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ABSTRACT: A series of wholly aromatic polyamides containing 3,3 *-dimethylbiphenyl-
4,4 *-dicarboxylic acid (P-DMBA) and 3,4 *-dimethylbiphenyl-4,3 *-dicarboxylic acid (Q-
DMBA) was prepared by the direct polycondensation method using triphenylphosphite
and pyridine. Most of the polymers are readily soluble in polar aprotic solvents such as
N-methyl-2-pyrrolidone (NMP), N,N *-dimethylacetamide (DMAc), dimethyl sulfoxide
(DMSO), pyridine (py), and m-cresol and could be cast into tough and flexible films.
The solubilities of copolyamides containing P-DMBA and Q-DMBA as acid components
were remarkably improved. These were characterized by inherent viscosity, differential
scanning calorimetry (DSC), thermogravimetric analysis (TGA), and dynamic mechan-
ical spectrometry (DMS) measurements. The glass transition temperatures of these
polymers were in the range of 200–3007C and the 5% weight loss temperatures were
430–4707C. Films prepared by casting from polymer solutions exhibited good tensile
properties. q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 68: 847–853, 1998

Key words: polyamides; 3,3 *-dimethylbiphenyl-4,4 *-dicarboxylic acid; 3,4 *-dimethyl-
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INTRODUCTION been improved. However, this attempt brings
about an effect only at the expense of thermal and
mechanical properties. The synthesis of rodlikeAromatic polyamides (PAs) are well known as
aramids containing noncoplanar 2,2 *-disubsti-high-temperature-resistant materials and have
tuted biphenylene moieties has been reported,been widely used in aerospace, military, and civil-
and the solubility was found to be greatly en-ian applications.1–3 Poly(p -phenylene terephtha-
hanced, but the thermal stability of rodlike ara-lamide) was commercialized in the 1970s (Kevler
mids containing noncoplanar 2,2 *-disubstitutedfiber, DuPont Co.) , as it possesses excellent prop-
biphenylene moieties was remarkably reduced,erties such as high tensile strength and modulus,
especially when the substituents are aliphaticchemical resistance, and low flammability. How-
groups.22–24 In this contribution, we report the prep-ever, the solubility of this polymer is limited and
aration of a series of wholly aromatic, para-linkedit is only soluble in strong acids, such as sulfuric
polyamides containing 3,3*-dimethylbiphenyl-4,4*-acid or hydrofluoric acid. To improve solubility
dicarboxylic acid (P-DMBA) and 3,4*-dimethylbi-in aprotic media, many synthetic strategies have
phenyl-4,3*-dicarboxylic acid (Q-DMBA), which arebeen reported and numerous aramid compositions
readily soluble in polar aprotic solvents and stillhave been investigated.4–21 By introducing bulky
have good thermal and mechanical properties.substituents as pendant groups at the polymer

chain, solubility and processability have indeed
EXPERIMENTAL

Materials
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P-DMBA and Q-DMBA were prepared according
Journal of Applied Polymer Science, Vol. 68, 847–853 (1998)
q 1998 John Wiley & Sons, Inc. CCC 0021-8995/98/050847-07 to published procedures.25 Other chemicals were
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Figure 1 Diamines used in the polycondensation.

commercially available. The aromatic diamines ducted as follows: In a 100 mL three-necked round
flask equipped with a mechanical stirrer, a con-used were 4,4 *-diaminodiphenylether (DADE),

1,4-bis(4-aminophenoxy)benzene (TPE-Q), denser, and a nitrogen inlet were combined P-
DMBA (1.351 g, 5 mM ) , DADE (1.001 g, 5 mM ) ,1,3-bis(4-aminophenoxy)benzene (TPE-R),

4,4*-bis(4-aminophenoxy)biphenylether (BAPE), CaCl2 (2.22 g), NMP (30 mL), pyridine (5 mL),
and P(OPh)3 (3 mL). The reaction mixture was4,4*-bis(4-aminophenoxy)biphenyl (BAPB),

bis[4-(4-amino-phenoxy)phenyl]sulfone (BAPS), heated in an oil bath to 1207C to afford a clear
solution within 5 min. The reaction temperaturebis[4-(3-aminophenoxy)phenyl]sulfone (BAPS-

M), 2,2-bis(4-aminophenoxyphenyl)propane was maintained at 1207C for 3 h. The resulting
viscous solution was poured into 1 L of water un-(BAPP), 4,4*-diaminodiphenylmethane (DADM),

5,5-bis(4-aminophenyl)fluorene (FDA), 2,2-bis- der rapid stirring, and the precipitated product
was pulverized with a cooking mixer. The product(4 -aminophenyl)–1,1,1,3,3,3 -hexafluoropropane

(HFIP), and 3,3 *-diaminodiphenylsulfone (3,3 *- was washed with 0.5 L of water and 0.5 L of meth-
anol and dried in vacuum at 1207C for 3 h. YieldDADS) . These diamines as shown by their

formulas in Figure 1 were used without further 2.00 g (92%).
purification. N-Methyl-2-pyrrolidone (NMP) ,
N,N *-dimethylacetamide (DMAc), and dimethyl
sulfoxide (DMSO) were purified by distillation Measurements
under reduced pressure. Pyridine (py) was dis-

The films used for the thermal measurementstilled prior to use.
were prepared by casting NMP solutions con-
taining 20% polymer by weight onto a glass plate

Polycondensation and drying at 807C for 10 min, 80–2007C for 30
min, 2007C for 15 min, 200–3007C for 15 min, andAs a typical experiment, the polycondensation of

P-DMBA with DADE under nitrogen was con- 3007C for 15 min.
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Scheme 1 Polycondensation of polyamides.

Differential scanning calorimetry (DSC) mea- 5% weight loss temperatures (T5
d ’s ) were deter-

mined from the TGA curve. Inherent viscositiessurements were conducted on a Seiko-Denshi
DS2000 instrument in aluminum pans at a heat- were measured with a Cannon Fenske viscosime-

ter in 5% LiCl-containing DMAc solution or a neating rate of 207C/min under nitrogen. Glass transi-
tion temperatures (Tg’s ) were determined from DMAc solution (0.5 g/dL, 307C). Infrared spectra

were recorded on a Nihondenshi JIR-5500 Fourierthe endothermic peak in the second heating run
of the DSC curves. The Tg’s of the copolymers (Ta- transform infrared spectrometer. Dynamic me-

chanical spectrometry (DMS) measurementsble III) could not be unambiguously determined
from the DSC measurements. Thermogravimetric were performed on a Rheometrics RSA-II mechan-

ical spectrometer in the plate geometry usinganalysis (TGA) measurements were conducted at
a heating rate of 107C/min under nitrogen. The 0.04-mm plates at 10 Hz (62.8 rad/s) . Dynamic

Figure 2 FTIR spectrum of PA-I.
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Table I Conditions for the Polycondensation RESULTS AND DISCUSSION
and Inherent Viscosities of PAs

Polymer Synthesis
Temp Yield hinh

a
3,3 *-Dimethylbiphenyl-4,4 *-dicarboxylic acid (P-

Polymer Diamine (7C) (%) (dL/g) DMBA) and 3,4 *-dimethylbiphenyl-4,3 *-dicarbox-
ylic acid (Q-DMBA) were prepared from a Pd-

I DADE 120 92 3.96 (3.79) catalyzed coupling reaction of methyl o-toluate.
I DADE 100 91 3.90 (3.73)

Dicarboxylic acids were obtained by the hydroly-II TPE-Q 100 88 3.48
sis of the dimethyl esters.25 A series of new PAsIII TPE-R 100 85 3.25
was prepared by the direct polycondensationIV BAPE 100 88 2.67
method using triphenylphosphite and pyridineV BAPB 100 89 3.30
(Scheme 1). All the polymers were readily ob-VI BAPS 100 97 1.87 (1.70)

VI BAPS 120 92 1.94 (1.81) tained in good yields in the combination of P-
VII BAPS-M 120 89 1.51 (1.18) DMBA and diamines indicated in Figure 1. p -Phe-

VIII BAPP 100 87 2.29 (1.97) nylenediamine and o-tolidine did not afford the
IX DADM 120 89 2.99 (2.61) desired product because of a low solubility of poly-
X FDA 100 87 0.91 mers under these conditions, although the poly-

XI HFIP 100 87 1.03 mer has been successfully prepared from P-
XII 3,3*-DADS 100 85 0.73

DMBA dichloride and p -phenylenediamine by an
acid chloride method.26

Reaction conditions: 5 mmol of P-DMBA and 5 mmol of
diamine, 3 mL of triphenylphosphite, 2.22 g of calcium chlo- The FTIR spectrum of polymer I showed the
ride, 5 mL of pyridine in 30 mL of NMP, at 1007C (or 1207C) characteristic absorption bands (in Fig. 2): 3277for 3 h.

cm01 (N{H stretching vibration), 1651 cm01a Inherent viscosity in DMAc containing 5% LiCl of 0.5 g/
dL, at 307C. Inherent viscosity in neat DMAc in parentheses. (C|O stretching vibration), 1309 cm01 (C{N

stretching and N{H bending vibrations), and
1215 cm01 (aromatic ether group stretching vibra-data were recorded at a step of 37C in the range
tion) were observed and assigned.27

of strain of 0.05%. Test pieces (6 cm long, 0.4 mm
wide, and 0.02 mm thick) for the mechanical mea-

Properties of Polymerssurements were prepared by a casting method as
described above and the tensile data were ob- The results of the polycondensation reactions are

summarized in Table I. The inherent viscositiestained according to the ASTM D882 standard.

Table II Properties of PAs

Solubilitya

Tg
c T5

d
d

Polymer NMP DMAc DMSO py m-cr Filmb (7C) (7C)

I s s n 1 1 Tough 256 447
II s n 1 1 1 Tough 219 456

III s s n 1 1 Tough 213 454
IV s n 1 1 1 Tough 200 456
Ve n 1 1 1 1

VI s s s n s Tough 251 447
VII s s s s s Tough 220 449

VIII s s s s s Tough 230 462
IX s s s 1 s Tough f 440
X s s s s s Tough 293 435

XI s s s s s Tough 289 451
XII s s s s 1 Brittle 260 439

a NMP: N-methyl-2-pyrrolidone, DMAc: N,N*-dimethylacetamide, DMSO: dimethyl sulfoxide, py: pyridine, m-cr: m-cresol.
(s) Soluble at room temp; (n) partially soluble; (1) insoluble.

b Polymer film cast on a glass plate and cured at 3007C.
c Glass transition temperature from DSC measurements at a heating rate of 207C/min.
d 5% weight loss temperature from TGA measurements at a heating rate of 107C/min.
e A small amount of particles remained undissolved; therefore, film casting was not attempted.
f Not clearly defined.
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Table III Properties of PA Copolymers

Acid Solubilitya

Tg
c T5

d
d

Polymer P-DMBA Q-DMBA Diamine NMP DMAc DMSO py m-cr Filmb (7C) (7C)

I 100 0 DADE s s n 1 1 Tough 256 447
XIII 75 25 DADE s s s n s Tough e 456
XIV 50 50 DADE s s s s s Tough e 454
XV 25 75 DADE s s s s s Tough e 456

XVI 0 100 DADE s s s s s Tough e 448
II 100 0 TPE-Q s n 1 1 1 Tough 219 456

XVII 50 50 TPE-Q s s s n s Tough e 456
Vf 100 0 BAPB n 1 1 1 1

XVIII 50 50 BAPB s s n 1 1 Tough e 455
VI 100 0 BAPS s s s n s Tough 251 447

XIX 50 50 BAPS s s s s s Tough e 451

a–d See footnotes a–d to Table II.
e Not clearly defined.
f A small amount of particles remained undissolved; therefore, film casting was not attempted.

of the polymers ranged from 0.7 to 4.0 dL/g. The showed good solubility, while the homopolymer
was less soluble. The enhancement of solubilitiesvalues of the inherent viscosities in 5% LiCl-con-

taining DMAc are slightly higher than those in is ascribed to the bent units of Q-DMBA, as is
usually observed with bent structures.20DMAc without LiCl. The low viscosities of poly-

mers X, XI, and XII can be explained by the lower The 5% weight loss temperatures (T5
d ’s ) of the

copolyamides were almost identical to those of thereactivity of the corresponding diamines. A simi-
lar result was reported in the poly(amide–imide) homopolymers; however, the glass transition tem-

peratures (Tg’s ) were not clearly observed for co-system.28 The molecular weights of the polymers
except XII were high enough to give tough and polyamides in the DSC charts (Table III) . We

have included the DMS measurements for the co-flexible films by the casting of polymer solutions.
The 5% weight loss temperatures (T5

d ’s ) of the polymer systems with DADE.
In Figure 3 is depicted the temperature depen-new polymers were found in the range 430–

4707C, indicating good thermal stabilities at ele- dence of the dynamic storage modulus (E * ) and
the loss modulus (E 9 ) for polymer XIV (P-DMBA/vated temperatures, and the glass transition tem-

peratures (Tg’s ) were in the range 200–3007C Q-DMBA(50/50) –DADE). The quantity E 9 dis-
plays a maximum value at 2917C. The transition(Table II) .

The PAs (VI–XII) containing flexible diamines temperatures at the E 9 maximum value were
showed good solubilities in polar aprotic solvents.
However, the polymers (I–V) with diamines con-
taining rigid structures exhibited low solubilities.
In an attempt to prepare the polyamide of biphe-
nyl-4,4 *-dicarboxylic acid and DADE under simi-
lar conditions by the direct polycondensation
method, the desired product could not be ob-
tained, because the polymer was instantly precipi-
tated from the reaction media. This result indi-
cated that an incorporation of methyl groups into
the biphenyl moiety would enhance the solubility
of the polyamide. Indeed, the solubilities of copoly-
amides using Q-DMBA were remarkably im-
proved (Table III) . When the quantity of Q-
DMBA in the acid components was increased to
more than 50% in the polymer systems with
DADE, copolymers were readily soluble even in Figure 3 Temperature dependence of moduli E * and

E 9 for copolymer XIV.m-cresol. In the case of BAPB, the copolymer
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Table IV Tensile Properties of PA Films that the Q-DMBA monomer brings about disrup-
tion of the polymer chain packing and changes

Strength Initial Elongation the intermolecular interactions.
hinh

a at Break Modulus at Break
Polymer (dL/g) (kgf/cm2) (kgf/cm2) (%)

CONCLUSIONSI 3.79 1650 42,800 8
I 1.34 1500 39,000 7

II 3.48b 1600 42,100 29 A series of wholly aromatic polyamides containing
III 3.25b 1400 43,800 27 3,3 *-dimethylbiphenyl-4,4 *-dicarboxylic acid (P-
IV 2.67b 1320 34,800 21 DMBA) and 3,4 *-dimethylbiphenyl-4,3 *-dicarbox-
VI 1.81 920 25,600 14 ylic acid (Q-DMBA) could be conveniently pre-

VII 1.12 950 27,700 9 pared by the direct polycondensation method us-VIII 1.97 920 24,800 11
ing triphenylphosphite and pyridine. Most of theIX 0.88 1390 35,200 10
polymers are readily soluble in polar aprotic sol-XI 0.98b 1240 31,300 14
vents and could be cast into tough and flexibleXIII 3.12 1680 40,100 10
films. The solubilities of copolyamides containingXIV 2.44 1260 30,700 8
P-DMBA and Q-DMBA as acid components wereXV 1.94 1240 28,500 11

XVI 1.59 1190 26,900 11 remarkably improved.
XVII 0.79 1200 25,600 10

Films were prepared by casting of polymer solutions.
a Inherent viscosity in neat DMAc of 0.5 g/dL, at 307C. REFERENCES
b Inherent viscosity in DMAc containing 5% LiCl of 0.5 g/
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