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compatibility requires a special attractive interaction between
the polymers. This in turn would almost certainly be accom-
panied by a negative enthalpy of interaction, i.e., xy < 0, and
therefore, following eq 4, x93’ would increase with 7. Thus, an
LCST in a compatible system would be favored both by the
free volume difference between the polymers and by the
specific interaction between them. In the present case, the
specific interaction presumably occurs between the ether and
phenyl groups of the polymer pair, and indeed xy for the in-
teraction of benzene and toluene with PVME is small in Table
1. Solution calorimetry shows it becomes negative for lower
PVME concentration. The thermal expansion coefficients of
PS13 and PVME! are respectively 5.72 and 6.45 X 10~4 K~
at 25 °C. Using the Prigogine-Flory theory, the free volume
contribution to dxs3’/dT is found to be less than 1 X 10-3
deg~1. This is small compared with the experimental value of
~10 X 1075 deg™!, found from Figure 1. The LCST in the
PS-PVME system seems due to the breaking-up with in-
creasing temperature of the specific interaction between the
PS and PVME chains rather than to the free-volume differ-
ence between PS and PVME.

A final point concerns the compatibility of PS and PVME
in solution. Thies and collaborators!® found that the mixture
of the two polymers with each of the three solvents, benzene,
toluene, and tetrachlorethene, gave a one-phase ternary so-
lution, and a clear film is left on evaporating the solvents. On
the other hand, when any of three other solvents, chloroform,
dichloromethane, or trichloroethene, is used, the solution is
phase separated. The turbidity remains on solvent evapora-
tion giving a cloudy film. Recent work!® has predicted that the
compatibility of polymers in solution should reflect not only
the interaction between the polymers themselves, i.e., x23/, but
also any difference between the interaction of the polymers
with the solvent,

Ax = {x12 = x13 (6)

In the present case, the interaction between the polymers is
negligible or attractive, indicating that the stable state of the
film should be clear.. From Table I, Ax for benzene, toluene,
and tetrachloroethene is respectively 0.1, 0.1, and 0.0. How-
ever, for chloroform, dichloromethane, and trichloroethene
Ay is respectively 1.2, 0.7, and 0.5, i.e., substantial. These re-
sults suggest that the incompatibility of PS and PVME in the
second set of solvents is due to the “Ax effect” which over-
comes the normal PS-PVME compatibility. Further work!?
has confirmed this in the chloroform/(PS + PVME) case.
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Aromatic Polyamides by a Direct
Polycondensation Reaction
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The solution polycondensation of terephthaloyl chloride
with p-phenylenediamine or the homopolymerization of p-
thionylaminobenzoyl chloride affords high-modulus, tem-
perature-resistant polyamides.2 Aromatic polyamides also
have been obtained by the direct polycondensation reaction
of aromatic dicarboxylic acids with aromatic diamines cata-
lyzed by triphenyl phosphite in NMP-pyridine solution
containing lithium chloride at 100 °C.3 Trimellitic anhydride
reacts with 4,4’-diaminodiphenylmethane in the presence of
triphenyl phosphite at 200-210 °C in NMP to afford a poly-
amide—imide. In this work a polyamidation reaction catalyzed
by triphenyl phosphite prepared in situ from phenol and
phosphorus trichloride in the presence of a large excess of
pyridine is described. The proposed mechanism? for this po-
lycondensation reaction involves a mixed anhydride.

Py

CH;OH + PCl, T30 (C:H:0)P + PyHCl

 NMP NOC:H;
R—COOH + (CH,0),P —ts @OCG ' + R—NH,
N

|

H—P—0—C—R

H,C,O OC.H,
— R—CONHR’ + CH:0H + (C:H;0),—P—OH

Results and Discussion

Since pyridine is not a good solvent for polyaramides but
is necessary for catalyst formation, the polycondensation of
p-aminobenzoic acid (p-ABA) depends both on the concen-
tration of monomer and the amount of pyridine. Fora 0.4 M
concentration of monomer, the necessary minimum amount
of pyridine is 20% (1:4 v/v, pyridine/NMP Table I). Table I1
shows the effect of monomer concentration in this polycon-
densation reaction; the highest viscosity being obtained at 0.40
M (11%). Optimum conditions for the polycondensation re-
action between isophthalic acid and aromatic diamines were
obtained under the same conditions but with 50% pyridine
(Table III). In each case the temperature of the reaction was
increased slowly from 80-90 (2 h) to 100-105 °C, where it was
held for 4 h. Temperatures higher than 100-105 °C did not
improve the viscosity.

The positive influence of 3-4% lithium chloride in poly-
condensation reactions of aromatic polyamides is well-
known.23:56 In these reactions, low viscosities were obtained
without lithium chloride, since early precipitation of the
polymer occurred. Polymers 4-7 (Table IV) are lower in mo-
lecular weight, since they precipitated from the reaction so-
lution as a result of their rigid structure.

Thus, polyamidation can be carried out simply by forming
triphenylphosphite in situ. It is not necessary to isolate this
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Table I
Effect of Pyridine in the Polycondensation Reaction of

p-ABA¢

Pyridine, mL (%) NMP, mL Ninh?

30 (60) 20 1.05

20 (40) 30 1.00

10 (20) 40 1.64

5(10) 45 1.18

@ Monomer concentration 0.4 M; 4 wt % LiCl. ® HoSOy4 at 25
Q
C.

Table I1
The Effect of Monomer Concentration on the
Polycondensation Reaction of p-ABA¢

Notes 711

Table IV
Synthesis of Aromatic Polyamides by Means of
Triphenyl Phosphite Prepared “‘in situ’*

Solvent, Monomer concn,
mL mol/L (wt %) inh®
60 0.33(9) 1.39
50 0.40 (11) 1.64
40 0.50 (14) 1.45

a NMP/Py = 40/10 (vol), 4 wt % LiCl added. ® HoSOy4 at 25
°C.

Table II1
Effect of Pyridine in the Polycondensation Reaction of
Isophthalic Acid with p-Phenylenediamine?

Pyridine, mL (%) NMP, mL Ninh®
20 (50) 20 1.11
15 (37.5) 25 0.89
10 (25) 30 0.72

o Monomer concentration 0.5 M in NMP-pyridine with 4 wt
% LiCl added. ® HoSOy at 25 °C.

catalyst since the pyridine hydrochloride by-product appar-
ently does not affect the reaction. The success of this reaction
in the synthesis of high molecular weight polymers requires,
however, that the polyamides have good solubility in the sol-
vent system.

Experimental Section

The following materials were used: p-aminobenzoic acid was re-
crystallized from water; 4,4’-diaminodiphenyl ether, 1,5-diamino-
naphthalene, and benzidine were recrystallized from ethanol; while
4,4’-diaminodiphenylmethane was recrystallized from benzene, all
under nitrogen. Isophthalic acid was recrystallized from ethanol and
terephthalic acid from acetic acid. NMP was freshly distilled from
P05 and pyridine from KOH.

Polycondensation Reaction of p-Aminobenzoic Acid (p-ABA).
To a stirred solution of 6.00 g (0.063 mol) of phenol in 10 mL of pyri-
dine under nitrogen and cooled to 0 °C was added 1.75 mL (0.020 mol)
of PCls. The mixture was stirred 1 h at room temperature under ni-
trogen then 2.742 g (0.0200 mol) of p-ABA, 2 g (4%) of LiCl, and 40
mL of dry NMP were added with stirring. This mixture was heated
gradually for 2 h at 80-90 °C and then 4 h at 100-105 °C under ni-
trogen with stirring. The mixture was allowed to cool and the warm
solution (60-80 °C) was slowly poured into a large volume of methanol
(300 mL) with vigorous stirring. The fibrous white polymer was col-
lected by filtration, washed well with methanol (3—4 times), and dried
at 100 °C under reduced pressure.

General Procedure for the Preparation of Polyamides 1-8. To
the reagent prepared under the same conditions in the presence of
20 mL of pyridine was added 1.661 g (0.01 mol) of isophthalic or ter-
ephthalic acid, 0.01 mol of aromatic diamine, 1.6 g (4%) of LiCl, and
20 mL of NMP. The polymers were precipitated by the work-up de-
scribed above.

Dicarboxylic
Diamine acid Nink®
HOOC COOH
1. HEN—@—NHQ \©/ 1.11
HOOC, COOH
9. HN—@—~O——@—NH4 \©/ 0.89

HOOC COOH
3. an—O)—n—~O)—u 0.96

Q

HOOC COCH
4, HQNNHZ \©/ 0.35
NH,
HOOC COOH
. 00 o e
NH,
COOH
6. H;—@—o—@» NH, 0.24
COOH
OOH
7. HW@CH;-—@-NHZ . 0.3
COOH

8. HQN—©—COOH 1.69

2 [Monomer] = 0.4; solvent, NMP/Py = 20/20 (v/v) for all
experiments, except 8, for which 40/10 was used; tempera-
ture = 2 h at 80-90 °C and 4 h at 100-105 °C; monomer/
PCl,/phenol = 1 mol/l mol/3 mol + 6% excess. 4 wt % LiCl
added. » H,80, at 25 °C.

Table V
The Elementary Analysis for the Polymers in Table IV

C,% H, % N, %

1 Caled 70.58 4.23 11.75
Found 69.49 4.14 11.09

2 Caled 72.71 4.27 8.47
Found 72.09 4.42 8.34

3 Caled 75.93 5.09 8.85
Found 74.77 492 8.35

8 Caled 67.28 4.70 13.08
Found 66.33 4.63 13.17
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