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ABSTRACT : Wholly aromatic polyamides were synthesized by the low temperature
polycondensation and the factors which affect the polycondensation were studied.
A relatively high molecular weight poly(m-phenyleneisophthalamide) [MPD-I] was
obtained by the interfacial polycondensation when 5 mole % excess of isophthaloyl di-
chloride was used, but it was very difficult to obtain a high molecular weight poly(p-
phenylensterephthalamide) (PPD-T). In case of the solution polycondensation, relatively
high molecular weight wholly aromatic polyamides (PPD-T and MPD-I] could be ob-
tained by the use of a polar amide solvent. In the solution polycondensation of PPD-T,
the optimum mononomer concentration was about 7 wt 2% and, as an acid acceptor,

pyridine was more effective than triethylamine.
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[. INTRODUCTION

Until recently, ultra-high modulus/strength
materials have been obtained by the use of
inorganic materials such as E-glass, carbon,
asbestos and so on.

However, many recent studies have suggested
that the thermally stable and extremely high
moduius/strength organic polymers can be syn-
thesized by incorporating stable aromatic rings
into the polymer chain.

Since the earliest patent! for ultra-high mo-
dulus/strength polymer was reported in 1961,
a lot of studies on these type polymers?, eg,
aromatic polyamide, aromatic polyester, arom-
atic polyazo, aromatic polyazomethine etc, have
been made.

The physical properties of some ultra-high
moduius/strength polymers are listed in Table
I.

As shown in Table [,
operties the demand for special purposes, e.g.

for their superior pr-
substi:ute for metal, tire cord and composites
for military and aerospace uses etc, is on the
increase by leaps and bounds nowadays.
Numerous methods for the syntheses of wh-
olly ordered aromatic polyamides have been re-
ported in patents and papers, but no details to
obtain a high molecular weight polymer are well
known. So in this study, factors affecting the
molecular weight of the polymer during the low

Table [. Physical properties of U-H M/S poly-

mers
B " Tnitial Elongation; -
Polvmer |{modulus T(en/zglnt)y ' o break ?;75:;;”)

) (g/den) | ‘& e
X-500T { 458 12.1 { 1.9 | L44
X-500G 18.4 . 3.7 | 1.47
Kevlar 24.8 ‘& 4.0 1.44
Kevlar-49 | 1,014 29.8 3.0 | 1.45
*Seesl | 215—288 3.7 | 20 | 7.8

|
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temperature polymerization were examined and
discussed.

. EXPERIMENTAL

1. Purification of the reagents

All the solvents and acid acceptors were de-
hydrated with powerful drying agents such as
calcium hydride and barium oxide and then di-
stilled under the reduced pressure. The purified
reagents were stored in a dry box until they

were used.

2. Preparation of the acid chlorides

2-1. Terephthaloyl dichloride

A 500m! four necked flask equipped with a
condenser, a thermometer, a stirrer and a dr-
opping funnel was charged with 100g. of terep-
hthalic acid, 2m!/ of pyridine and 200g of thionyl
chloride.

The temperature was raised to 70°C and an
additional 200m/ of thionyl chloride was added
through the dropping funnel for 10hours with
stirring. The reaction was continued until the
emission of sulfur dioxide and hydrogen chloride
ceased and then the excess thionyl chloride was
distilled out.

Terephthaloyl dichloride was obtained by di-
stillation at 141°C under 16mmHg. (yield=
53.7%, m.p.=81°C)

2-2. Isophthaloyl dichloride

By the analogous method described in [[ -2-1,
isophthaloyl dichloride was prepared from iso-
phthalic acid and thiony! chloride. (yield=57.5%
m.p. =43.5°C)

2-3. o-Phthaloyl dichloride
A 500m/ three necked flask equipped with a
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condenser, a thermometer and a stirrer was ch-
arged with 100g of phthalic anhydride and 141g
of phosphorus pentachloride.

The mixture was refluxed at 150°C for 10
hours with stirring and then the temperature
was gradually raised to 250°C to distil off most
of phosphoryl chloride by use of a downward
condenser.

o-phthaloyl dichloride was obtained by distill-
ation at 132°C under 16mmHg. (yield=45.7%,
m.p. =10.5°C)

3. Polymerization

3-1. Imterfacial polycondensation3?

Diamine(0. 018 to 0. 022moles) and sodium hy-
droxide (0. 05moles) were dissolved in water(130
m/) and acid chloride(0. 02moles) was dissolved
in cyclohexanone(65m/). Both of the solutions
were cooled to 3°C, and then the acid chloride
solution was added with vigorous stirring into
the diamine solution under nitrogen bleeding.

Since the reaction was exothermic, the tem-
perature was controlled below 10°C in a ice and
water bath during the reaction.

3-2. Solution polycondensation*

Diamine(0. 02moles) and an acid acceptor (0. 01
to 0.03moles) were dissolved in a pure dry sol-
vent (50 to 150m!) and the solution was cooled
to 10°C.

Into this solution, the finely powdered acid
chloride was poured at once with vigorous stir-
ring under nitrogen bleeding.

During the reaction, the temperature increased
above the room temperature.

The reaction schemes are as follows

CIOC©COCI—§-ILN©NHz acid acceptor
—_——

{-OCQCONHQNH}n

MPD—1
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acid acceptor
CIOCDCOCHH,N@NHZ )

-EOC@CONH@NH—}B

PPD—T

4. Measurement of inherent viscosity
(9:ss) 0of the polymer

Fifty mg. of the polymer was completely
dissolved in 10m! of 969 sulfuric acid.
Relative viscosity was measured at 30 + 1°C
with the Ostwald viscometer and inherent vis-
cosity was calculated from the equation :
vlnhzlnléL
where, 7., . inherent viscosity of the polymer.
7.1 - Telative viscosity of the polymer.
C : concentration of the solution.

I. RESULTS AND DISCUSSION
1. Identification of the polymer

1-1. Infrared spectrum of the polymers

In order to identify the structure of the po-
lymer, the infrared spectrum was taken and sh-
own in Fig.1.

In Fig.1, the three strong bands at 16€0cm~3,
1520cm~1 and 1340cm-! represent amide [, am-
ide J and amide ]| bands of secondary amides,
and band at 3300cm-?! indicates YNH and bands
at 1430 cm-! and 1140cm-! indicate phenyl gr-
oups.

In the infrared spectrum of PPD-T, absorption
at 820cm-! suggests p-substituted phenyl groups
and in the infrared spectrum of MPD-I, absor-
ptions at 780cm-1 and 675cm-! suggest m-subs-
tituted phenyl groups.

1-2. Elemental analysis of the polymer
To know the polymer composition, elemental
analysis was performed with C.H.N. Corder MT-
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Figure 1. LR, Spectra of PPD-T and MPD-L

Table [, Composition of the polymer

PPD-T MPD-I T
calcul- | experi- | calcul- {experi- i
- ated |mental | ated |mental ».
carbon (%) 70.06 | 65.65 | 70.06 | 67.54 0.7t T
hydrogeu(%) 4.18 4.84 4.18 4.27 ) .
nitrogen(#%) 11.76 | 11.44 | 11.76 | 11.69 i ’
g
2(Yanaco), and the results are listed in Table- O5F :
I i
2. Factors affecting the molecular weight 0.3t
of the polymer .-\
2-1. Interfacial polycondensation3 04+%
A relatively high molecular weight MPD-I was
obtained, and it was found that the molar ratio L—'P\* L : = 1 —>
of diamine to acid chloride had a significant P P A I
influence on the molecular weight of the poly- acid chloride.
mer (Fig. 2). Figure 2. Relation between 7,4 of MPD-I and
A little excess use of acid chloride (5% ) gave molar ratio of diamine to acid chloride.
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the better results, which may be due to the par-
tial hydrolysis of acid chloride during polymeri-
zation.

It was very difficult to obtain a high mole-
cular weight PPD-T, because there was little
chance of growing the polymer chains. In other
words, the growing polymer chains were easily
precipitated due to the insolubility and the st-
rong intermolecular attraction at the early stage
of polymerization.

2-2. Solution polycondensation*

In solution polycondensation, a high molecular
weight MPD-I (,,,=0.72) could be easily ob-
tained but the polymerization of PPD-T required
optimization of many factors to obtain a high
molecular weight polymer.

The influence of solvents on the inherent vi-
scosity of PPD-T was shown in Fig. 3, and the
conditions of each experiments were listed in
Table .

As shown in Fig. 3, good results were obta-
ined in the mixed solvents of HMPA-NMP(3 :
1, molar ratio) and in the salt added solvents.
This suggests that an enhanced results can be
obtained by use of a solvent which is ploar and
has a strong solubilizing power for the growing
polymer chains. That is to say, the mixed sol-

‘n\.nh
A

IR

0
M

Figure 3. Influence of the solvent on 7, of
PPD-T.
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vents can easily form a polar complex which
can make the growing polymer chains more so-
luble by polar solvation during polymerization.

Analogously, in the salt added solvents such
as NMP-LiCl and DMA-LICI, the polymer is
expected to be solvated by interaction with po-
lar solvent which is formed by the salt-solvent
complexS. The optimum amount of lithium chlo-
ride was about 3 to 3.5wty (Fig. 4).

R—N—R
!
R
(0]
i
</—\>_II]_C_,
I+ 1
Cle
R—N—R f
i
C—0-—Li|

I

Table [. Conditions of Solution polycondensation

l Solveat [ acid acceptor

A ! HMPA-NMP Pyridine
B | HMPA-NMP Et,N

c NMP-LiCl Pyridine
D DMA-LiCl Pyridine
E NMP Pyridine
F CF-Et,N.HCl Et,N

G DMA Pyridine
H DM-Et,N.HCI Et,N

I CF Pyridine
J DM Pyridine
K DMF Pyridine

HMPA : hexamethylphosphoramide
NMP : N-methyl pyrrolidone

DMA : dimethylacetamide

CF : chloroform

DM : dichloromethane

DMF : dimethyl formamide

LiCl : lithium chloride

Et,N : triethyl amine

Et,N.HCI : triethylamine hydrochloride
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Figure 4. Relation bstween 7;,,, of PPD-T and
amount of lithium chloride.

Due to the low activation energy(l. 8kcal/mol)
for the reaction between DMF and acid chloride,
a high molecular weight PPD-T could not be
synthesized in DMF",

Though triethylamine is the more powerful
hydrogen chloride acceptor than pyridine, pyri-
dine gave the better results than triethylamine.
This is derived from the fact that triethylamine
reduces the solubility of diamine in solution(Fig.
5).

The optimum molar ratio of diamine to acid
chloride was unity and the optimum monomer
concentration was about 6 to 7wt% as shown
in Fig. 6 and Fig. 7.

This suggests that in solution polycondensa-
tion the hydrolysis of acid chloride is negligible
and the growing polymer chain retains its mo-
bility during polymerization due to the enbanced
solubility. In fact, at the end of polymerization,
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Figure 5. Relation bztween 7,,, of PPD-T and
the amount of acid acceptor(DMA-LiCl)
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Figure 6. Relation bztwesn 7., of PPD-T and
molar ratio of diamine to acid chloride
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the reaction mixture becomes a yellow gel state
or a yellow viscous solution state. Though the
post-polymerization took place in both cases, the
increase of the inherent viscosity of the polymer
by the post-polymerization was larger in the
mixed solvents than in the salt added solvent
as shown in Fig. 8.

N

br
. L
i e ‘.\\
l o /8‘ N T
3- T -
l -~ o,
e "
2~
— -8 - NMP-1IMPA
O DMA~LIC1L

1-

I
1(3—24 5 g 7 8 9 10 i

weight percentage of monomer

Figure 7. Relation between 7;,, of PPD-T and
monomer concentration.
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Figure 8 Relation between 7, of PPD-T and
storage time.
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2-3. Theoretical considerations

In most cases, incorporation of ortho-monomer
resulted in the oligomer formation.

This may be attributed to the side reactions
such as imine and imide formation.

NH,

@i +C10C®——COCL —

NHg

) o0 /©
COCl

@i +HN()—NH, —

COCl1
/CO\ /CO\
©\ /N@_N\ /©
cO CO

In case of PPD-T, the difficulty to obtain a
high molecular weight polymer may be ascribed
to the poor solubility of the growing polymer
chains during polymerization. That is to say,
due to the double bond character of amide bond
(semi-conjugated linkage) and the rigidity of
phenylene ring, PPD-T has an extended(rodlike)
conformation in solution. As a result, the inter-
molecular hydrogen bonding by polar amide

H Q
0 A
WQ—C III—@—N—-C*QM
H 0
o
WQ*g N- @—N c—()~
H -
o }’{

f

i
(The dotted line represents the intermolecular
hydrogen bonding)
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Lv. Mo | MuM
f
1.84 10,400 ‘ 1.51
2.30 13,500 1.84
3.06 22,800 2.31
5.12 35, 000 3.00

Table V. Relation between 1.V. and molecular
weight of PPD-T.

groups becomes more facile, and hence the gr-
owing polymer chains easily bundle up together
and lose their mobilities at the early stage of
polymerization. Therefore, only a low molecular
weight polymer can be obtained unless a strong
polar solvent is used.

For PPD-T, the relation between inherent
viscosity and molecular weight8 is listed in Table

.

V. CONCLUSION

1. In case of interfacial polycondensation, a
high molecular weight PPD-T could be har-
dly obtained, but a relatively high molec-
ular weight MPD-I was obtained in which
case, the optimum monomer concentration
and molar ratio of diamine to acid chloride
were 2 to 3wt and 0.95 respectively.

2. In case of solution polycondensation, a high
molecular weight MPD-I was easily obtained
and a relatively high molecular weight PPD-
T was obtained as well.

1) The optimum monomer concentration
and molar ratio of diamine to acid chlo-
ride were 6 to 7wt and 1 respectively.

2) As an acid acceptor, pyridine gave the
better result than triethylamine.

3) A relatively high molecular weight PPD-
T was obtained in strong polar solvents
such as the mixed solvents of HMPA-
NMP and the salt-added solvents.
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