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Synopsis 

Polyamides containing arylene sulfone ether linkages were synthesized from 4,4'-[sulfonylbis 
( p-phenyleneoxy)] dibenzoyl chloride (SPCI), 3,3'-[sulfonylbis ( p-phenyleneoxy)] dibenzoyl chlo- 
ride (SMCI) and various aromatic diamines (ARD), by solution and interfacial polymerization 
techniques. In solution polymerization, the effect of various acid acceptors such as propylene 
oxide (PO), lithium hydroxide (LiOH) in the presence of lithium chloride (LiCl), and trieth- 
ylamine (TEA) on the molecular weight of the polyamides was studied. The effect of structure of 
various aromatic diamines on molecular weight and thermal properties of polyamides was also 
studied. The polyamides prepared were characterized by solution viscosity, elemental analysis, 
thermo-gravimetric analysis, differential scanning calorimetry, and x-ray diffraction. Physical and 
thermal properties of polyamides prepared from SPCI and ARD were compared with the 
polyamides prepared from SMCI and ARD. 

INTRODUCTION 

Aromatic polyamides are well known for their high temperature stability, 
excellent mechanical properties and high thennooxidative stability. However, 
these polymers suffer because of their insolubility in organic solvents. Of 
various methods tried to improve their solubility in organic solvents, introduc- 
tion of aromatic sulfone and ether groups in the polymer backbone met with 
much success, without affecting other properties. Thus aromatic polyamides 
containing aryl ether, aryl sulfone, or aryl sulfone ether linkages are well 
known in the literature'-* for their superior solubility in organic solvents in 
addition to excellent chain flexibility and tractability, high thennooxidative 
stability, and mechanical properties. 5-8  Generally, these polymers are amor- 
phous and have low glass transition temperatures. They have good potential 
for commercial exploitation. Recently, they have been proposed as new candi- 
dates for thermotropic liquid crystalline ~olymers .~ 

The present work was undertaken to study comparatively the effect of the 
structures of various aromatic diamines on the properties of polyamides 
obtained from para- and meta-linked diacids containing sulfone ether link- 
ages. Polyamides were prepared by both solution and interfacial polymeriza- 
tion techniques. In the solution polymerization method, various acid acceptors 
such as propylene oxide, lithium hydroxide in the presence of lithium chloride, 
and triethylamine were used and their effect on molecular weight of the 
polyamides was studied. The present study also describes the synthesis of 
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4,4’-[sulfonylbis ( p-phenyleneoxy)] dibenzoic acid (SPA) and 3,3’-[sulfonylbis 
( p-phenyleneoxy)] dibenzoic acid (SMA) by a modified route which gives high 
yields in a short time. Reported methods’O~” require 16-40 h for the reaction 
and give low yields. The present method gives 90% yield of the ditolyl 
compounds in 5 h and 80% yield of the corresponding diacids. 

EXPERIMENTAL 

Materials 

1,3-Phenylene diamine (MPDA) and lP-phenylene diamine (PPDA) (Fluka, 
AG, West Germany) were purified by vacuum sublimation. 

4,4‘-Diaminodiphenyl (Benzidine) (Sisco, Bombay) was purified by recrys- 
tallization from ether. 
4,4’-Diaminodiphenylmethane (MDA) (Bayer, AG, West Germany) was 

purified by distillation under reduced pressure followed by recrystallization 
from benzene. 
4,4’-Diaminodiphenylether (ODA) (EGA, Chemie., West Germany) was pu- 

rified by recrystallization from tetrahydrofuran. 
4,4’-Diaminodiphenylsulfone (SDA) (Fisions, Philadelphia) was purified by 

recrystallization from ethanol. 
p-Cresol and m-cresol (Sisco, Bombay) were purified by distillation under 

reduced pressure. 
4,4’-Dichlorodiphenylsulfone (DCPS) (Fluka, AG, Switzerland) was used as 

received. 
N-Methyl-2-pymolidone (NMP) (Fluka, AG, Switzerland), N, N-dimethyl- 

formamide (DMF), and dimethylsulfoxide (DMSO) (SD’s, Bombay) were 
dried over molecular sieves and distilled under reduced pressure. 

Potassium fluoride (KF), Propylene oxide (PO), lithium hydroxide (LiOH), 
lithium chloride (LiCl), and triethylamine (TEA) (Loba Chemie, Bombay) 
were purified by standard procedures. 

4,4’-[Sulfonylbis ( p-phenyleneoxy)] dibenzoyl chloride (SPCl) and 3,3’- 
[sulfonylbis ( p-phenyleneoxy)] dibenzoyl chloride (SMC1) were prepared in 
our laboratory and used after recrystallization from the appropriate solvents. 

Instrumental Methods 

Infrared spectra were recorded on a Perkin Elmer spectrophotometer. 
Nuclear magnetic resonance (NMR) spectra were recorded on a Varian T-60, 
Bruker WH 90 MHz spectrophotometer with TMS as an internal standard. 

Ubbelohde viscometers were used to determine inherent viscosities of poly- 
mer solutions having concentrations of 0.5 g/100 mL in dimethylformamide. 
A constant temperature bath was maintained at  30°C. 

Thermogravimetric analyses were obtained with a Netzsch STA 409 Ther- 
mogravimetric Analyzer in a flowing air environment. Heating rate used for 
the determinations was 5°C min-’. Temperature was measured by a Pt-Pt Rh 
(10%) thermocouple. 

Differential scanning calorimetry thermograms were obtained with a 
Perkin-Elmer Differential Scanning Calorimeter DSC 2 equipped with Ther- 
mal Analysis Data Station (TADS). Rate of heating used was 2OoC min-l. 
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The x-ray diffractograms were obtained with a Phillips x-ray unit (Phillips 
generator, PW-1730) and a nickel filtered Cuk, radiation. 

Monomer Synthesis 

4,4'-[Sulfonylbis (p-phenyleneoxy)] Ditolwne (SPM) 

To a three-necked 250-mL round-bottomed flask, equipped with reflux 
condenser, thermowell, nitrogen gas inlet tube, and stirring arrangement was 
added 8.65 g (0.08 mol) p-cresol, 4.49 g (0.08 mol) potassium hydroxide and 75 
mL DMSO. The reaction mixture was heated to 70°C with stirring, water of 
neutralization was removed under vacuup with some quantity of DMSO. To 
the resulting potassium salt was added 11.49 g (0.04 mol) 4,4'-dichlorodiphen- 
ylsulfone, 2.0 g potassium fluoride and 50 mL dry DMSO. 

The mixture was heated at 125°C under nitrogen atmosphere with stirring 
for 5 h. After cooling, the reaction mixture was poured into water. The 
product was washed 4 to 5 times with water and extracted with 
dichloromethane. The dichloromethane layer was dried over anhydrous mag- 
nesium sulfate. Removal of solvent under reduced pressure and recrystalliza- 
tion from methanol yielded 16.4 g (95%) of pure SPM, mp 128°C. 

The SPM was characterized by infrared (IR), 'H NMR, mass spectral, and 
elemental analysis. 

ANAL. Calcd for C,,H,,O,S (430): C, 72.55%; H, 5.11%. Found: C, 72.25%; H, 5.241%. 
Mass Spectrum: Molecular ion (M') peak at 430. 

4,4'-[Sulfonylbis (p-phenyleneoxy)] Dibenzoic Acid (SPA) 

To a 250-mL four-necked round-bottomed flask, equipped with an efficient 
mechanical stirrer, a reflux condenser, thermowell, and addition funnel were 
added 12.9 g (0.03 mol) of SPM, 150 mL water, and 100 mL pyridine. The 
temperature was raised to 95°C and solid KMnO, was added portionwise to 
maintain a slow reflux which was continued for 3 h. The excess KMnO, was 
destroyed by adding methanol. The MnO, was removed by filtration and 
washed with a large volume of boiling water and the washings were combined 
with the filtrate. The filtrate, after removal of excess pyridine, was treated 
with activated charcoal and acidified with dilute HC1. The precipitated acid 
was collected by filtration, washed with water, then dissolved in sodium 
bicarbonate solution, again treated with activated charcoal and finally acidi- 
fied with HC1 to obtain 11.76 g (80%) of SPA after recrystallization from 
dioxane, mp 306-308°C. 

The SPA prepared by this method was characterized by IR, 'H NMR, mass 
spectral, and elemental analysis. 
ANAL. Calcd for C,,H,,O,S (490): C, 63.67%; H, 3.67%. Found: C, 63.26%; H, 3.76%. 
Mass spectrum: Molecular ion (M*) peak at 490. 

4,4'-[Sulfonylbis (p-phenyleneoxy)] Dibenzoyl Chloride (SPCO 

To a 100-mL round-bottomed flask equipped with reflux condenser, guard 
tube, and stirring arrangement, was added 4.9 g (0.01 mol) diacid (SPA) and 
40 mL thionyl chloride. The mixture was heated to the reflux temperature for 
2 h, after which time 3-4 drops of DMF were added. Heating continued for 
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another 2 h, and the mixture was left overnight a t  room temperature. The 
thionyl chloride was removed under reduced pressure at  40-50°C. The dry 
crude product was recrystallized from dry benzene to yield 4.8 g (91%) of pure 
SPC1, mp 184-186°C. 

The diacid chloride prepared was characterized by IR, 'H NMR, mass 
spectral, and elemental analysis. 

ANAL. Calcd for C,,H,,O,SCl, (526): C, 59.20%; H, 3.04%. Found: C, 59.10%; H, 3.00%. 
Mass spectrum: Molecular ion (M+) peak at 526. 

3,3'-[Sulfonylbis (p-phenyleneoxy)] Ditoluene (SMM) 

To a three-necked 250 mL round-bottomed flask, equipped with reflux 
condenser, thennowell, nitrogen gas inlet tube, and stirring arrangement was 
added 8.65 g (0.08 mol) m-cresol, 4.49 g (0.08 mol) potassium hydroxide, and 75 
mL DMSO. The reaction mixture was heated to 70°C with stirring. Water of 
neutralization was removed under vacuum with some quantity of DMSO. To 
the resulting potassium salt was added 11.49 g (0.04 mol) 4,4'-dichlorodiphen- 
ylsulfone, 2.0 g potassium fluoride, and 50 mL dry DMSO. 

The mixture was heated at  125°C under nitrogen atmosphere with stirring 
for 5 h. After cooling, the reaction mixture was poured into water. The 
product was washed 4 to 5 times with water and extracted with ether. The 
ether layer was dried over anhydrous sodium sulfate. Removal of solvent and 
distillation under reduced pressure yielded 16.0 g (93%) of pure SMM, bp 

The SMM prepared was characterized by IR, 'H NMR, mass spectral, and 

ANAL. Calcd for Cz6H,,0,S (430): C, 72.55%; H, 5.11%. Found: C, 72.40%; H, 5.20%. 
Mass spectrum: Molecular ion (M') peak at 430. 

260-5"C/8 m. 

elemental analysis. 

3,3'-[Sulfonylbis (p-phenyleneoxy)] Dibenzoic Acid (SMA) 

To a 250-mL four-necked round-bottomed flask, equipped with an efficient 
mechanical stirrer, a reflux condenser, a thennowell, and addition funnel was 
added 12.9 g (0.03 mol) of SMM, 150 mL water, and 100 mL pyridine. The 
temperature was raised to 95°C and solid KMnO, was added portionwise to 
maintain a slow reflux, and was continued for 3 h. The excess KMnO, was 
destroyed by adding methanol. The MnO, was removed by filtration and 
washed with a large volume of boiling water; the washings were combined 
with the filtrate. After removal of excess pyridine, the filtrate was treated 
with activated charcoal and acidified with dilute HC1. The precipitated acid 
was collected by filtration, washed with water, then dissolved in sodium 
bicarbonate solution, again treated with activated charcoal, and finally acidi- 
fied with HC1 to obtain 11.46 g (78%) of SMA after recrystallization from 
methanol, mp 230-232°C. 

The SMA prepared by this method was characterized by IR, 'H NMR, 
mass spectral, and elemental analysis. 

ANAL. Calcd for C,,H,,08S (490): C, 63.67%; H, 3.67%. Found: C, 63.56%; H, 3.78%. 
Mass spectrum: Molecular ion (M+) peak at 490. 
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3,3'-[Sulfonylbis (p-phenyleneoxy)] Dibenzoyl Chloride (SMCl) 
To a 100-mL round-bottomed flask equipped with a reflux condenser, guard 

tube, and stirring arrangement, was added 4.9 g (0.01 mol) diacid (SMA) and 
40 mL thionyl chloride. The mixture was heated to the reflux temperature for 
2 h, after which time 3-4 drops of DMF was added. Heating continued for 
another 2 h and the mixture was left overnight at room temperature. The 
thionyl chloride was removed under reduced pressure at  40-50°C. The dry 
crude product was recrystallized from a mixture of dry dichloromethane and 
petroleum ether to yield 4.75 g (90%) of pure SMC1, mp 120-122°C. 

The diacid chloride prepared was characterized by IR, 'H NMR, mass 
spectral, and elemental analysis. 
ANAL. Calcd for C,HI6O6SC1, (526): C, 59.20%; H, 3.041%. Found: C, 59.30%; H, 3.16%. 
Mass spectrum: Molecular ion (M') peak at 526. 

Solution Polymerization 

A typical example of solution polymerization follows: 
A 100-mL three-necked round-bottomed flask was charged under nitrogen 

with 0.216 g (0.002 mol) of PPDA and 25 mL of dry NMP. After cooling the 
solution to O"C, 1.0 mL propylene oxide was added. The mixture was then 
cooled to -10°C and with vigorous stirring 1.05 g (0.002 mol) of diacid 
chloride (5) was added. Five mL of dry NMP was used to wash the diacid 
chloride flask and addition funnel. The solution was stirred at  this tempera- 
ture for 1 h and then 24 h at  room temperature. The viscous solution obtained 
was slowly poured into a large volume of methanol (300 mL) with vigorous 
stirring. The precipitated fibrous polymer was collected by filtration, washed 
well with methanol (3-4 times) and dried. 

The polycondensation reactions of diacid chloride (5) with various aromatic 
diamines (6) were carried out in NMP, under the same conditions. 

Interfacial Polymerization 

A typical example of interfacial polymerization is as follows: 
A 250-mL high-speed reactor was charged with 0.2162 g (0.002 mol) of 

PPDA, and 0.212 g (0.002 mol) sodium carbonate in 50 mL distilled water. To 
this solution was added 1.05 g (0.002 mol) of diacid chloride (5) in 50 mL 
dichloromethane at 0°C. The reaction mixture was then stirred vigorously for 
20 min and poured into methanol. The precipitated polymer was separated by 
filtration, washed with water, acetone, and dichloromethane. Finally, the 
polymer was dried under high vacuum at 70°C. The same procedure was used 
to prepare other polyamides. 

Polymer Solubility 

The solubility of polyamides was determined at 3% concentration in various 
solvents. All the polymers dissolved in aprotic polar solvents such as dimeth- 
ylformamide (DMF), dimethylacetamide (DMAC), dimethylsulfoxide (DMSO), 
N-methyl-2-pyrrolidone (NMP), rn-cresol, and dichloroacetic acid, except 
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polyamides 7a, 7c, 8a, and 8c (for nomenclature see Fig. 1) which were soluble 
with difficulty in these solvents. The polymers were insoluble in nonpolar 
solvents such as benzene, toluene, petroleum ether, and carbon tetrachloride. 

RESULTS AND DISCUSSION 

Ditolyl compounds such as 4,4'-[sulfonylbis ( p-phenyleneoxy)] ditoluene 
(SPM) and 3,3'-[sulfonylbis ( p-phenyleneoxy)] ditoluene (SMM) are generally 
synthesized by reacting potassium or sodium salts of corresponding phenols 

2 'K ;aCH3 D M S O ,  70°C 

- 2 H 2 0  

I - 

0 
2 - 

0 

3 - 
HOOC COO H 

K M n 0 4  
3 -  
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Fig. 1. Preparation of polyamides containing arylene sulfone ether linkages. 
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with 4,4'-dichlorodiphenylsulfone in DMSO under various conditions. How- 
ever, these methods require long reaction times of nearly 40 h and give only a 
60% yield." In the present study, the reaction is carried out in the presence 
of potassium fluoride (KF), which gives high yields (> 90%) in a short time 
( - 5 h). The ditolyl compounds thus obtained were oxidized to dicarboxylic 
acids by KMnO,, further converted to diacid chlorides by thionyl chloride in 
good yields and characterized by infrared, 'H NMR, mass spectral, and 
elemental analysis, the details of which are given in Table I. 

The para- and meta-linked diacid chlorides, 4,4'-[sulfonylbis (p-phenyl- 
eneoxy)] dibenzoylchloride and 3,3'-[sulfonylbis ( p-phenyleneoxy)] dibenzoyl 
chloride, thus obtained were reacted with various aromatic diamines by 
solution and interfacial polymerization techniques, to give polyamides of 
general structures as shown below: 

TABLE I1 
Properties of Polyamide Series 7a-f and 8a-f 

Interfacial 
Solution polymerization qin2 dL . g- polymerization Yield Elemental analysisg 

Polyamide PO" LiOH/LiClb TEA' qi,:dL.g-l % C% H% N% 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 

7 
a 

b 

C 

d 

e 

f 

8 
a 

b 

C 

d 

e 

f 

1.02' 

0.94 

1.12' 

1.86 

0.78 

0.70 

0.75' 

0.59 

0.92' 

1.04 

0.68 

0.65 

0.75e 

0.62 

O.me 

1.42 

0.46 

0.42 

0.46' 

0.36 

0.64' 

0.74 

0.44 

0.41 

0.48e 

0.40 

0.52e 

0.84 

0.36 

0.32 

0.35' 

0.26 

0.48' 

0.44 

0.23 

0.25 

1.20e 

1 .00 

1.32" 

1.98 

0.92 

0.84 

0.98' 

0.80 

1.07' 

1.50 

1.79 

0.72 

99 

98 

98 

99 

98 

99 

98 

99 

99 

98 

99 

98 

68.10 4.12 5.00 
(68.32) (3.91) (4.98) 
68.70 3.96 4.92 

(68.32) (3.91) (4.98) 
71.36 4.00 4.40 

(71.47) (4.08) (4.39) 
69.96 4.16 4.30 

(69.72) (3.97) (4.28) 
71.88 4.36 4.20 

(71.77) (4.29) (4.29) 
64.90 3.86 4.10 

(64.95) (3.70) (3.98) 

68.14 4.00 4.86 
(68.32) (3.91) (4.98) 
68.56 3.88 4.90 

(68.32) (3.91) (4.98) 
70.86 3.96 4.10 

(71.47) - (4.08) (4.39) 
69.88 4.10 4.20 

(69.72) (3.97) (4.28) 
72.00 4.40 4.00 

(71.77) (4.29) (4.29) 
64.68 3.80 4.16 

(64.95) (3.70) (3.98) 

"Propylene oxide = 1.00 mL. 
bLithium hydroxide = 0.168 g, lithium chloride = 0.170 g. 
'Triethylamine = 0.56 mL. 
ddetermined in dimethyl formamide at 30°C. 
'determined in 96% sulfuric acid at 30°C. 
'determined in N-methyl-2-pyrrolidone at 30°C. 
gValues in parenthesis indicate the corresponding calculated values. 
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TABLE 111 
Thermal Characteristics of Polyamide Series 7a-f and 8a-f 

Temperature at various % residual weight 

Tg IDT ("C) IPDT T,,, 
Polyamide ("C) ("C) 10% 20% 30% 40% 50% ("C) ("C) 

7 
a 
b 

d 
e 
f 
8 
a 
b 

d 
e 
f 

C 

C 

260 410 440 498 532 552 561 510 540 
245 430 470 517 542 560 570 582 588 
255 420 460 506 530 548 562 525 542 
260 398 438 478 504 518 528 532 538 
250 . 412 463 492 508 520 532 502 528 
240 390 419 469 524 542 538 514 548 

250 403 432 494 522 542 549 514 554 
220 435 471 522 547 564 579 604 610 
235 429 463 514 536 556 569 540 549 
245 405 445 486 511 524 531 543 548 
240 420 473 501 516 526 534 510 536 
230 397 429 480 531 548 561 517 568 

Abbreviations: TR = glass transition temperature; IDT = initial decomposition temperature; 
IPDT = integral procedural decomposition temperature; T,,, = temperature for maximum rate 
of decompwition. 

general structures as shown below: 
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where the Ar group indicates the structures of diamines 6a-f (Fig. 1). Most of 
the polyamides prepared formed tough, transparent, and flexible films. They 
have been characterized by IR, solution viscosity, elemental analysis, thermo- 
gravimetric analysis, differential scanning calorimetry, and x-ray diffraction. 
The properties of para- and meta-linked polyamide series 7a-f and 8a-f are 
summarized in Tables I1 and 111. 

Both the solution and interfacial polymerization techniques give polymers 
in high yields. The elemental analyses for carbon, hydrogen, and nitrogen are 
in good agreement with the calculated values. 
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Effect of Acid Acceptors 

In order to obtain a high-molecular weight polymer by the solution poly- 
merization technique, the acid formed during polycondensation must be 
removed continuously using acid acceptors. In the present study, three acid 
acceptors, namely propylene oxide, lithium chloride/lithium hydroxide, and 
triethylamine were used. It was observed that the polyamides obtained using 
propylene oxide had the highest molecular weights and that those obtained 
using triethylamine had the lowest molecular weights. This may be due to the 

I I I 1 

2 00 400 600 8 00 

- T E M P E R A T U R E  -C 

Fig. 2. Thermogravimetric analyses of sulfone ether containing polyamide series 7a-f. 
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hydrolysis of polyamide chains in the presence of strong base such as trieth- 
ylamine. 

Viscosity 

Viscosity is directly related to molecular weight of the polymer. In the 
present study, it was observed that the inherent viscosity of polyamides 
obtained by interfacial polymerization is higher than that from solution 
polymerization. Similarly, less bulky diamines also give polyamides of higher 
inherent viscosity as expected. The lowest viscosity obtained in the case of the 
polyamides synthesized from the sulfone-containing diamine (60 may be 
attributed to its low basicity. 

I 
800 900 0 200 400 600 

d T E M P E R A T U R E  

Fig. 3. Thermogravimetric analyses of arylene sulfone ether containing polyamide series 8a-f. 
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Thermal Behavior 

Aromatic polyamides are known for their high thermal stability. In the 
present study, the thermal stability of the polyamides was studied by thermo- 
gravimetric analysis (TGA), differential thermal analysis (DTA), and deriva- 
tive thermogravimetry (DTG). The samples were heated at a constant rate of 
5°C min-' in air. Temperatures for different weight losses were determined 
from the TGA curves and are tabulated in Table 111. The initial decomposi- 
tion temperature (IDT), integral procedural decomposition temperature 
(IPDT), and the temperature for maximum rate of decomposition (TmaX) were 
calculated from the original thermograms and are also listed in Table 111. 
Figures 2 and 3 illustrate the thermograms for polyamide series 7a-f (para- 
linked polyamides) and 8a-f (meta-linked polyamides), respectively. 
Polyamides prepared from meta-linked diacid have marginally higher thermal 
stability than the corresponding polyamides prepared from para-linked diacid. 
Similarly, polyamides prepared from meta-linked diamines (6b) showed greater 
thermal stability compared to that of para-linked diamines. 

The DSC results showed that the glass transition (7'') values for the 
polyamide series 7a-f are slightly higher than the polyamide series 8a-f. Both 
the polyamides 7b and 8b prepared from the meta-linked diamine 6b, have the 
lowest Tg value in their respective series. 

X-Ray Behavior 

The crystalline nature of the polyamides was studied by x-ray diffraction. 
The polyamides 7a and 7c prepared from the more rigid diamines showed 
partially crystalline behavior. The polyamides of the series 8a-f showed an 
amorphous x-ray behavior. The representative x-ray diffractograms are shown 
in Figure. 4. 

CONCLUSIONS 

4,4'-[Sulfonylbis ( p-phenyleneoxy)] dibenzoic acid and 3,3'-[sulfonylbis ( p- 
phenyleneoxy)] dibenzoic acid were synthesized by a modified route and used 
for the preparation of a series of polyamides containing the arylene sulfone 
ether linkages employing various acid acceptors. Propylene oxide afforded the 
highest molecular weight polyamides. All the polyamides prepared from the 
meta-linked aromatic diamine showed marginally superior thermal properties 
as compared to the corresponding para-linked diamines. 
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