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Abstract Aromatic polyamide particles were prepared by
reacting p-phthalyl chloride and 4,4'-diaminodiphenyl ether
in an acetone solution with a high water content, using a
precipitation polymerization method with ultrasonic irradi-
ation. The average particle diameter was ca. 712 nm, and
the particles were porous and spherical with a narrow size
distribution. They showed a high degree of crystallinity
and excellent thermal stability. The morphology and the
thermal decomposition temperature of the submicron
particles were found to depend strongly on the volume of
water added to the reaction system. In this polymerization
method, the addition of water was essential for the for-
mation of spherical particles. The simultaneous mixing
process resulted in the formation of particles with a narrow
size distribution, and the use of ultrasonic irradiation was
effective in reducing particle size.

Keywords Submicron particles - Aromatic polyamides -
Ultrasonic irradiation

Introduction

Aromatic polyamides have rigid chemical structures con-
sisting mainly of benzene rings and amide groups. They
have excellent chemical resistance and mechanical and
thermal properties [1-6]. Polyamide is insoluble in con-
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ventional solvents, but soluble in strong acids such as
sulfuric and hydrochloric acid [4]. Due to its excellent
mechanical properties, it cannot be broken into fine par-
ticles, and it needs much thermal energy to reach the molten
state. These characteristics make it difficult to mold poly-
amide materials in secondary processes, and consequently,
aromatic polyamides are limited to uses such as fiber and
bulk. A well-known use for these compounds is in aramid
fibers [5], which are used for flak jackets and reinforcing
materials.

The preparation of aromatic polyamide microcapsules
has recently been reported [7]. However, there have been
no reports of micron-sized aromatic polyamide particles
with a narrow particle size distribution. Recently, polymer
particles with a narrow particle size distribution, which
have possible application as spacers for display purposes,
medical carriers, and chromatographic carriers, have been
the subject of much attention [8—14]. There were many
reports concerning the preparation methods and applica-
tions of polymethyl methacrylate and polystyrene particles
[12-20]. The mechanical, thermal, and chemical resistance
properties of these particles, however, are inferior to those
of aromatic polyamide particles; aromatic polyamide
particles are likely to be used in high value-added products.

Suspension and emulsion polymerization are conven-
tional methods of preparing polymer particles [18-23]. To
induce particle formation and prevent aggregation, these
methods require the use of a certain quantity of stabilizer or
surfactant, which eventually remains on the particle surface
due to either physical adsorption or chemical bonding. This
sometimes affects the properties of particles or composited
materials. For preparation methods without the use of
stabilizers or surfactants, the phase separation phenomenon
is utilized. Micron-sized aliphatic polyamide particles
(i.e., nylon particles) with a narrow particle size distribution
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were reported to be useful for this purpose and are used
commercially by some companies [8, 23-29]. In some
cases [25-29], the dissolved polyamides are induced to
undergo phase separation by lowering the solution temper-
ature or by gradually adding solvent. In these methods,
product formation takes a long time, and accurate control of
temperature or solubility is required for production of
uniform polymer particles.

Recently, we discovered a new and simple preparation
method for fabrication of micron-sized aromatic polyamide
particles [30]. The aromatic polyamide particles were
prepared using a precipitation polymerization method, with
the use of ultrasonic irradiation. A diamine and a diacid
chloride underwent a condensation reaction in an acetone
solution containing water. Generally, water is forbidden in
condensation reactions, but in this reaction system, a con-
siderable volume of water was added. Furthermore,
although micron-sized aliphatic polyamide particles were
previously reported, micron-sized aromatic polyamide
particles have not yet been reported. Investigation of this
reaction mechanism will provide important information on
the formation of particles and on condensation reactions of
polyamide. This paper introduces the polymerization
method and discusses the characteristic features of the
resulting aromatic polyamide particles.

Experimental
Materials

P-phthalyl chloride was purchased from Tokyo Kasei,
Japan, and 4,4'-diaminodiphenyl ether was purchased from
Wakayama Seika, Japan. Acetone, which was purchased
from Kishida Chemical, Japan, was used as the polymer-
ization reaction solvent. These compounds and solvents
were used as received, without any further purification.

Particle preparation

P-phthalyl chloride (0.0005 mol) and 4,4'-diaminodiphenyl
ether (0.0005 mol) were each dissolved in 50 ml acetone.
Distilled water was added in varying amounts (e.g., 25 ml)
to the 50 ml 4,4'-diaminodiphenyl ether solution, followed
by addition of the entire p-phthalyl chloride solution at
once. The solution was subjected to ultrasonic irradiation at
45 kHz in a water and ice bath during mixing and for a
period of 20 min thereafter. The product was extracted
using centrifugal separation and washed with acetone and
water to dissolve any unreacted monomer. This process
was carried out five times to achieve full purification. The
sample was then dried overnight in a vacuum oven at
100 °C.
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Characterization

The particles obtained were sputtered with a gold coating, and
their morphology was investigated using a Hitachi Fe-SEM
S-4700 scanning electron microscope (SEM; Hitachi, Japan).
Particle size distribution was measured in a water dispersion
using a Photal ELS-8000 Laser Zeta potential analyzer
(Otsuka Electronics, Japan). The specific area of the particles
was measured using a Yuasa Autosorb-1 surface area and pore
size analyzer (Yuasa, Japan). The X-ray diffraction profiles of
the samples were measured using a Rigaku RINT-2500 X-ray
diffractometer (Rigaku, Japan) with graphite monochromat-
ized Cu—Ko radiation and a scan speed of 1°/min. The IR
spectra of the samples were measured using a PerkinElmer
Spectrum One infrared spectrometer (PerkinElmer, USA) in
KBr tablets at a resolution power of 4 cm™'. Thermogravi-
metric (TG) and differential thermal analysis (DTA) were
carried out using a Seiko TG/DTA 320 U analyzer (Seiko,
Japan) by heating the samples in a nitrogen atmosphere at a
rate of 10 °C/min.

Results and discussion
Effect of volume of water added
Morphology

The influence of the volume of water added to this reaction
system on the morphology of the resulting aromatic
polyamide was investigated. The volume of water added
was varied in steps of 5 ml over a range of 0-50 ml for
100 ml of acetone solution (i.e., 50 ml p-phthalyl chloride
solution and 50 ml 4,4'-diaminodiphenyl ether solution).
SEM photographs of some of the products are shown in
Fig. la—g. The product prepared without water was in bulk
rather than particulate form (Fig. 1a). The average particle
diameter decreased as the volume of water added increased.
The morphology was found to depend on the volume of
water added. Based on the SEM photographs, we judged
that, in order to obtain spherical particles, the most suitable
amount of water for this reaction system was 25 ml
(Fig. 1d). The addition of water was found to be essential
for the formation of spherical particles, and the formation of
particles was strongly associated with the polarity of the
reaction solution. Accordingly, water is thought to play an
important role as an adjuster of the polarity of the reaction
solution in this polymerization system.

Polymerization and hydrolysis

It is curious that a diamine and a diacid chloride underwent
condensation in a reaction solvent with a high water
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Fig. 1 SEM photographs of
polyamide products. Volume of
water added to reaction system
(100 ml acetone solution): a 0,
b 10, ¢ 20, d 25, e 30, f 40, and
g 50 ml

content. In general, the use of water should be avoided in
condensation reactions; in this case, water should convert
the acid chloride to a carboxylic acid (hydrolysis reaction),
inhibiting the reaction between amine and acid chloride.
The possibility of hydrolysis reactions in this polymeri-
zation system was considered. As mentioned in the
“Experimental” section, the diacid chloride solution was

poured all at once into the diamine and water solution,
allowing the diacid chloride to react with both the diamine
and the water. However, practically, the diacid chloride
seems to react preferentially with the diamine rather than
the water. An evidence for this was the fact that the
conversion rates of all polyamide products obtained were
above 94%. In the infrared spectra of the products,
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characteristic bands due to aromatic polyamide bonds were
observed: for example, 3,297 cm ' [amide A (N-H stretch-
ing mode)], 1,646 cm™' [amide I (C=O stretching mode)],
and 1,534 cm™' [amide II (coupling of C-N stretching
and N-H in-plane bending modes)]. The thermal decom-
position temperatures (74) of the products were estimated
by TG/DTA measurement. Figure 2 shows a plot of T, at
5 wt% weight loss against the volume of water added. All
Ty values obtained were above 395 °C, indicating that the
products were not monomers or low molecular weight
polyamides, such as oligomers, but high molecular weight
polyamides.

Thermal properties such as T, generally depend on
molecular weight. Investigation of the behavior of Ty
should provide significant information about molecular
weight and degree of polymerization for polymers that are
insoluble in conventional solvents. As shown in Fig. 2, Ty
increased rapidly as the amount of water added increased
from 0 to 25 ml and was almost constant from 25 to 50 ml.
The behavior of 7y in the range 0-25 ml indicates that the
molecular weight of the resulting polymer increases with
the volume of water added. It can be speculated that the
addition of water accelerates the polymerization reaction of
the diamine and the diacid chloride. Generally, a reaction
accelerator such as pyridine is added to condensation
polymerization reactions of diamine and diacid chloride to
remove HCl generated during the reaction, because HCI
disturbs the polymerization reaction, resulting in a lower
molecular weight product. In the above-described reaction
system, water is thought to play this role. Figure 3 shows
the infrared spectra of these products obtained in the region
of 1,800—4,000 cm ', There were two strong bands at ca.
2,850 and 2,590 cm ' in the spectrum of the product
prepared without water, corresponding to the hydrochloride

500

480

460 |
440 |

420 |

T, (5wt%loss) / °C

400 |

380""'
0 10 20 30 40 50

Volume of added water / ml
Fig. 2 Plot of T4 (thermal decomposition temperature at 5 wt% loss)
against volume of water added
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Fig. 3 Infrared spectra of polyamide products in the region of 1,800—
4,000 cm'. Volume of water added to reaction system (100 ml
acetone solution), from fop to bottom: 0, 5, 10, 20, 30 and 40 ml

salt of an amine (—NH5Cl) [31]. The appearance of these
two bands indicates that the polyamide obtained is com-
plexed with HCI, strictly speaking, that the amine end
groups of the polyamide are capped with HCI. As shown in
Fig. 3, these two bands decreased markedly in intensity as
the volume of water added increased. Therefore, it was
concluded that water removed HCIl out of this reaction
system. Additional detailed information will be provided in
the near feature. In the region of 25-50 ml, it can be
speculated that the polyamide products have relatively high
molecular weights above a certain level, although a con-
crete value cannot be obtained. Based on these results and
the conversion values obtained, it appears that condensation
polymerization takes place in preference to hydrolysis in
this reaction system.

Characteristics of aromatic polyamide particles

As shown in Fig. 1d, the aromatic polyamide particles
obtained were porous spherical particles with a narrow size
distribution. Figure 4 is a magnified version of Fig. 1d.
Figure 5 shows the particle size histogram estimated by
particle size distribution measurement. The average particle
diameter and standard deviation were estimated to be 712
and 81 nm, respectively; the corresponding values estimat-
ed from SEM images of 100 particles selected at random
were 750 and 69 nm, respectively, which were in close
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Fig. 4 SEM photographs of aromatic polyamide particles at 80,000-
fold magnification
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agreement. The specific surface area was estimated, using
the nitrogen gas adsorption method, to be 106.7 m?/g. This
value is much higher than that calculated for spherical
particles with smooth surfaces (the theoretical figure for a
particle 712 nm in diameter is 5.0 m?%/g), which can be
attributed to the porous spherical morphology of the
particles as seen in the SEM photograph. Figure 6 shows
the X-ray diffraction pattern of these particles. Some sharp
peaks were detected, indicating a high degree of crystallin-
ity. The thermal decomposition temperature (74) at 5 wt%
loss, estimated from TG/DTA measurement, was 477 °C
without melting, which indicates excellent thermal stability.
Due to their characteristics of thermal stability and large
specific surface area, these particles may be applied as
efficient chromatographic, catalytic, and medical carriers.
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Fig. 5 Particle size distribution histogram
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Fig. 6 X-ray diffraction pattern of polyamide particles
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Mechanism of particle formation

To clarify the influence of mixing and stirring in the
reaction system, we conducted a controlled experiment by
performing the polymerization in four different ways
(experiments [-IV), and compared the morphologies of
the resulting polyamide particles. The experiments were
performed under identical conditions, except for the choice
of mixing/stirring and the manner of addition of the diacid
chloride. In experiment I, the preparation method proposed
in this paper was used; that is, the diacid chloride solution
was poured all at once into the diamine solution containing
25 ml water, and the mixture was subjected to ultrasonic
irradiation for a period of 20 min. In experiment II, the
diacid chloride solution was poured all at once into the
diamine solution containing 25 ml water, and the mixture
was stirred with a magnetic stirrer for a period of 20 min. In
experiment III, the diacid chloride solution was delivered
dropwise into the diamine solution containing 25 ml water
at a continuous speed of 2.5 ml/min under ultrasonic
irradiation, and the mixture was then sonicated for a period
of 20 min. In experiment IV, the diacid chloride solution
was delivered dropwise at a continuous speed of 2.5 ml/
min with magnetic stirring, which was continued after
addition for a period of 20 min. Figure 7a—d shows SEM
photographs of the polyamide products obtained in experi-
ments [-IV, respectively. In experiment I (Fig. 7a), the
polyamide particles obtained had an average diameter of ca.
712 nm and showed a narrow size distribution, as
mentioned in the previous chapter. In experiment II
(Fig. 7b), spherical particles with a relatively narrow size
distribution were obtained. The average diameter of the
polyamide particles was ca. 1.5 um (1,500 nm), which was
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Fig. 7 SEM photographs of
polyamide products obtained in
experiments [ (a), II (b), III (¢),
and IV (d)

larger than that of the particles obtained in experiment I. In
experiment II, the magnetic stirring rate did not have a
significant influence on the average diameter of the
resulting polyamide particles. The particles shown in
Fig. 7c (experiment III) are roughly spherical, but an exact
form is lacking. For experiment IV (Fig. 7d), the particles
obtained were formless. Comparing Fig. 7a,b with Fig. 7c,
d, it can be seen that the mixing method in which the diacid
chloride solution is poured all at once into the diamine and
water solution results in the formation of particles with a
narrow size distribution. This indicates that the simulta-
neous mixing process may result in the concurrent
generation of small particle nuclei. The growth mechanism
of particles, as shown in Fig. 7a,b can be speculated to be
as follows: when the reaction solutions are quickly mixed,
small particle nuclei are formed, which grow individually at
the same reaction rate. Above a certain particle size, the
particles are precipitated, so that particles with a narrow
size distribution are obtained. On the other hand, the
falling-drop mixing process results in the time lag among
the generations of small particle nuclei. The particle nuclei
grow individually at different reaction rates because their
growth stages are different. Consequently, the particles ob-
tained show a broad size distribution or some aggregation,
as shown in Fig. 7c, d. From these results, it was concluded
that the simultaneous mixing is the effective process for
preparing particles with a narrow size distribution.
Comparing Fig. 7c,d, it can be seen that the particles
shown in Fig. 7c are more spherical than those in Fig. 7d.
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In addition, the particles shown in Fig. 7a are more
spherical than those in Fig. 7b, although the difference is
not as remarkable. From these results, it was concluded that
stirring plus ultrasonic irradiation is the most effective
method for forming spherical particles. Furthermore, the
average diameter of the particles shown in Fig. 7a is much
smaller than that of the particles in Fig. 7b, indicating that
ultrasonic irradiation was effective in reducing particle
size. This preparation method employing ultrasonic irradi-
ation may be applicable to the fabrication of other types
of polymer particles.

Conclusions

Aromatic polyamide particles were prepared by reacting
p-phthalyl chloride and 4,4'-diaminodiphenyl ether in an
acetone solution containing water, using a precipitation
polymerization method that employs ultrasonic irradiation.
The particles obtained were porous and spherical, with a
narrow size distribution. The average particle diameter
was ca. 712 nm, and the particles showed a high degree of
crystallinity and excellent thermal stability. The mor-
phology and the thermal decomposition temperature 7y of
the submicron particles were found to depend strongly on
the volume of water added to the reaction system. In this
polymerization method, the addition of water is essential
for the formation of spherical particles. Water is thought
to play two important roles: adjusting the polarity of the
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reaction solution and acting as a reaction accelerator. The
simultaneous mixing process resulted in the formation of
particles with a narrow size distribution, and the use of
ultrasonic irradiation resulted in a reduction in size. These
particles, which have a large specific surface area and
excellent thermal stability, may be applied as efficient
chromatographic, catalytic, and medical carriers.
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