Table 2. Solubilities of Polymers?

solventP

polymer DMF NMP DMSO CCI3COO0OH H,SO4 1,4-dioxane CH DCB
PAa +e +e +e ++ ++ +- + +-
PAb ++ ++ + ++ ++ + ++ +
PIBa +o +¢ +e + + +— +- +-
PIBb ++ ++ ++ ++ + +-— + +
PIPa +¢ +¢ +¢ + + +— +- +-
PIPb ++ ++ +o + + +— + +

a Solubility: ++, soluble at room temperature; +, soluble in hot solvent; +—, partially soluble. ® DMF, N,N-dimethylformamide; NMP,
N-methylpyrrolidone; DMSO, dimethyl sulfoxide; CH, cyclohexanone; DCB, 1,2-dichlorobenzene. ¢ Solvent containing 5% w/w LiCl.
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Figure 5. X-ray diffraction patterns of typical polymers.
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Figure 6. Water absorption versus time for polyamides PAa
and PADb.

40 50

ated by determination of their isothermal water absorp-
tion (Figure 6). Following exposure for 50 h, the water
uptake was 2.47 and 1.34%, respectively, and the
corresponding numbers of moles of absorbed water per
amide equivalent weight (NMAW) were 0.57 and 0.43.
Interestingly, the polyamide PAb with 4-biphenylyl
pendent groups displayed lower hydrophilicity than that
of polyamide PAa with phenyl pendent groups. The
present polyamides showed higher hydrophilicity than
our previously synthesized analogous rigid-rod poly-
amides, the NMAW values of which were 0.26—0.29.
Such a behavior was expected, since the latter poly-
amides exhibited lower hydrogen-bonding ability.3°4°
The solubility of polymers was correlated with the
structure of the pendent groups. Table 2 presents the
solubility behavior of polymers. It is seen that the
polymers with 4-biphenylyl pendent groups were re-
markably more soluble than the corresponding ones
with phenyl pendent groups. Note that polyamide PAb
and in most cases polyimides PIPb and PIBb dissolved
readily at ambient temperature in polar aprotic solvents
(DMF, DMSO, NMP) and trichloroacetic acid. In ad-
dition, they dissolved in cyclohexanone and 1,2-dichlo-
robenzene. The polymers PAa and PIBa dissolved only
in hot polar aprotic solvents containing LiCl, and the
maximum attainable concentration of their solutions
was 1 wt %. In contrast, solutions of PAb in DMF with
concentration up to 40 wt % could be obtained.
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Figure 7. Absorption (—) and emission (---) spectra of
polyamides PAa and PAb as well as of model diamide MDA

in DMF solutions. Note that intensities were arbitrarily,
chosen in order to optimally fit the graphs.
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Figure 8. Absorption (—) and emission (---) spectra of
polyamide PAc in a DMF solution.

350

Optical Properties of Polymers. The photophysi-
cal characterization of polyamides included the study
of their absorption and emission spectra in solution.
Figure 7 presents the absorption and emission spectra
of polyamide PAa and its model diamide MDA as well
as of polyamide PAb in a DMF solution. In addition,
Figure 8 shows for comparative purposes the absorption
and emission spectra obtained from a DMF solution of
polyamide PAc, which has been previously synthe-
sized.3® The structures of MDA and PAc are presented
in Chart 2. Compound MDA was prepared from the
condensation of diamine 4a with terephthalic acid using
the same experimental conditions as with those of PAa.

All compounds were strong blue fluorescent in a DMF
solution. Comparison of the UV/vis absorption and
emission spectra of polyamide PAa with those of the
corresponding model compound MDA shows that they
are almost identical. Specifically, the UV spectrum of
PAa displayed an absorption maximum at 310 nm and
its fluorescence spectrum showed an emission maximum
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Chart 2

at 404 nm when excited at 310 nm. The absorption and
an emission spectra of MDA displayed a very small blue
shift (2 nm) compared with those of PAa. This supports
that both PAa and MDA have the same effective
conjugation length and there is essentially no conjuga-
tion between the adjacent repeat units in polyamide.

The absorption and emission spectra of polyamide
PADb showed maxima at 289 and 364 nm, respectively.
These values compared with those of PAa are strongly
blue-shifted by 21 nm for absorption and 40 nm for
emission. Furthermore, the emission spectrum of PAb
was significantly sharper than that for PAa, indicating
that the conjugation length is more precisely controlled
in PAb. Since p-terphenyl displayed absorption from
a DMF solution with a maximum at 283 nm, it is
concluded that the active chromophore in PAb con-
verged to that of p-terphenyl.

It is well established that, even in nonsubstituted
polyphenylenes, two adjacent phenyl rings are not
coplanar but form a twist of about 23°, which however
permits yet a reasonable overlap of the & orbitals. Itis
reasonable to accept that the bulky 4-biphenylyl pen-
dent groups in polyamide PAb caused a much larger
twist of the two terminal phenyl rings of p-quinque-
phenyl and disabled the possibility of conjugation
through them. Thus, a well-defined polyphenylene
chromophore resulted, the limits of which were con-
nected with a noncoplanar aromatic structure. An
analogous behavior has been observed for a soluble,
blue-light-emitting copolymer composed of regularly
alternating p-phenylene and p-phenylenevinylene
blocks.*®

Polyamide PAc showed absorption and emission
spectra with maxima at 298 and 371 nm, respectively
(Figure 8). These values are lower than the correspond-
ing ones of PAa and higher than those of PAb. Poly-
amides PAa and PAc contain phenyl pendent groups,
which do not cause a significant rotation of the adjacent
phenyl or amide moiety and therefore the conjugation
can be extended through them. Consequently, the
length of the chromophore is not well-defined for PAa
and PAc, in opposition to PAb bearing 4-biphenylyl
pendent groups.

Thermal Properties of Polymers. Thermal char-
acterization of the polymers was accomplished by DSC,
TMA, TGA, and isothermal gravimetric analysis (IGA).
The DSC thermograms obtained from the second heat-
ing of polyamide PAa and most polyimides did not show
any transition up to 350 °C. In contrast, polyamide
PADb and polyimide PIBb displayed a broad endotherm
between 180 and 230 °C due to a transition which also
was observed in their TMA traces (see below).

The glass transition (Tg) temperatures of polymers
were determined from the TMA method using a loaded
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Figure 9. TMA thermograms of polymers. Conditions: N
flow, 60 cm3min; heating rate, 20 °C/min.
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Table 3. Thermal Stabilities of Polymers?2

in N, in Air
TD: TDs TDsg Ye TD: TDs TDsy wt loss
polymer (°C) (°C) (°C) (%) (°C) (°C) (°C) (%)

PAa 389 449 64 361 431 531 4.18
PADb 395 474 69 368 456 556 3.77
PlIBa 411 532 71 389 498 608 2.28
PIBb 421 549 65 397 503 619 3.35
PlIPa 403 521 74 400 512 591 2.74
PIPb 426 555 72 406 533 611 3.60

2TD,, TDs, and TDsq: temperatures at which weight losses of
1, 5, and 50% were observed, respectively. Y¢: char yield at 800
°C. wt loss: weight loss after 20 h of isothermal aging at 300 °C in
static air.

penetration probe and obtained from the onset temper-
atures of these transitions (Figure 9). Polyamides PAa
and PAb showed Tgs at 290 and 305 °C, respectively,
while all polyimides did not display T4 up to 350 °C.
Polyamide PAb showed a reproducible, gradual relax-
ation which began at approximately 230 °C. This
feature can be attributed to a gradual weakening of
intermolecular forces as the temperature increased,3!
and this has been observed previously for other rigid-
rod polyamides.32 An analogous behavior was also
observed for polyimide PIBb, which exhibited a relax-
ation starting at 250 °C.

Owing to their longer rodlike segment, the present
polymers showed significantly higher T4 values than our
phenyl-substituted rigid-rod polymers containing bi-
phenyl or terphenyl moieties in their backbone.3940

The thermal and thermo-oxidative stability of poly-
mers was ascertained by TGA and IGA. The temper-
atures at which weight losses of 1, 5, and 50% were
observed in both N> and air as well as the anaerobic
char yield (Y.) at 800 °C for all polymers are sum-
marized in Table 3. Figure 10 presents typical TGA
traces of PAb, PIPb, and PIBb in N, and air. All
polymers showed an outstanding thermal stability,
being stable up to 380—422 °C in N, and 358—397 °C
in air and affording anaerobic Y. of 61—80% at 800 °C.
The polymers with 4-biphenylyl pendent groups were
more thermally stable than the corresponding ones with
phenyl pendent groups, since they showed higher TD
in both N, and air.

The polymers displayed weight losses of 2.28—4.18%,
after 20 h of isothermal aging at 300 °C in static air
(Table 3). Itis seen that the remaining weight followed
the trend of Y..
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Figure 10. TGA thermograms in N and air of polyamide
PADb as well as of polyimides PIPb and PIBb. Conditions: Gas
flow, 60 cm3min; heating rate, 20 °C/min.

Conclusions

Starting from pyrylium salts, two new aromatic
diamines of p-quinquephenyl were synthesized and used
for the preparation of rigid-rod polyamides and poly-
imides carrying phenyl or 4-biphenylyl pendent groups.
It was shown that the polymers with 4-biphenylyl
pendent groups in comparison to the corresponding ones
with phenyl pendent groups displayed lower crystallin-
ity, remarkably higher solubility, lower hydrophilicity,
and enhanced thermal stability. The polyamides ex-
hibited blue fluorescence in a DMF solution. The
absorption and emission spectra of PAa and its model
diamide revealed that there was not essentially conju-
gation between the adjacent repeat units in polyamide.
The 4-biphenylyl pendent groups of PAb caused sig-
nificant steric hindrance which gave rise to a controlled
regular interruption of the conjugation in the p-quin-
quephenyl of backbone.

Acknowledgment. The authors thank Dr. G. Tsiv-
goulis (College de France, Chimie des Interactions
Moleculaires) for recording the UV/vis absorption and
emission spectra. We also thank the Nuclear Magnetic
Resonance Center (Chemistry Department, University
of loannina, loannina, Greece) for carrying out the NMR
spectra.

References and Notes

(1) Cassidy, P. E. Thermally Stable Polymers; Marcel Dekker:
New York, 1980; Chapter 4.

(2) Jackson, J. W., Jr. Br. Polym. J. 1980, 12, 54.

(3) Griffin, B. P.; Cox, M. K. Br. Polym. J. 1980, 12, 147.

(4) Gaudiana, R. A;; Minns, R. A; Sinta, R.; Weeks, N.; Rogers,
H. G. Prog. Polym. Sci. 1989, 14, 47.

(5) Flory, P. J. Recent Advances in Liquid Crystalline Polymers;
Chapoy, L. L., Ed.; Elsevier Applied Science Publishers
London, 1985.

(6) Li, Z. B.; Ueda, M. J. Polym. Sci., Polym. Chem Ed. 1984,
22, 3063.

(7) Tagle, L. H.; Diaz, F. R. Polymer 1982, 23, 1051.

(8) Duran, R.; Ballauff, M.; Wenzel, M. Wegner, G. Macromol-
ecules 1988, 21, 2897.

Rigid-Rod Polyamides and Polyimides 521

(9) Helmer-Metzmann, F.; Ballauff, M.; Schults, R. C.; Wegner,
G. Makromol. Chem. 1989, 190, 985.

(10) Kricheldorf, H. R.; Burger, R. J. Polym. Sci., Part A: Polym.
Chem. 1994, 32, 355.

(11) Meyer, W. R.; Gentile, F. T.; Suter, U. W. Macromolecules
1991, 24, 642.

(12) Aharoni, S. M. Polym. Adv. Technol. 1995, 6, 373.

(13) Hatke, W.; Schmidt, H. W.; Heitz, W. J. Polym. Sci., Part A:
Polym. Chem. 1991, 29, 1387.

(14) Giesa, R.; Keller, U.; Schmidt, H. W. Polym. Prepr. (Am.
Chem. Soc., Div. Polym. Chem.) 1992, 33 (1), 396.

(15) Becker, K. H.; Schmidt, H. W. Mater. Sci. Eng. (Am. Chem.
Soc., Div. Polym. Mater. Sci. Eng.) 1992, 66, 303.

(16) Itoh, M.; Mita, I. J. Polym. Sci., Part A: Polym. Chem. 1994,
32, 1581.

(17) Schmitz, L.; Rehahn, M. Macromolecules 1993, 26, 4413.

(18) Cheng, S. Z. D.; Wu, Z.; Eashoo, M.; Hsu, S. L. C.; Harris, F.
W. Polymer 1991, 32, 1803.

(19) Harris, F. W.; Hsu, S. L. C.; Tso, C. C. Polym. Prepr. (Am.
Chem. Soc., Div. Polym. Chem.) 1990, 31 (1), 342.

(20) Hedrick, J. L.; Labadie, J. W. J. Polym. Sci., Part A: Polym.
Chem. 1992, 30, 105.

(21) Cheng, S. Z. D.; Arnold, F. E., Jr.; Zhang, A.; Hsu, S. L. C.;
Harris, F. W. Macromolecules 1991, 24, 5856.

(22) Kim, W. G.; Hay, A. S. Macromolecules 1993, 26, 5275.

(23) Falcigno, P. A.; Jasne, S.; King, M. J. Polym. Sci., Part A:
Polym. Chem. 1992, 30, 1433.

(24) Schmitz, L.; Rehahn, M.; Ballauff, M. Polymer 1993, 34, 646.

(25) Hall, H. K.; Kuo, T.; Leslie, T. M. Macromolecules 1989, 22,
3525.

(26) Morgan, P. W. Macromolecules 1977, 10, 1381.

(27) Kwolek, S. L. U.S. Patent, 3,671,542, 1972.

(28) Ober, C. K.; Jin, J. L.; Lenz, R. W. Adv. Polym. Sci. 1984,
59, 103.

(29) Jadhav, J. Y.; Preston, J.; Krigbaum, W. R. J. Polym. Sci.,
Part A: Polym. Chem. 1989, 27, 1175.

(30) Gaudiana, R. A.; Minns, R. A.; Rogers, H. G,; Sinta, R.; Taylor,
L. D.; Kalyanaraman, P.; McGowan, C. J. Polym. Sci., Part
A: Polym. Chem. 1987, 25, 1249.

(31) Rogers, H. G.; Gaudiana, R. A.; Hollinsed, W. C.; Kalyanara-
man, P. S.; Manello, J. S.; McGowan, C.; Minns, R. A
Sahatjian, S. Macromolecules 1985, 18, 1058.

(32) Rogers, H. G.; Gaudiana, R. A.; McGowan, C. J. Polym. Sci.
Polym. Chem. Ed. 1985, 23, 2669.

(33) Brandelik, D.; Field, W. A; Arnold, F. E. Polym. Prepr. (Am.
Chem. Soc., Div. Polym. Chem.) 1987, 28 (1), 88.

(34) He, C; Criffin, A. C.; Windle, A. H. J. Appl. Polym. Sci. 1994,
53, 561.

(35) Hatke, W.; Land, H. L.; Schmidt, H. W.; Heitz, W. Makromol.
Chem., Rapid. Commun. 1991, 12, 235.

(36) Harris, F.; Hsu, S. L. C. High Perform. Polym. 1989, 1, 3.

(37) Cheng, S.Z.D.; Lee, S. K,; Barley, J. S.; Hsu, S. L. C.; Harris,
F. W. Macromolecules 1991, 24, 1883.

(38) Harris, F. W.; Lin, S. H.; Li, F.; Cheng, S. Z. D. Polymer 1996,
37, 5049.

(39) Spiliopoulos, I. K.; Mikroyannidis, J. A. Macromolecules 1996,
29, 5313.

(40) Spiliopoulos, 1. K.; Mikroyannidis, J. A. Polymer 1997, 38,
2733.

(41) Harris, F. W.; Chuang, K. C.; Huang, S. A. X,; Janimak, J.
J.; Cheng, S. Z. D. Polymer 1994, 35, 4940.

(42) Katritzky, A. R.; Tarr, R. D.; Heilmann, S. M.; Rasmussen,
J. K.; Krepski, L. R. J. Polym. Sci., Part A: Polym. Chem.
1988, 26, 3323.

(43) Krivun, S. V.; Dorofeenko, G. N. Khim. Geterotsikl. Soedin.
1966, 2 (5), 656; Chem. Abstr. 1967, 67, 64170w.

(44) Zimmermann, T.; Fischer, G. W. J. Prakt. Chem. 1987, 329
(6), 975; Chem. Abstr. 1988, 109, 169929q.

(45) Hilberer, A.; Brouwer, H. J.; Van der Scheer, B. J.; Wildeman,
J.; Hadziioannou, G. Macromolecules 1995, 28, 4525.

MA9704900



