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Abstract

Fully aromatic polyimide particles were obtained in a single step via the polycondensation of diethyl (hexafluoroisopro-
pylidene)diphthalate (6FE) and 4,4’-oxydianiline (ODA) using polyvinylpyrrolidone (PVP) as a steric stabilizer in ethylene
glycol. Since the monomers are soluble in ethylene glycol, but the polyimide is insoluble, the polyimide particles grew
gradually during the polycondensation process. The particle size and size distribution were controlled by varying the
molecular weight and amounts of PVP. The particle size decreased with both increasing concentration and increasing
molecular weight of the stabilizer. Furthermore, the solvent composition affected the particle size, i.e., the particle size
decreased with increasing volume of glycerol as a cosolvent. Monodisperse particles (diameter: 8.5—1.8 pm) were obtained

by varying the amounts of PVP and glycerol.

Introduction

Dispersion polymerization is an effective method for the
preparation of micron-sized monodisperse polymer particles
in a single step [1-3]. The monomer is miscible in the
reaction medium of the polymerization, but the resulting
polymer is immiscible. In the beginning of polymerization,
the solution, which contains monomer, steric stabilizer, and
initiator, is homogeneous. As the polymerization proceeds,
the prepared polymer forms nuclei, and the polymerization
occurs in the particles and in the continuous phase. The
polymerizations of styrene and (meth)acrylate were widely
studied with regard to their kinetics and methods for con-
trolling the size and size distribution in the 1990s. In gen-
eral, the steric stabilizer and solvent composition influence
the particle size and size distribution. Many steric stabi-
lizers, such as polyvinylpyrrolidone, hydroxyl propyl
cellulose, polyacrylic acid, and polymerizable macro-
monomers, have been employed in the dispersion poly-
merizations of styrene and (meth)acrylate using an aqueous
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alcohol as the solvent. Using a suitable stabilizer and an
appropriate medium, polymer particles 0.1-15 pm in size
with excellent monodispersity were obtained.

Fully aromatic polyimides (PIs) have been widely used
in industrial applications, such as in aerospace, electro-
nics, and gas separation membranes, owing to their
excellent mechanical, thermal, and electronic properties.
These materials are generally prepared through multistep
processes, involving the ring-opening polyaddition of
aromatic tetracarboxylic dianhydrides and aromatic dia-
mines, which yields polyamic acids, and transformation to
the polyimide is achieved through a thermal or a chemical
treatment. Most aromatic PIs are insoluble in organic
solvents and are intractable. Therefore, the commercial
application of PIs is limited to coatings or films. The
preparation of PI particles via solution polymerization
[4, 5] and reprecipitation of a PI or polyamic acid solution
into a poor solvent containing a polymeric stabilizer [6—8]
has been attempted. Preparation of PI particles via dis-
persion polymerization has also been reported. The
polymerization of benzophenonetetracarboxylic dianhy-
dride with 4,4’-oxydianiline has been performed using
polyvinylpyrrolidone as a steric stabilizer in a variety of
organic solvents, i.e., methanol, acetone, ethyl acetate,
and methyl acetate to afford polyamic acid particles.
Further thermal treatment of the particles dispersed in
xylene at 150 °C yielded PI particles with sizes ranging

SPRINGER NATURE


http://crossmark.crossref.org/dialog/?doi=10.1038/s41428-018-0156-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41428-018-0156-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41428-018-0156-1&domain=pdf
mailto:watash@mail.kitami-it.ac.jp

406

S. Watanabe et al.

from 200 to 800 nm [9]. However, the size distribution of
the particles was broad and two synthetic steps were
necessary for preparing the PI particles.

In our group, semi aromatic PI particles were obtained
via the polycondensation of an aromatic tetracarboxylic
diethyl ester and an alkane diamine in ethylene glycol (EG),
using polyvinylpyrrolidone (PVP) as a steric stabilizer
[10, 11]. In contrast to the prepared polyimide, the resulting
hydrophilic nylon salt monomers, were soluble in EG. The
solution before polycondensation was homogeneous but
became turbid after the start of the polycondensation due to
the production of insoluble PI (nucleation). After nuclea-
tion, most of the polyimide generated in the solution had
precipitated onto the particle surfaces as in the case of
dispersion polymerization. Therefore, polyimide particles
were formed via a single-step process using an appropriate
steric stabilizer.

The particle shape was influenced by the monomer
structure. Using diethyl pyromellitate and a diaminoalkane
as monomers, flower-like particles were obtained due to the
high crystallinity of the polyimide, and the size of the
particles increased with increasing polymerization time
[10]. Polycondensation using diethyl (hexa-
fluoroisopropylidene)diphthalate (6FE) rather than diethyl
pyromellitate yielded confetti-shaped particles [11]. The PI
containing a flexible hexafluoroisopropylidene linkage is
more soluble than the polypyromellitimide derivative and
likely forms an amorphous solid, which yields particles that
are morphologically different from the polypyromellitimide
particles. Confetti-shaped particles have been obtained in
several previous studies, but in most of cases, the particles
were obtained through a multistep process. These processes
included two-step polymerizations [12—14], heterocoagula-
tion of different particles [15], dispersion polymerizations
of styrene in the presence of methacrylate-coated SiO,
particles [16], and the addition of water to a methanolic
solution of poly(methyl methacrylate-co-vinylpyrrolidone)
[17]. The one-step dispersion copolymerization of styrene
with acrylonitrile by using a poly(ethylene glycol) macro-
monomer also yields confetti-shaped particles [18]. The
polycondensation of 6FE and an alkane diamine produced
confetti-shaped particles in a single step with commercially
available reagents [11].

In previous studies, although the size and shape of
particles could be controlled to a certain degree, PI
particles with a narrow size distribution were elusive
[10, 11]. In this work, we prepared fully aromatic
polyimide particles via the polycondensation of 6FE with
4,4'-oxydianiline (ODA). The fully aromatic PI was
thermally and mechanically more stable than semiaro-
matic PI. Owing to the rigid main chain, the solubility of
the fully aromatic PI in organic solvents was generally
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very low, which might lead to difficulties in controlling
the particle shape and particle distribution. Therefore, we
employed 6FE, which has a flexible linkage between the
benzene rings, as a monomer to increase the solubility of
the PI oligomer, and we found that monodisperse PI
particles could be obtained under the appropriate con-
ditions. Controlling the particle size, size distribution,
and shape was investigated by varying the PVP con-
centration and solvent composition.

Experimental procedure
Measurements

Scanning electron microscopy (SEM) images were obtained
using a JEOL JSM-6510A scanning microscope. The
molecular weight and molecular weight distribution were
measured at 40°C via size exclusion chromatography
(SEC) using a TOSOH HLC 8020 instrument equipped
with a refractive index detector. N,N-dimethylformamide
was used as the carrier solvent, and standard
polyoxyethylenes were used for calibration. Fourier trans-
form infrared (FT-IR) and '"H NMR spectra were
recorded using a JASCO FT/IR-660Plus and a JEOL
nuclear magnetic resonance spectrometer (JNM-ECA600),
respectively.

Materials

Diethyl (hexafluoroisopropylidene)diphthalate (6FE) was
prepared in accordance with a previously reported method
[11]. 4,4’-Oxydianiline (ODA) and ethylene glycol (EG)
were purified via sublimation and distillation from calcium
hydride under reduced pressure, respectively. Other
reagents were purchased from commercial supplier and
were used as received.

Polycondensation

Into a 50-mL flask equipped with a condenser, 0.874 g
(1.63 mmol) of 6FE, 0.326 g (1.63 mmol) of ODA, 0.20 g of
polyvinylpyrrolidone (K-30), and 20 mL of EG were added.
The solution was deoxygenated under vacuum and stirred
for approximately 30 min at 90 °C until the monomers
dissolved completely. The polycondensation was performed
at 197 °C for 24 h with magnetic stirring at 800 rpm under a
nitrogen atmosphere. The obtained particles were cen-
trifuged at 10,000 rpm for 20 min with methanol and water
(twice) and then lyophilized resulting in a yield of 85%. The
prepared particles had an inherent viscosity of 0.46 dL/g in
N,N-dimethylacetamide at 30 °C.
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Table 1 Polycondensation of

6FE with ODA at various Run no. Temperature (°C) [6FE], (mM) Yield (%) Inherent viscosity” (dL/g) Dn (um) Dw/Dn
temperatures and monomer 1 160 40.8 30 0.11 208 1.40
concentrations ’ ' ' '
2 180 40.8 63 0.38 2.79 1.15
3 197 20.4 60 0.17 1.71 1.22
4 197 40.8 67 0.41 3.16 1.10
5 197 81.6 80 0.46 4.86 1.02
6 197 122 86 0.49 4.75 1.02
[6FE]y = [ODA]y, PVP(K 30) /6FE =1 / 4.37 (w/w), EG = 20 mL. Polycondensation was performed for 24
h
“Measured at a concentration of 0.5 g/dL in N,N-dimethylacetamide at 30 °C
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Fig. 1 Time-yield curves of 6FE polycondensations with ODA. PVP/
6FE = 1/4.37 (w/w), EG=20mL, [6FE],=[ODA]y; @: [6FE],=
40.8 mM at 180 °C, []: [6FE]o =40.8 mM at 197 °C, O: [6FE],=
81.6 mM at 180 °C, and l: [6FE]o=81.6 mM at 197 °C

Results and discussion

The polycondensations of 6FE and ODA were conducted
using PVP as a steric stabilizer in EG to prepare polyimide
(PI) particles in a single step. In a previous work, the
polycondensation of 6FE and 1,8-diaminooctane was con-
ducted at 130 °C [11]. Since ODA is less reactive than 1,8-
diaminooctane, these polycondensations were conducted at
160-197 °C. The results are summarized in Table 1. At 160
°C, the yield and inherent viscosity of PI were both low (run
no. 1). At 180°C and 197 °C, polyimides with moderate
inherent viscosities were obtained in ~60% yields (run nos.
2 and 4). The time-yield curves obtained for different
polycondensation temperatures and monomer concentra-
tions are shown in Fig. 1. The concentration of monomer
[6FE], has a significant effect on the yield. At [6FE],=
81.6 mM, the yields of PI were 67% in 4 h and more than
80% after 24 h at both 180 and 197 °C, while only 67%
yield of PI was achieved at [6FE]y = 40.8 mM in 24 h. The
SEM micrographs of the PI particles obtained at [6FE], =
81.6 mM after varying polymerization times are shown in

Sample

SEI  20kV WD27mm SS60 1L
Sample 27 Nov 2014

Fig. 2 SEM micrographs of the PI particles prepared in 2 h (a) and in
24 h (b) at 197 °C. [6FE]; = 81.6 mM

Fig. 2. Confetti-shaped particles were obtained with a
polymerization time of 2h (58% yield), while projection-
free particles were formed in 24 h (85% yield). The corre-
sponding SEC curves are shown in Fig. 3. For a poly-
merization time of 2h, a broad peak corresponding to a
relatively low molecular weight (peak molecular weight =
14700) and some small oligoimide peaks (molecular weight
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Fig. 3 SEC chromatograms of the PI particles prepared at 197°C in 2 h
(a) and in 24 h (b). [6FE]; = 81.6 mM. N,N-dimethylformamide was
used as the eluent, and the molecular weight was calibrated with
polyoxyethylene standards

<1000) were observed. After 24 h, the peak molecular
weight was shifted to 22,400, and the low molecular weight
peaks had disappeared. The solubility of the PI decreased
with increasing molecular weight of PI, and PI with a
molecular weight larger than a critical value will precipitate
to form particles. Without the chain extension reaction in
the particles, the polydispersity of the PI (Mw/Mn) should
be smaller than the value calculated (2.0) for a step-growth
condensation mechanism in a homogeneous system. The
SEC curves of PI prepared in 2 and 24 h revealed PI poly-
dispersities, that were considerably larger than the calculated
value (2.0), suggesting that the chain extension reaction
occurred frequently in the particles. From the FT-IR spec-
trum of the PI particles prepared in 24 h, bands assigned to
the imide ring appeared 1778, 1713, and 745 cm~!, and
amide absorption bands, which typically appear at 1650 and
1680 cm~!, were absent, indicating that the imide rings
were formed in the reaction at 197 °C for 24 h.
Polycondensations with various monomer concentrations
were performed at 197 °C for 24 h. The results are sum-
marized in Table 1, and SEM micrographs of the PI parti-
cles are shown in Fig. 4. At low monomer concentrations,
confetti-shaped particles were obtained, and the inherent
viscosities were low (run nos. 3 and 4), while monodisperse
spherical particles were obtained at high monomer con-
centrations (run nos. 5 and 6), and the particle size increased
with increasing monomer concentration. A preparing
monodisperse particles, requires that the nucleation should
be complete at a low conversion. At a high monomer
concentration, the polycondensation rate was high and the
nucleation stage should be relatively short compared with
the particle growth stage, leading to the formation of
monodisperse  particles. Furthermore, the monomer
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Fig. 4 SEM micrographs of the PI particles: Run No. 3 (a), Run No. 4
(b), and Run No. 5 (¢)

structure seemed to be important for the preparation of
monodisperse particles. We tried to obtain poly-
pyromellitimide particles that were more thermostable than
the PI containing 6FE under the same polycondensation
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Table 2 Preparation of PI particles using PVPs with different
molecular weights

Run No. PVP (g)* Yield (%) Dn (um) Dw/Dn Shape
K 15: 0.200 62 7.43 1.09 Confetti
K 15: 0.300 70 4.26 1.46 Confetti
K 30: 0.050 64 8.59 1.47 Confetti
10 K 30: 0.100 73 8.36 1.02 Confetti
11 K 30: 0.150 81 4.45 1.01 Confetti
5 K 30: 0.200 80 4.86 1.02 Sphere
12 K 30: 0.300 85 4.46 1.02 Sphere
13 K 30: 0.400 86 3.09 1.06 Sphere
14 K 90: 0.200 80 3.86 1.01 Sphere
15 K 90: 0.300 84 3.78 1.03 Sphere

[6FE]y = [ODA]y=81.6 mM, EG =20 mL. Polycondensations were
performed at 197 °C

K 15: molecular weight = 10,000, K 30: molecular weight = 40,000,
K 90: molecular weight = 360,000
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Fig. 5 Effect of the PVP concentration on the particle size (@: K-30,
: K-90)

condition used in run no. 5 by replacing 6FE with diethyl
pyromellitate. However, oddly shaped and flocculated par-
ticles were obtained. After nucleation, a growing PI chain in
the medium accumulated around the particles. The poly-
pyromellitimide chain was extremely rigid and insoluble in
EG, which prevented the particle shape from changing,
resulting in the formation of oddly shaped and colloidally
unstable particles. When 6FE with a flexible linker was used
as the monomer, the accumulated PI chain on the particle
could migrate to form a spherical particle in the particle
growth stage.

In dispersion polymerization, the steric stabilizer has a
crucial role in the stability of the particles. PVPs with dif-
ferent molecular weights, i.e., K-90 (molecular weight:
360,000), K-30 (molecular weight: 40,000), and K-15
(molecular weight: 10,000), were used in this poly-
condensation. The polycondensations are summarized in
Table 2. The polycondensations using K-15 or a small
amount of PVP yielded confetti-shaped particles with a

SEI  20kV WD27ml
Sample
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Fig. 6 SEM micrographs of the PI particles (Run No.11) (a), collected
via hot filtration (b), and secondary particles in the filtrate after hot
filtration (c¢)

broad size distribution (run nos. 7-9). When K-30 or K-90
was used, small particles with a narrow size distribution
were obtained. The effect of PVP on the resulting particle
size is shown in Fig. 5. The particles prepared with K-90
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Fig. 7 SEC chromatograms of the PI particles (Run No. 11) collected
via hot filtration (a), and secondary particles in the filtrate (b). N,N-
Dimethylformamide was used as the eluent, and the molecular weight
was calibrated with polyethylene oxide standards

Table 3 Preparation of PI particles in ethylene glycol / glycerol as the
solvent

Run No. Glycerol (mL) Yield (%) Dn (um) Dw/Dn
5 0 80 4.86 1.02

16 2 80 3.82 1.02

17 4 87 3.08 1.01

18 6 84 2.51 1.02

19 8 86 1.87 1.02

20 10 87 1.53 1.06

21 20 58 coagulation

Total volume of solvent =20 mL, [6FE], = [ODA], = 81.6 mM
PVP(K-30): 0.20 g. Polycondensation was performed at 197 °C

were slightly smaller than those prepared with K-30. As the
figure shows, the particle size deceased from 8.4 to 4.5 um
when the K-30 concentration was increased from 5.0 g/L to
15.0 g/L. The general effects of PVP on the particle size in
the dispersion polymerizations of styrene [2, 19, 20], and
MMA [21, 22] were that the particle size decreased with
both increasing concentration and increasing molecular
weight of the stabilizer. These results are consistent with the
effects in the present polycondensation. High-molecular-
weight PVP preferentially adsorbed onto the particle sur-
face, leading to the formation of relatively small polymer
particles.

The 'H NMR spectra of the PI particles show that the
peaks derived from PVP, such as those at 6 3.2 and 2.1 ppm
were absent, suggesting that most of the PVP was removed
via centrifugation. In many free radical dispersion
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Fig. 8 SEM micrographs of the PI particles. Run No. 17 (a), Run No.
19 (b), and Run No. 21 (¢)

polymerizations using PVP as a steric stabilizer,
polymer was grafted onto the PVP chains via a radical
transfer, leading to PVP adsorption onto the polymer
particles and stabilization. In this polycondensation,
PVP had a crucial effect on the particle size and
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Fig. 9 Optical micrographs of the PI particles (Run No. 5; see Table 2) before (a) and after (b) thermal treatment at 300 °C for 1 h

shape; however, it was not immobilized into the polyimide
chain.

In our previous work, the polycondensation of 6FE with
an alkane diamine also yielded confetti-shaped particles,
and a mechanism for the formation of the particles was
proposed. After the polycondensation, the polyimide oli-
gomers in the medium precipitated by cooling to form small
particles, which adsorbed onto larger particles to yield
confetti-shaped particles [11]. Confetti-shaped particles
were also formed in run no. 11, when the particle dispersion
after polycondensation was cooled to room temperature
(Fig. 6a). To remove the soluble PI oligomers from the
larger particles, immediately after the polycondensation, the
hot solution was filtered using a Buchner funnel (porosity
5-10um). Projection-free particles were obtained, and
secondary particles (size < 0.8 um) appeared in the filtrate,
as shown in Fig. 6. The SEC curve of the particles collected
via hot filtration was broad, and the peak molecular weight
was ~20,000 (Fig. 7a). A large low-molecular-weight peak
(<2000) was obtained for the secondary particles (Fig. 7b).
Therefore, the secondary particles were mainly derived
from the soluble oligoimides at 197 °C, and these particles
adsorbed onto the larger particles leading to confetti-shaped
particles during the cooling of the solution. These particles
were obtained after short polymerization times (Fig. 2a) or
under low monomer concentrations (Fig. 4a). Under these
conditions, an increased amount of oligoimide will remain
in the medium, resulting in the formation of confetti-shaped
particles after the polycondensation process.

The particle size is also affected by the solvent compo-
sition. The dispersion polymerization of styrene is often
performed in a mixture of ethanol and water [19, 20], while
the polymerization of methyl methacrylate is typically
performed in a mixture of methanol and water to control the

particle size [21-24]. We selected ethylene glycol (relative
permittivity: &, = 38) as a solvent for our system. Moreover,
water (g, =78) could not be used at 197 °C, and hence,
glycerol (e, =43) was used as the higher polarity solvent.
Polycondensations with different volumes of glycerol were
performed by keeping the total solvent volume fixed at 20
mL. The results of the dispersion polymerizations are
summarized in Table 3, and SEM micrographs of the PI
particles are shown in Fig. 8. Monodisperse particles were
produced and the particle size decreased from 4.94 to 1.90
pm when the volume of glycerol was increased from O to 8
mL. The size distribution broadened with increasing gly-
cerol (run no. 20), and the polycondensation with glycerol
as the sole solvent yielded flocculated particles (run no. 21).
With increasing glycerol, the critical chain length was
shorter, and more nuclei were produced in the initial stage
of the polymerization, resulting in a small particle
size. Ethanol and water, the by-products of this poly-
condensation, may influence the particle size. However, in
the [6FE]y = 81.6 mM reaction, the produced ethanol and
water only represented 0.27 wt% and 0.68 wt%, respec-
tively, of the total medium and were generally absent from
the medium, because the polycondensation was performed
at 197 °C. Therefore, these products should have a negli-
gible effect on the size and colloidal stability of the
particles.

Optical micrographs of the PI particles before and after
thermal treatment at 300 °C for 1 h are shown in Fig. 9. As
the figure shows, the treatment has no effect on the particle
shape because the glass transition temperature of this
polyimide (i.e., 316 °C) is higher than the treatment tem-
perature (300 °C) [25].

In conclusion, monodisperse polyimide particles with
diameters ranging from 1.8 to 8.5 um were prepared via the
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polycondensation of 6FE and ODA using PVP as the steric
stabilizer in an EG/GL solution. The particle diameter
decreased with increasing amounts of PVP and GL. This
method provides an easy access to monodisperse PI parti-
cles with high solid content suspensions. Studies focused on
the functionalization of the PI and the usage of other
monomers in the polycondensation are ongoing.
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