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SYNOPSIS 

Poly (ether sulfone) (PES) and poly [ N,N'- (oxydi-p-phenylene) isophthalamide] (441) were 
blended readily by the polymerization-blending method; i.e., N,N-bis ( trimethylsilyl ) -sub- 
stituted bis( 4-aminophenyl) ether was reacted with isophthaloyl chloride in the PES so- 
lution in DMAc, and the resulting mixture was directly cast into films. The procedure 
afforded transparent films over the entire PES/44I composition range. Homogeneous mixing 
of the component polymers in the form of films was shown by a single glass transition 
temperature, whereas a conventional solution-blending method afforded less compatible 
films in the PES-rich composition. This was also supported by morphological and infrared 
studies. The mechanical properties of the blend films, particularly the elongation-at-break, 
were improved by using the polymerization-blending method. 0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

Aromatic poly (ether sulfone) s ( PESs) such as 
poly (oxy-1,4 -phenyleneisopropylidene- 1,4- phen- 
yleneoxy- 1,4- phenylenesulfonyl- 1,4- phenylene ) 
( PSF) and poly (oxy-1,4-phenylenesulfonyl-1,4- 
phenylene) ( PES)2 are well known as high-perfor- 
mance engineering thermoplastics. However, it is 
quite difficult to  make one kind of PES possess all 
the characteristics and functions demanded. Poly- 
mer blends may exhibit a better balance of properties 
than each of the polymers alone. Hence, in recent 
years, a number of novel polymer blends based on 
PESs have been developed. For example, PSF- 
poly ( p  -phenylene sulfide ) ( PPS ) , 3-7 PSF- 
poly(ether ketone) (PEK) PES-PPS,1° and 
PES-PEK ''-I3 have been reported. 

We recently reported that the binary blend of 
PES and aramid 441, poly [ N,N'- (oxydi-p -phenyl- 
ene ) isophthalamide 1, obtained through solution 
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blending at  the composition of PESIaramid = 301 
70 on a weight basis, gave a transparent compatible 
blend film despite being thermodynamically immis- 
cible.14 Further, we found that the blend film showed 
an interesting crystallization behavior. Since PES 
is an amorphous polymer and the aramid is a dor- 
mant crystalline, the crystallization of the aramid 
was induced and accelerated dramatically a t  300°C 
by blending PES, coverting into a high-temperature 
resistant blend film.15*'6 

It would be of great interest if we could achieve 
good compatibility of the binary blend over the whole 
PES laramid composition ranges from the funda- 
mental and technical viewpoints. One probable 
method to achieve this goal is "polymerization 
blending"; when the polycondensation forming 
polymer A is carried out in a solution of polymer B, 
the growing polymer chain of polymer A is mixed 
up in the solution so finely that the resulting solution 
composed of polymer A and polymer B is probably 
more compatible than is the corresponding solution 
obtained conventionally by solution blending of two 
solutions of the component polymers. A similar in 
situ direct polycondensation in the polymer matrix 
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was reported by Ogata and his co-workers, who pre- 
pared opaque polyarylate films with finely dispersed 
rigid aramid or rigid p01yarylate.l~ 

We have developed a novel synthetic route, the 
N-silylated diamine method, for the synthesis of 
high molecular weight aramids starting from N,N'- 
bis ( trimethylsilyl ) -substituted aromatic diamines 
and aromatic dicarboxylic acid chlorides. The 
method is advantageous for the reasons that the 
polycondensation proceeds under neutral reaction 
conditions with the elimination of trimethylsilyl 
chloride and, hence, transparent flexible aramid 
films can be obtained directly by casting from the 
reaction solutions of the aramids just prepared. This 
method sounds suitable for the polymerization 

blending of PES and aramid 441 and was extended 
successfully to the preparation of a compatible blend 
of the PES/aramid system by polymerization 
blending (Scheme 1 ) .  

This article reports the compatibility, morphol- 
ogy, and properties of the polymerization-blended 
films of the PES/aramid system, including those of 
the solution-blended films for comparison. 

EXPERIMENTAL 

Materials 

Aromatic poly ( ether sulfone ) ( PES ) was supplied 
by Imperial Chemical Industries, Ltd., as Victrex 

Polymerization Blending 

- C a s t  F i l m  

Solut ion Blending 

- C a s t  F i I m  
Scheme 1 
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PES 300P, and used as received. Aramid 441 was 
prepared by a conventional method reported else- 
where.I4 The inherent viscosities of PES and the 
aramid in N-methyl-2-pyrrolidone (NMP) at  30°C 
were 0.52 and 1.40 dL/g, respectively. N,N'- 
bis ( trimethylsilyl ) -substituted bis ( 4-amino- 
phenyl) ether was synthesized according to the 
method reported previously." Isophthaloyl chloride 
was obtained commercially and purified by vacuum 
distillation. All the solvents such as NMP and N, N- 
dimethylacetamide ( DMAc ) were purified by dis- 
tillation under reduced pressure. 

Preparation of Polymerization-blended Films 

A typical example of the preparation of the poly- 
merization-blended film of the composition of PES/ 
aramid = 30/70 on a weight basis is as follows: In 
a flask equipped with a mechanical stirrer, a nitrogen 
inlet, and a condenser with a drying tube, 0.707 g of 
PES was placed, and this was dissolved in 10 mL of 
DMAc with stirring under a slow stream of nitrogen. 
To the PES solution, 1.723 g (5.0 mmol) of N,N- 
bis (trimethylsilyl ) -substituted bis ( 4-aminophen- 
yl) ether was added and dissolved completely. This 
solution was cooled with an ice-salt bath to -5°C. 
To the solution was added 1.015 g (5.0 mmol) of 
solid isophthaloyl chloride in one portion. The mix- 
ture was stirred at -5°C for 30 min and then at 
room temperature for 0-2.5 h under nitrogen. As 
the polycondensation proceeded, the solution be- 
came viscous, forming aramid 441. The resulting 
polymer solution was cast onto a glass plate and 
dried under vacuum at room temperature for 24 h 
at  100°C for 24 h and at 220°C for 72 h, giving a 
transparent film of about 30 pm thick. The inherent 
viscosity of the aramid formed in the blend was es- 
timated to be 1.2 dL/g, measured at  a concentration 
of 0.5 g/dL in NMP at  30°C, by the extrapolation 
of the linear plot for the PES/aramid composition 
vs. the inherent viscosity of the blend to the inter- 
cept of the aramid. This relationship is based on the 
assumption that a plot of the PES/aramid com- 
position vs. the inherent viscosity of the blend gives 
a straight line, because it was already confirmed in 
the case of the solution-blend system. 

Preparation of Solution-blended Films 

PES and the aramid were dissolved individually in 
DMAc at  a concentration of 15 wt %. These two 
solutions were mixed and the combined solution was 
stirred at  room temperature for 24 h for stabilization. 
The clear solution was cast onto a glass plate. Drying 

conditions for the cast film were the same as those 
for the polymerization-blended film. The solution- 
blended films of about 30 pm were transparent or 
translucent in appearance, depending on the PES / 
aramid composition. 

Measurement 

Inherent viscosities of the polymers were measured 
at  a concentration of 0.5 g/dL in NMP at 30°C with 
an Ostwald viscometer. Infrared spectra were re- 
corded at  room temperature on a JASCO FT/IR- 
5000 spectrophotometer. Weight-average molecular 
weight (A?,,,) and number-average molecular weight 
(an) were determined by gel permeation chroma- 
tography (GPC) on the basis of polyoxyethylene 
calibration on a JASCO apparatus (eluent: NMP) . 
Differential scanning calorimetry (DSC ) was per- 
formed with a Shimadzu thermal analyzer DSC-41M 
at  a heating rate of 20"C/min in a nitrogen atmo- 
sphere. The midpoint of the slope change of the heat 
capacity plot of the DSC first scan was taken as the 
glass transition temperature ( T,) . Dynamic me- 
chanical analysis was performed with a Toyoseiki 
Reologragh-Solid a t  a frequency of 10 Hz and a 
heating rate of 2"C/min in air. Tensile properties 
were measured at  room temperature using a Toyo 
Baldwin Tensilon UTM-11-80 with film specimens 
of 5 mm wide, 40 mm gauge length, and 30 pm thick. 
Five specimens for each sample were measured at  a 
strain rate of 20%/min. The sample having the 
maximum elongation-at-break was taken as the data 
for elongation-at-break and tensile strength. The 
scanning electron micrographs were obtained with 
a JEOL JSM-25SIII scanning electron microscope 
(SEM) at  an accelerating voltage of 15-30 kV. The 
sampling method for the observation of morphology 
with SEM was carried out as follows: The blend film 
was fractured at  liquid nitrogen temperature, and 
the fracture surface was treated with chloroform at 
room temperature for 24 h to remove the PES do- 
main. After that, the surface was coated with gold. 

RESULTS AND DISCUSSION 

Preparation of Polymerization-blended Films 

The polycondensation of N,N'-bis (trimethylsilyl) - 
substituted bis (4-aminophenyl) ether with iso- 
phthaloyl chloride proceeded homogeneously in the 
PES solution in DMAc at  room temperature over 
the entire PES/44I composition range. The inherent 
viscosities of aramid 441 formed were controlled in 
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Table I 
Prepared by Polymerization Blending 

Inherent Viscosities of Aramid 441 

PESl44I Composition 
(WtIWt) 

30170 40160 50150 60140 80/20 

~~ 

a Measured a t  a concentration of 0.5 g/dL in NMP a t  30°C. 

the range of 1.1-1.3 dL/g, as shown Table I, since 
the molecular weight can affect the compatibility of 
the binary polymer blend. Figure 1 shows the in- 
frared spectra of the PES/44I blend film by poly- 
merization blending and the component polymer 
films. The appearance of a peak at 1650 cm-' (amide 
I absorption) confirmed the formation of aramid 441 
in the PES solution. Figure 2 shows the GPC curves 
of PES and the PES/441 blend by polymerization 

4000 3000 2000 1500 1000 500 

W a v e  n u m be r ( c m-l) 
Figure 1 Infrared spectra of the polymer films: (A)  
PES; (B)  aramid 441; (C)  PES/44I 50/50 blend by po- 
lymerization blending. 

blending. Since the curve of the aramid with an in- 
herent viscosity of 1.1-1.3 in the polymerization 
blend overlaps with that of PES, the aramid of high 
molecular weight ( = 4.0 dL/g) in the polymer- 
ization blend was used for the GPC study. Although 
PES showed a bimodal curve, these two curves were 
very similar in shape with respect to PES compo- 
nent. The Mn,  M w ,  and M w / M n  values of PES and 
those of PES in the polymerization blend were cal- 
culated to be 19,000, 41,000, and 2.2, and 19,000, 
43,000, and 2.3, respectively. Thus, the A?,,, M,, and 
M w / M n  values of neat PES agreed quite well with 
those of PES in the polymerization blend. In other 
words, the an, a,, and M w / M n  values of PES did 
not change throughout the polymerization blending 
and, therefore, no reaction such as chain extension 
had occurred on PES during the polymerization. 

Compatibility of Polymerization Blends 

Polymerization blending gave transparent PES /44I 
films over the entire composition range. In contrast, 
conventional solution blending gave the translucent 
phase-separated PES/44I films at the PES-rich 
composition. Figure 3 shows the DSC thermograms 
of the first runs of the polymerization blends and 
those of the solution blends with the PES/44I 50/ 
50 composition. As shown in this figure, the poly- 
merization blends exhibited a single Tg, whereas the 
solution blends exhibited two Tg's. Figure 4 shows 

441 
v 

I I I I I I I I I  

5.0 10.0 
R e t e n t i o n  T i m e  (min) 

Figure 2 
PES 1441 301 70 by polymerization blending. 

GPC curves of the polymers: ( A )  PES; (B)  
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Figure 3 DSC thermograms of the first runs for the 
blend films: ( A )  50/50 PES/44I polymerization blend 
(3) 50/50 solution blend. 

the Tg of the polymerization blends and those of the 
solution blends. The polymerization blends exhib- 
ited apparently a single Tg over the entire compo- 
sition range and the Tg was at  a temperature between 
those of the individual constituent polymers (225°C 
for PES and 270°C for aramid 441). The single 
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Figure 4 Composition dependence of T8 for the blends: 
( 0 )  polymerization blend; (A) solution blend. Dashed line 
represents calculated T8 values based on linear mixture 
rule. 

composition-dependent Tis suggest good compati- 
bility in the binary PES / 441 polymerization blends. 
This corresponded well to the fact that transparent 
films formed from the polymerization blends men- 
tioned above. In addition, the intermediate Tg of the 
compatible polymerization blends lies close to that 
predicted by an interpolation of the Tg's of the blend 
constituents based on the linear mixture rule: 

where Tg, and Wi are the Tg and the weight fraction 
of the i-th component, respectively. In the case of 
the PES / 441 solution blends, though the 40/60 and 
30/70 blends exhibited a single Tg, the others dis- 
played two Tls corresponding to the composition of 
each phase, indicative of phase-separated blends 
giving translucent films. 

The compatibility of the PES/44I blends at the 
molecular level was studied by IR spectroscopy. Fig- 
ure 5 shows the composition dependence of the ab- 
sorption maximum in the N - H stretching band of 
the polymerization blends and the solution blends. 
It is apparent, and has been already reported, l6 that 
a shift of the peak position toward higher wavenum- 
bers from 3304 cm-l in pure 441 is brought about by 
blending with PES. Since the dissociation of the 
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Figure 5 Composition dependence of wavenumber of 
N - H absorption peak for the blend films: ( 0 )  polymer- 
ization blend; (A) solution blend. 
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P o l y m e r i z a t i o n  B l e n d e d  Films s o l u t i o n  B l e n d e d  Films 

Figure 6 
solution-blended films. 

SEM micrographs of fractured surface of polymerization-blended films and 
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P o l y m e r i z a t i o n  B l e n d  

- 
Aramid  

W 

S o l u t i o n  B l e n d  

P E S  Aramid 
Scheme 2 

hydrogen bonding between amide-amide groups is 
caused by dilution of the aramid molecules through 
blending with PES, the larger value of the upfield 
shift implies the existence of intermolecular hydro- 
gen bonding between the aramid and PES and, 
hence, better compatibility of the blends. 

In more detail, the maximum peaks of the N - H 
stretching band are shifted about 50 cm-' from 3304 
to 3360 cm-' in the polymerization blends with the 
composition between 0/100 and 60/40, where a 
plateau value is reached. In the case of the solution- 
blend system, the composition dependence of the 
absorption maximum is rather complicated. The 
wavenumbers of the N-H absorption of the so- 
lution blends with the composition of 50/50 and 
60/40 were far lower than those of the corresponding 
polymerization blends, whereas the rest of the so- 
lution blends almost followed the line for the poly- 
merization blends. This suggests that the solution 
blends with 50/50 and 60/40 compositions have 
lower compatibility a t  the molecular level compared 
with the polymerization blends. 

Figure 6 shows SEM micrographs of the poly- 
merization-blended films and the solution-blended 
films. All the films of the polymerization blends with 
PES/aramid 30/70,40/60, and 60/40 compositions 
were homogeneous and did not show any phase-sep- 
aration structure. These results imply that PES in 

amid 

150 

B 

"0 20 40 60 80 100 
S t r a i n  ( % )  

Figure 7 
polymerization blend, and (D)  50/50 solution blend. 

Stress-strain curves for the films of (A)  PES, (B)  441, (C)  50/50 PES/44I 
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the polymerization blends could not be removed by 
treating with chloroform because of good compati- 
bility. This corresponds well to the fact that these 
films were all transparent. In the case of the solu- 
tion-blended films, the blends with aramid-rich 
compositions of 30/ 70 and 40/60 were homoge- 
neous, whereas those having 50/50 and 60/40 com- 
positions were two-phase structures with the PES 
domain dispersed in the aramid matrix. The diam- 
eter of the PES domain for the 60/40 blend was 
found to be 0.2-0.5 pm and was larger than that of 
the 50/50 blend having less than 0.1 pm. In fact, 
the phase separation led to translucent films in these 
blends. 

From these results, it was found that the com- 
patibility of the binary mixture of PES and the ar- 
amid was greatly improved by polymerization 
blending. This is probably because the growing ar- 
amid molecules are interpenetrated in the PES mol- 
ecules in solution, resulting in the formation of a 
highly entangled mixture of PES and the aramid as 
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P E S / 4 4 I  Composition (wt/wt) 

Figure 8 Composition dependence of tensile modulus 
for the blend films: (a) polymerization blend; (A ) solution 
blend. 

8ot 
70- 
100 4 Y o 0  

P E S / 4 4 I  Composition (wt/wt) 

Figure 9 Composition dependence of tensile strength 
for the blend films: (a) polymerization blend; (A) the 
solution blend. 

shown in Scheme 2, and, hence, the mixture solution 
is very difficult to phase separate into the component 
polymers during casting films. However, in the case 
of the solution blends, the degree of entanglement 
of the aramid and PES is lower than that of the 
polymerization blends, as shown in Scheme 2. 

Mechanical Properties of the Polymerization- 
blended Films 

Figure 7 shows the stress-strain curves for the films 
of PES, the aramid, the PES/aramid 50/50 poly- 
merization blend, and the 50/50 solution blend. A 
comparison of the curves showed a significant in- 
crease in elongation-at-break of both polymeriza- 
tion-blended film and solution-blended film, re- 
gardless of the blending method. The composition 
dependence of tensile modulus, tensile strength, 
and elongation-at-break for both polymerization- 
blended films and solution-blended films are shown 
in Figures 8, 9, and 10, respectively. The tensile 
modulus and tensile strength of the polymerization- 
blended films were slightly higher than those of the 
solution-blended films. The polymerization-blended 
films had the characteristic of high elongation-at- 
break, and, especially, the blends yielded the films 
having elongation over 50% in relatively wide com- 
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Figure 10 Composition dependence of elongation-at- 
break for the blend films: ( 0 )  polymerization blend; (A) 
solution blend. 

position ranges of PES/aramid of 40/60 to 60/40. 
This may be explained as follows: The elongation- 
at-break of neat PES film cast from DMAc solution 
was only 6%, whereas that of the commercial extru- 
sion-molded film is 226% ( Sumitomo Chemical Co.) . 
The former is because DMAc is a poor solvent for 
PES and because the macromolecular chain of PES 
in the solvent has a collapsed structure, which is 
retained due to the relatively high evaporation speed 
of DMAc during casting the film, and, hence, the 
degree of entanglement of the PES chain is relatively 
low. The compatible PES/aramid films with the 
composition of near 50/50 obtained by polymeriza- 
tion blending probably have a mutually entangled 
structure of the aramid and PES due to good com- 
patibility at the molecular level, and, therefore, high 
elongation results from the entanglement. In case 
of solution blending, only the film with the 50/50 
composition having phase-separated morphology 
had exceptionally high elongation; however, the 
reason is unclear yet. 

CONCLUSION 

It was found that the compatibility of the binary 
mixture of PES and aramid 441 was greatly improved 
by the polymerization-blending method. Polymer- 
ization blending gave the films better tensile prop- 
erties than did solution blending, especially high 
elongation-at-break ( 50-90% ) over relatively wide 
PES / aramid composition ranges. Therefore, this 
method is advantageous over solution blending and 
widely applicable to improve the compatibility of 
many immiscible blend systems and also tensile 
properties of blend films. 
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