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INTRODUCTION

Aromatic polyimides have been well known as usdfigh-performance materials
because of their outstanding properties such amt#liestability, mechanical property, chemical
resistance, radiation resistance and so'8riTherefore, aromatic polyimides represented by
KAPTON and UPILEX have been widely used in various industrial fielitke aerospace
materials, membranes, electronic devices and sd0rThese properties are caused by their
rigid structures consisted of aromatic rings andlicyimide linkages, which give strormg-Tt
interactions. Among them, polyphenylene pyromelliteimide) (PPPI) are expectepdssess
the highest performance in all organic polymersdesscarbon fibers because of its rigid and
straight structure. The theoretical modulus of Pfedicted from the chemical structure is over
500GPal? However, it is difficult to fabricate these aromgiolyimides to useful materials due
to their infusibility and insolubility caused by theigid structures. Therefore, they are usually
fabricated by the two-step methath the formation of corresponding poly(amic acid)s as
soluble precursor. Tetracarboxylic dianhydrides ammines are reacted in a polar aprotic
solvent to produce the poly(amic acid)s, and thengoly(amic acid)s are formed into fibers
and films. Finally, they are chemically or thermgaliidized, resulting in the formation of the
polyimide fibers and films.

In these days, morphology control of polymers tld/iparticles and fillers has been paid
attention from the view point of their unique prajes. Particles of common polymers have
been prepared, which are hollow sphere, hemisppereus particles, ribbons, plates and so on,
and they are used in various applications, bionaditano- and meso-scaled reaction vessels,
optical material, surface modifier and so dfi'’ They have been mainly prepared by the
dispersion polymerization such as the emulsion mpelyzation and the suspension
polymerization:®*° In suspension polymerization, hollow particles sésize was 150-700 nm
in diameter were prepared by using Sfgarticles having narrow diameter distribution asec

materials and subsequent etching them after polyatean.**Hemispherical polystyrene (PS)



particles were also prepared by microsuspensioynpaization of styrene in water and
hexadecane (HD) dispersion, and followed by remo¥afiD.® Beside them, re-precipitation
method and precipitation polymerization method aleo widely used to prepare various
polymer particles and fillers including aromatidyimides.?** In the former method, polymer
particles were prepared as precipitates from pohgoution by adding poor solvent for them.
In the latter method, polymerization proceeded ambgeneous solution in which monomers
and initiators were completely soluble, and thelymer particles were obtained as precipitates
because obtained polymers were insoluble in thatisol In recent years, self-assembling
method has been developed and it has enabled gsntool not only the morphology of
polymers but also their higher-order structureduiding the crystal structure, direction of
molecular orientation and so off* These polymers are expected to possess outstanding
properties such as high thermal conductivity ancbsd order non-linear optical properties
owing to their regular crystal structure and hypéapzation generated along the molecular
chains.® 3! Although it is of great importance for high perfance polymers such as aromatic
polyimides to control the higher-order structuresorder to obtain the essential properties
predicted by their chemical structures, the contwblthem is very difficult due to the
intractability described above. The research gmupkayama University has been studying the
morphology control of wholly aromatic polymers inding aromatic polyimides by
reaction-induced phase separation of oligomer dusimlution polymerization, and whiskers of
poly(p-oxybenzoyl) (POB), lozenge crystals and micro-#osv of PPPI, and nano-scaled
ribbons-like crystals of poly(4-phthalimide) (PRIgre successfully prepared by polymerization
in non-polar and high boiling temperature solvardsas liquid paraffin or a mixture of isomers
of dibenzyltoluene (DBT)3***” These morphologies were shown in Figure 1. Theeoutér
chains were aligned along the long axis of theny #mey possessed high crystallinity.
Especially, the POB whiskers exhibited single-aystature. Thus, this method is unique

procedure which enables us to control not only ti@phology but also the higher-order



structure of the intractable polymers.

Within the past decades, green chemistry has be#tingy a lot of attention and has
developed in various scientific fields such as Bgais of organic chemistry, polymer synthesis,
process engineering and so ofi*? Among the twelve principles of green chemistty,
utilization of “safer solvents” is a very importaptart in chemical industry, because large
amounts of solvent were used to produce industpidducts. Therefore, the use of
environmentally benign solvent has been stronglyired. Then considerable efforts have been
devoted to develop alternative solvent for chemmgaithesis, and various solvents such as
supercritical carbon dioxide, ionic liquids, watand alcohol have been studied as “green
solvent”. **® There are some debates about "what a green solertiowever, water and
alcohol can be considered as green solvents, becaater is not only nontoxic but also
nonflammable, and alcohol was also very low toxid anvironmentally benign from the view
point of life-cycle assessment?*® Synthesis of organic chemistry in water and altdias
therefore become of great interest and synthesigolyimers has also been investigated. For
example, isopropyl alcohol was examined as a gseérent for the synthesis of silicone-urea
copolymers?’ However, polycondensation reactions to synthegsitgesters are determined by
the equilibriums, and therefore it is difficult teynthesize them in water but for the
polymerization using lipase-catalyzed systéfin recent years, dehydration reaction in water
with surfactant-type Bronsted acid was reported thisimethodology was applied for polyester
synthesis in watef? *° In this previous report, polycondensation reactiérsebacic acid and
dodecanediol was examined withdodecylbenzenesulfonic acid (DBSA) as surfactgpét
Bronsted acid. This reaction could be understoolémvs; at first micelles of monomers were
formed in water solution with the aid of DBSA aswfactant, and then condensation reaction
was activated by the sulfonate group in DBSA tooralf polyesters in the micelle with
eliminating water. On the other hand, aromatic jpoiges and aromatic poly(amide-imide)s

were synthesized in water without using such aiapieed surfactant® >3Specifically, high



molecular weight Ultem-type polyimide was succebgfeynthesized by hydrothermal reaction
of equimolar 2,2-bis[4-(dicarboxyphenoxy)phenyllopanes and 1,3-phenylene diamines at
180°C for 2h. The mechanism of the synthesis of polgtamiin water was discussed in previous
study.* Insoluble components such as nylon type salt comp®and oligomers were formed
in water and then polymerization proceeded in tlamsolid-state polymerization. These results
imply that the key point of the polymer synthesisaater is a separation of the reaction phase
from water solution. As described above, varioulgper particles and fillers were prepared by
mainly utilization of phase separation of polymérkerefore it might be possible to control the
morphology of aromatic polyimide particles by usiplgase separation phenomena in water. If
the morphology of aromatic polyimide particles werentrolled by using environmentally
benign solvents such as water and alcohol, it e@sald to prepare the high performance fillers

at environmentally benign and safer process.

Figure 1 SEM images of (a) POB whiskers, (b), (@ehge crystals and micro-flower

crystals of PPPI and (d) PPI nano-ribbons.



AIM AND STRATEGY OF THISTHESIS

On the basis of the above description, thedithis thesis is an establishment of
the morphology control method for aromatic polyimidparticles by using
environmentally benign solvents like water and hé@do In order to accomplish this
thesis, | focused on two methods to prepare arcenpetiyimide particles. One is the
combination of the preparation of salt monomersvadrfrom aromatic tetracarboxylic
acid and aromatic diamine in water and solid-s{adé/merization (SSP) of them.
Another is that using reaction-induced phase séparaf oligomers during aqueous
solution polymerization.

SSP of salt monomers has been previously studiedeipare polyimides™®° In
these studies, salt monomers derived from arontettiacalboxylic acids and aromatic
or aliphatic diamines were prepared by precipitatieethod from various solvents, and
high molecular weight aromatic polyimides wesgnthesized by subsequent SSP of
them. Therefore, if the morphology of salt monomeais be controlled by tuning the
precipitation conditions and their morphology ca@& imaintained during SSP, this
method becomes facile method to prepare polyimiked.

Next, | explain about the principle of the reactinoduced phase separation of
oligomers in order to understand basic conceptnforphology control of aromatic
polyimides by this method. Schematic drawing ottiem-induced phase-separation of
oligomers during solution polymerization is illusted in Scheme 1. In order to induce
the phase separation of oligomers, the solventstwaie miscible for monomers and
immiscible for oligomers are required. The physjmalperties of the oligomers such as
solubility change drastically with increasing malks weight of them, resulting in
causing phase-separation through super-saturate@. sin the case of aromatic
imide-oligomers, the phase separation behavior hefmt during aqueous solution

polymerization is considered to be upper criticglison temperature (UCST) type as



depicted in Figure 2, because the physical intenagtbetween the oligomers and water
molecules such as hydrogen bond and hydrophilieraction are weak due to their
chemical structureThis C-T phase diagram is the analogGeT phase diagram on
partially miscible polymer-solvent systeft: ® There are two modes for the phase
separation of oligomers, of which one is the cHligition and another is the
liquid-liquid phase separation. If the super-saeaaoligomers phase-separated across
the freezing point curve, oligomer crystals weretaoled as precipitates. Then
subsequent crystal growth occurred by supply ajostier from the solution and SSP
occurred simultaneously, and finally the polymeystals are formed such as whisker.
On the other hand, if they are phase-separatadliquid-liquid phase separation,
microdroplets of dense phase are formed in thaadhase. In the microdroplets, the
further polymerization proceeds efficiently duehe higherconcentration of oligomers,
and then oligomers are crystallized in them. Counertly, the surface of the
microdroplets is stabilized by the solidificationdamicrospheres are finally obtained.
Thus, key points of this method are the introductxd phase separation of oligomers
and subsequent SSP. As described before, polyimide prepared in water by
separation of the reaction phase from water saiufitherefore, morphology control of
aromatic polyimide particles in water might be pblesby means of reaction-induced
phase separation during aqueous solution polymenizas shown in Scheme 2.

This thesis consists of three chapténsChapter 1, the previous studies about the
morphology control of aromatic polyimide particksre reviewed in order to find out
possible methods of morphology control of them mvieonmentally benign solvents
and to clarify the usefulness and the importandb@ideas in this doctoral dissertation.
Chapter 2 is described the morphology control afr feinds of aromatic polyimide,
which are PPPI, poly(4,4’-oxydiphenylene pyromatitl), poly(p-phenylenebiphenyl

tetracarboximide) and poly(4,4’-oxydiphenylenebipfiéeetracarboximide), by means



of SSP of crystals of the nylon-type salt monomelsrived from aromatic
tetracarboxylic acids and aromatic diamines. Ii$ gthapter, influence of preparation
conditions of salt monomersn the morphology and higher-ordered structure of
obtained PPPI crystals were also discussed. In t€hap, the reaction-induced
phase-separation during aqueous solution polymeizaof aromatic polyimides

represented by PPPI was examined.
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CHAPTER 1

Method for the Morphology Control of

Aromatic Polyimide Particles

1-1. Introduction

Aromatic polyimide particles have been used viarious fields such as
aerospace, electronic devices and membranes dulkeeio high thermal stability,
mechanical property and chemical resistance. Régemniorphology control of
polyimide particles have been gathering attenticand polyimide particles
possessed various morphologies have been prepared @& sphere, hemisphere
and hollow and so on'® Additionally, environmentally benign process toepare
these particles is also required. Among thwelve principles of green chemistry,
the utilization of “safer solvents” is very importantapg in chemical industry,
because largamounts of solvents were used for the preparatiothese polymer
particles. Therefore the morphology architecture faromatic polyimides in
environmentally benign solvent has been eagerlymegl.

In this Chapter, previous studies about morpholagntrol of aromatic
polyimide particles were investigated in order tardy the usefulness and the
importance of the ideas in this thesiBhe preparation of aromatic polyimide
particles could be roughly categorized into two gedures. One is the
precipitation polymerization method, in which patyide particles were obtained
as precipitatesvia phase separation during thermally imidization obraatic
poly(amic acid) precursors, and another is the meepitation method, in which
polyimide particles were prepared as precipitatgsrd-precipitation of them. At

first, these representative two procedures weremsanzed. Then, several new and
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unique approaches were reviewed such as hydrotHepmlymerization of salt
monomers' andreaction-induced phase separation during solutiolymerization.
> Finally, usefulness and importance of the new rhoipgy architecture for
aromatic polyimides in environmentally benign salvtewas summarized in

conclusion of this Chapter.

1-2. Morphology Control of Polyimide Particles

1-2-1. Precipitation Polymerization Method and Re-Pecipitation Method
Almost all aromatic polyimides are insoluble foryaargano-solvents due to
their rigid structure. Therefore they are usuallgbficated by the traditional
two-step methodria the formation of corresponding poly(amic acid) asoluble
precursor.Representative polymers such as PPPI which posseds® highest
modules over 500GPa, KAPTON and UPILEX belong tedé intractable
polyimides, and their fillers have been preparedpbgcipitation polymerizatior:
" Schematic illustration of precipitation polymertimn method was depicted in
Scheme 1-1. At first, poly(amic acid) as a soluplecursor was obtained by the
polyaddition of aromatic tetracarboxylic anhydrideasd aromatic diamines in
polar aprotic solvents such adl-methylpyrrolidone (NMP),
N,N-dimethylformamide (DMF) andN,N-dimethylacetamide (DMAc) and so on.
Then aromatic polyimide particles were graduallyegpitated by heating the
solution because the synthesized polyimides wergoluble in these aprotic
solvents. Finally, the stepwise heat treatment wasried out up to 40 to
complete the imidization reaction. In this methodirious kinds of aromatic
polyimide particles were examined, and sheaf-lilspherical and spherulitic

crystals were obtained®'® They possessed high crystallinity. Additionally; i
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n O _Ar_ QO + n H,N-Ar'-NH, —> H _Ar
X N1~ rOH
a 0 Solvent S s

0 OH )
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Poly(amic acid)
solution

A L imidization

(0] (0]
A N)\\ Ar/qN— Ar'
—_— o~ S i
(0] (0] n

Polyimide _J

Poly(amic acid)

Polyimide was
precipitated

Scheme 1-1 Synthesis of polyimide particlea poly(amic acid)s as precursors.

PPPlI and KAPTON-type polyimide, their detail crylstatructures were
investigated by Wide-angle X-ray scattering (WAX&0)d selected area electron
diffraction (SAED) for the polyimide powders, andheir molecules were
considered to be regularly oriented to perpendictdathe plate plane direction of
leaf crystal composing of spherulitesWith respect to the morphology control,
Asao reported that their morphology and particleesicould be tuned by
controlling two parameters such as the differentsalubility parameter between
poly(amic acid) and solvent, and the inherent vatoof poly(amic acid) solution.
1% Although the precipitation polymerization methadinteresting in terms of first
attempt to control the morphology for rigid aront@atpolyimide particles, the
particle size or morphology of them were not unmorand the control of
morphology was not sufficient.

Re-precipitation method has been attracted andrtedoin these days. This
method could be roughly categorized into two praoed. One is the use of
organo-soluble aromatic polyimidé§!® Within the past decades, a great variety
of organo-soluble aromatic polyimides had been oi®d. '**° Therefore, many

kinds of aromatic polyimide particles were easilyepared by re-precipitation
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from the solution of them. Another is the use oflyfamic acid).'’ Although
imidization process is needed after re-precipitatiof poly(amic acid)s, this
approach enables us to prepare intractable polymigarticles same as
precipitation polymerization method. In these matbothe solubility of polyimide
or poly(amic acid) was lowered by adding poor saliveo the solution or allowing
to cool the solution, resulting in causing phaseasation in the solution.
Schematic illustration oC-T diagram for the system of amorphous polymer and
solvent and that of ternary diagram of polymer bdaolvent (GS) / poor solvent
(PS) system were depicted in Figure 1-1. The stdtlhomogeneous solution is
changed to the metastable state (e.g. point B guifg 1-1 (a), (b)), consequently
phase separation takes plaem a process of nucleationflhe average size of
obtained particles was strongly affected by thelaation rate and the amount of
subsequent phase-separating polym@&tee size distribution of them is determined
by ratio of the nucleation rate to the rate of raation growth.Based on the
nucleation and growth theory®?2° the radii of the critical nuclei., the energy

barrier for nucleatiodG* and the nucleation rat& can be expressed as

re = 2Qr/kTl(lte) (1)

16 wr Q2
AG* = (2)
3 [T In(1+a)]?
J = Bexp(—=4G*/kT) (3)

where k denotes the Boltzmann’s constanmt,is the temperatureB is a kinetic

parameter and is constant for a given syst@ms the volume of the growth unit,
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andycs is the surface free energy between the nuclei dedntother phases is the
degree of super-saturations [= (Co—C*) /C*], where Cy is the polymer
concentration of the binary or ternary system befthhe phase separation (e.g.,
point B, in Figure 1-1), an€* is the polymer concentration of the corresponding
continuous phase in equilibrium (e.g., point B’ Higure 1-1). The degree of
super-saturation affects nucleation rate accordmmgquation (1)-(3), and hence it
is understood as an important factor to determine particle size. Generally,
prevention of droplet coalescence is also importéadtor to obtain smaller
particles. Therefore, a larger degree of superdsdion in phase separation
process and lower surface free energy between ticeenand the mother phase are
required to prepare smaller-sized polymer particiesre-precipitation method.
Actually, size-controlled polyimide particles wemgrepared by control of
super-saturation’” ** " and utilizing a surfactant’. Beside them, aromatic
polyimide particles possessing unique morphologghsias porous and hollow

particles were prepared by the re-precipitation moet?*"?* With respect to the

o O CF;
(easlvie)
(0] (0) F;C n
Poly [bis(2,2'-trifluoromethyl)benzene cyclobutanegtracarboximide]
O FC.CE; 9
NI CrpOro O
0 0 n

Poly[4,4’-oxyphenylene (hexafluoroisopropylidene)dehthalimide]

Scheme 1-2 Chemical structure of porous polyimidartigcles prepared by

re-precipitation method
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PSS rich phase
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PéA e ©
PSS E ® o o 0 E
® o
(a) (b) (©)

Figure 1-2 Schematic illustration of formation meaacism of porous polyimide
particles. (a) A fine droplet of NMP, PAA and PS8rmed immediately after
mixing of PAA solution and cycrohexane; (b) micr@s®e-separation process of
PSS rich phase caused in a fine dloplet of NMP, Rl PSS; (c) the resulting

porous PAA particle prepared by removing PSS.

porous particles, two kinds of aromatic polyimideere examined as depicted in
Scheme 1-2.2' 22 These porous particles were prepared by using the
re-precipitation method with poly(sodium-4-styrenéf®nate) (PSS) as the
porogen. A solution of poly(amic acid)s (PAA) an@® in NMP was injected into
cyclohexane, which was poor to both PAA and PSShwigorous stirring at room
temperature to cause the phase separation. Aftemadal imidization, precipitates
were collected and washed with distilled water émnove the PSS. Then, porous
PAA particles were finally obtained. Schematic dtuation of the formation
mechanism was shown in Figure 1-2, and it was aber®d as follow; the droplets
of the mixture of PAA and PSB NMP were formedvia the phase separation by
mixing the polymer solution and the cycrohexane.cMiphase—separation
occurred in the droplets and PSS began to predmiteear the surface of the
droplets. Finally, the precipitated PSS were rembuey washing with water,
resulting in the formation of porous particleBlollow particles of aromatic

polyimides prepared fronspirobisindane-linked dianhydride (SBDA) and
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4-4’-oxydianiline (ODA) were examined, and bowl-ékdimple-like and spherical
hollow particles were successfully prepareid the phase separation of PAA as
shown in Scheme 1-3 and Figure 123.At the beginning of the preparation of
these hollow particles, NMP droplets containing PAd&rmed immediately by
mixing of PAA solution and cyclohexane which wasopdo PAA (Figure 1-3 (a),
(b)). Then, PAA rich phases were gradually formegd raicro-phase separation
from the surface to the center of the droplets, dase the NMP molecules
gradually diffused into the cyclohexane solutiors A result, microspheres whose
surfaces were covered with PAA shells were formeEtygre 1-3, (c)). When the
concentration of PAA was enough high, the shellhrim PAA was robust to
maintain its morphology after the evaporation oflvant, resulting in the
formation of the hollow spheres. On the other hawthen the concentration of
PAA was low, the content of PAA in the shell wast sufficient to maintain its
morphology during the evaporation of the solvemddowl-like and dimple-like

hollow spheres were formed (Figure 1-3, (d)). Thusany kinds of aromatic

;rk’@ m n H,N~{ -0~ )-NH,

SBDA ODA
NMP :;@[ O ’
So s Q»H@o < n o
Chemical
imidization {;@[
n

Polyimide

Scheme 1-3 Synthesis of PAA and Polyimide from SB&Al ODA
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spgﬁtion NMP rich PAA rich =1
droplets 2o
J droplets p @ E‘ g
Bowl-like hollow sphere | 2 ®
O o 2
o =
o o] ‘ 2o
=TT O
Dimple-like hollow sphere §
Cycrohexane Cycrohexane  Cycrohexane =
Q
(@) (b) (© Q S
S

Hollow sphere v

(d)

Figure 1-3 Schematic illustration of formation mackhsm of various hollow
particles. (a), (b) droplets of NMP and PAA werer®d immediately after mixing
of PAA solution and cycrohexane; (c) PAA rich phaseere formed from surface
to center of droplets; (d) various hollow spheresrev obtained depending on

concentration of PAA.

polyimide particles possessing various morphologwsre prepared in the
re-precipitation method. However, these unique nhotpgies were achievedia
liguid-liquid phase separation system, and hencasitdifficult to control the
higher-order structures of aromatic polyimides. Adzhally, the precipitation
polymerization method and the re-precipitation noethrequired large amounts of
polar aprotic solvent such as NMP, DMAc and DMFdaherefore these methods

were not environmentally benign.
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1-2-2. Hydrothermal Polymerization of Salt Monomers

From the view point of green chemistry, polyimidenshesis in water had
been studied, but the detail of the reaction meddrarhad not been clarified??’
Recently, morphology control of aromatic polyimidieswater was reported by the
research group of Unterlas$.?® Highly crystalline PPPI particles were prepared
by means of hydrothermal polymerization of salt marers derived from
pyromellitic acid (PMA) andp-phenylene diamine (PPDA). In this method, salt
monomers were prepared as precipitates in aqueolusien. Then, the suspension
of salt monomer crystals in wataras heated up to 200 in the autoclave under
the pressure of approx. 1.7 MPa without stirringfte&x hydrothermal
polymerization, three phases called a-phase, b-phasd c-phase were
distinguished in the reaction vessel as shown iguFe 1-4. Two kinds of PPPI
particles were obtained from a-phase and b-phasthenreaction vessel, and the
total yield of the PPPI particles were 92-98wt% anx@wt% respectively. With
respect to the morphology, PPPI particles obtaifredn a-phase was flower-like
crystals and those obtained from b-phase was thaurg of flower-like crystals

and hollow rhombohedral particles. The external surfackt the hollow

Transparent c-phase
colorless water

Hydrothermal 4
~— polymerization b-phase

. —_—> /

Salt monomers
a-phase

(a) (b)
Figure 1-4 Feature of suspension (a) before andafter hydrothermal

polymerization
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rhombohedral particles was covered with small PRBjstals. Crystal growth
mechanism was proposed as depicted in Figure 1+&inQ the SSP of the salt
monomer crystals, small amount of the salt monowmystals were dissolved in
hot water. Then, oligomers were formed by polymatian in the solution, and
both of homogeneous nucleation in the solution haterogeneous nucleation onto
PPPI crystals occurred. In these procedures, thHéoworhombohedral particles
were considered to be prepareih the process of heterogeneous nucleation onto
PPPI crystals prepared by SSP and dissolution &if ma@anomers. On the other
hand, flower-like PPPI crystals might be prepawéa the process of homogeneous
nucleation in the solution and subsequent heteregas nucleation onto the nuclei.
This method was very interesting in terms of usomgy water as solvent. However
the dissolution of the salt monomers occurred dagrpolymerization and the
precipitation of oligomers onto the crystals duripglymerization, resulting in the

lack of uniformity of morphology and the size ofetlparticles.
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1-2-3. Reaction-Induced Phase Separation during Sation Polymerization

The research group of Okayama University has be&ndywing the
morphology control of wholly aromatic polyimides knyeaction-induced phase
separation of oligomer during solution polymerizati*°>*In this method, phase
separation behavior of oligomers is very importamtcontrol the morphology of
aromatic polyimide particles. In order to induce thhase separation of oligomers,
the solvents which are miscible for monomers ananisctible for oligomers are
required. And the phase separation behavior is afected by the chemical
structure of monomers and solvents, and polymeroratconditions such as

polymerization temperature and concentration of oraars. The PPPI crystals

(0] O

(@ n 0»;@::0 + N H;NAQ )-NH,

o Y PPDA

o o
PMDA N N 2n H,0
— oo, ==
0 oH
0 o n
Q O
-2n CO,
(b) n O;B:Dféo + N OCN~ )-NCO
0

0 0
0] PPDI
PMDA —> TN | N
o o} n
0] 0
-2n H,S
(c) n si]::E:s + n H2N—©-NH2 — PPPI
o

O PPDA
PMTA
RO0 2 H,0 go 4 ROH
- -n
(@ n ?@;“‘N@NHZ nHO, :@qN
HO RO
0 o (o} o n
n ROHl w)
HO
0 0 N 2 -n H,0
n OMN@_NHZ _— HO N R: CZHS‘ (CHZ)SCHS
0 0 o O n

Scheme 1-4 Synthesis of PPPI from (a) PMDA and PP PMDA and PPDI,

(c) PMTA and PPDA and (d) self-condensablenomer (R: GHs, (CH,)sCHs)
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were prepared from various kinds of monomers aswshim Scheme 1-473% 34|
the case of the reaction of PMDA and PPDA, lozespaped crystal, star-like
aggregates and microspheres were obtained dependimghe polymerization
temperature and solvent (Scheme 1-4 (a)). In tlolkymerization, it was clarified
that the degree of imidization of precipitatinggdmers affected the morphology
of precipitated products. Microspheres were pregdavéa liquid-liquid phase
separation of amide-rich oligomers, and anotherstals were preparedia
crystallization of imide-rich oligomers. It had be&nown that the polyimides are
synthesized without the formation of poly(amic asidby reaction of either
aromatic dianhydrades with aromatic diisocyanatesaammmatic dithioanhydrides
with aromatic diamines, and hence these reactiopsewexpected that the only
imide-oligomers are precipitated by crystallizatiomhen, the PPPI particles
comprised of the plate-like crystals were formedthe polymerization of PMDA
andp-phenylenediisocyanate (PPDI) apdromellitic dithioanhydride (PPTA) and
PPDA (Scheme 1-4 (b), (c)). In order to induce pmhaeparation of the oligomers
posessing high structural homogeneity and stoiciwioally constant of
end-groups, the polymerization was examined by asiself-condensation
monomers. As a result, micro-flowers of the PPPledle-like crystals were
prepared (Scheme 1-4 (d)). Interestingly, the site¢he flower-like crystals was
controllable by the sturucture of a monomer and thenomer concentration.
Additionally, the molecular chain aligned regura#iong the long axis of the PPPI
needle-like crystals. Based on these results, itgdrfactors have been clarifed
gradually to control the morphology and higher-ardgtructures of aromatic
polyimides. Recently, hollow spheres of aromatidypmides were also prepared
by means of reaction-induced phase separation dusolution polymerization as

shown in Scheme 1-5° Polymerization of PMDA-AP which was synthesized by
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addition reaction of PMDA and 2-aminopyridine anda@inopyrimidine (AM)
was carried out in DBT at 35Q for 8h. In this study, the elliminating groups of
the transimidization were considered as key prodguotprepare hollow spheres as
shown in Figure 1-6. The mechanism was consideetbHow. First, gas bubbles
derived from elliminated AP by transimidization foed with crystallization of
imide oligomers (Figure 1-6 (a)). Then oligomer stgls accumulate onto the gas

bubbles, resulting in hierarchical hollow spherégylre 1-6 (b)). Finally, they are

o) 0 N AP Q 0
N = & p EWNCrNE, N¢©::N N
N N N::@;:(N'@ N2 NN <0 OITI(N'Nn
0 0 AM
PMDA-AP PI(PMDA-AP/AM)

Scheme 1-5 Synthesis of PI(PMDA-AP/AM) from PMDA-Afd AM.

Oligomer crystals SSPin the
O accumulate on { 9, crystal
O bubbles iy O
> &4 —
O { 0
@ (b) (c)

: Oligomer crystal

O : Gas bubble

o : Hollow sphere

Figure 1-6 Schematic illustration for the prepaoatiof hierarchical polyimide

hollow spherevia gas bubble template process.

29



polymerized in solid-state and hollow polyimide pales were finally formed
(Figure 1-6 (c)). This method is very interesting terms of using ellimination
groups as key products to control morphology. Wridspect to the solvent,
ethylene glycol (EG) was applied for the reactioniiced phase separation during
solution polymerization method from the view powsftgreen chemistry*® In this
report, salt monomers composed of diethyl pyromate and aliphatic diamines
and polyvinylpyrrolidone (PVP) as a stabilizer wedessolved into EG and
polymerization was carried out at 180 And then, aromatic polyimides crystals
were obtained. However, the morphology of polyimigl@rticles obtained by this
method was not clear in spite of using PVP as aibtzer.

From these reviews, it was clarified that reactioduced phase separation
during solution polymerization method was uniquegess which enables us to
control not only morphology but also higher-ordetrustures of aromatic
polyimides. The morphology and higher-order struets of aromatic polyimide
particles were tuned by the chemical structure obnomers and solvents.
Therefore, this method implies the possibility ofnew method to control the

morphology of aromatic polyimides in environmenyablenign solvents.

1-3. Conclusions

Four representative methods for the morphology womntof aromatic
polyimides were investigated such as the preciptapolymerization method, the
re-precipitation method, the hydrothermal polymatinn of salt monomers and
the reaction-induced phase separation during somhufiolymerization method. In
the precipitation polymerization method and theprecipitation method, it was
difficult to control both the morphology and theghier-order structure of aromatic

polyimides, and these methods were not environnmbgntenign processes due to
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the usage of large amount of polar aprotic solvesutsh as NMP, DMF and DMAc.
Although the hydrothermal polymerization was vengeresting in terms of using
only water as solvent, the morphology of obtainemlypmide particles was not
uniform due to the complicated heterogeneous polyna¢ion system. On the
other hand, in the method by means of the reactmuced phase separation
during solution polymerization, it was possibledontrol both the morphology and
higher-orderstructures. However, large amount of non-polar dngh boiling
temperature solvent were required in order to achimorphology control.

From these investigations, it was also confirmedttthe phase separation of
polymers and oligomers from homogeneous solutions vkay point for the
morphology control of aromatic polyimide particleddditionally, in order to
control the higher-order structures such as cryst&uctures and molecular
orientation of polymers, crystallization is requiras phase separation mode. As
described before, polyimides or poly(amic acid)s revenot dissolved into
environmentally benign solvent such as water ancbladl. On the other hand,
monomers can be dissolved into various solventtugiag also water and alcohol.
Therefore, two procedures are considered as passn@thods to prepare aromatic
polyimide particles by phase separation from theuemus solution. One is
preparation of salt monomers derived from aromagtracarboxylic acids and
tetracarboxylic diamines and subsequent SSP of thémthe hydrothermal
polymerization, salt monomers were precipitated sauede not dissolved in water.
If the morphology of the salt monomer crystalsuséd by crystallization of them
and furthermore the morphology of aromatic polyimigarticles prepared by SSP
reflected the morphology of corresponding salt mmeos, it will be facile method
to control the morphology of aromatic polyimide pales. Second is use of

reaction-induced phase separation of oligomers raursolution polymerization.
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This method enables us to control both of morphglagd higher-order structures
of aromatic polyimide particles by tuning of theeghical structures of monomer
and solvent. It has been well known that polyimwbauld be prepared in water via
the formation of insoluble part. Therefore, if thenomer structures are modified
to dissolve into water and they are polymerizedhamogeneous aqueous solution,
the reaction-induced phase separation of oligomehlsbe induced because of low
solubility of imide-oligomers in water. Additionail the morphology and

higher-order structures of them will be controllby the design of water soluble

monomer structures.
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CHAPTER 2

Environmentally Benign Preparation of Aromatic Polyimide
Particles by Solid State Polymerization of Salt Moomers and

Morphology Control

2-1. Introduction

During past decades, environmentally benign proicgsfias been strongly
required to synthesize polymers from the view paifitgreen chemistry. Even in
polyimide synthesis, many studies have been repordech as SSP of salt
monomers derived from tetracarboxylic acids andndrees and hydrothermal
synthesis of the salt monomers. Specifically, higmolecular weight
KAPTON-type polyimide was prepared by SSP of salhnmmers composed of
PMA and ODA. The salt monomers were obtained agipitates by mixing PMA
with ODA in methanol, and obtained salt monomersravpolymerized in solid
state. Recently, the morphology control of aromapielyimides has been also
attracted in addition to above green processingghHcrystalline PPPI were
prepared in hydrothermal polymerization of salt morers derived from PMA and
PPDA as described in Chapter 1. This method is vetgresting in the view point
of using only water as solvent. Howevelne dissolution of the salt monomers
occurred during polymerization and the precipitati@of oligomers onto the
crystals was taken place simultaneously, resulimghe lack of uniformity of the
morphology and the size of the particles. On thkeeothand, the salt monomers
derived from aromatic tetracarboxylic acid and 9b®s(4-aminophenyl)fluorene
were polymerized in solid state and the obtainetyipoide crystals were used as

micro-membrané. Even though these procedures have a great potefuiiathe
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environmentally benign procedure to prepare themamioc polyimide particles
having clear morphology, the details of this polymation have not been
systematically studied, especially from the viewrgoof the morphology.

In this Chapter, the preparation of aromatic polideparticles having clear
morphology was examined by using the preparatiosat monomer crystals and
SSP of them. There are many types of aromatic poilges represented by
poly(4,4’-oxyphenylene pyromelliteimide) and polyfghenylene biphenyl
tetracarboximide), whose trade names are Kapton Poaot Co. Ltd.) and Upilex
(Ube Industries Ltd.). They are prepared from PMDand ODA, and
3,3",4,4’-biphenyltetracarboxylic dianhydride (BPDAand PPDA, respectively.
These representative aromatic polyimide particlesrev prepared by two step
processes consisted of preparation of salt monomasrprecipitates and SSP of

them as shown in Scheme 2-1.

1) Synthesis of salt monomers

O O )Ol\ O
HO OH HO o®
Ar + H,N— Ar, =NH, ——> Ar ) H,N— Ar, =NH
HO OH OH 3 2 3
Y Y = G
] 0O O o)
2) Synthesis of polyimides
O 0 0O 0
n @O‘n/ Ary )OH H;N— Ar, =NH; ——> Y ArIYN AT
- 4nH,0 n
O \Ir ’ O O

Ars:

v X -G
{%O@

Scheme 2-1 Synthesis of aromatic polyimide parsdi®m salt monomers

PPDA



2-2. Experimental

2-2-1. Materials

PMDA, PPDA and ODA were purchased from TCl Co. L#BPDA was
purchased from Sigma-Aldrich Co. Ltd. Pyromellitiacid (PMA) and
3,3",4,4’-biphenyltetracarboxylic acid (BPA) werg/rghesized by the reflux of
PMDA and BPDA with water for 24h. The yields wer8% and 93%, respectively.

PPDA and ODA were used as received.

2-2-2. Preparation of salt monomers

Two different procedures were used to prepare salhomers in this study.
The preparation of the salt monomer from PMA andRRSM(PMA/PPDA) was
described as typical procedures.
Method A: In a flask equipped with a stirrer, a demser and the thermometer, a
solution of PMA (2.14g, 8.4mmol) in deaerated wa(@800ml) and a solution of
PPDA (0.91g, 8.4mmol) in deaerated water (300mlyevemixed rapidly within 2
sec with stirring, and then the mixture was stiregd®5C for 1 h under argon flow.
White powders were precipitated immediately. Thegrev collected by filtration
and dried under vacuum at 50°C for 12 h.
Method B: In a flask equipped with a stirrer, a denser and the thermometer, a
solution of PMA (2.14g, 8.4mmol) in deaerated wat@®@0ml) was slowly added to
a solution of PPDA (0.91g, 8.4mmol) in deaeratedeangd300ml) under stirring for
30 sec, and then the mixture was stirred at 809%Clf&n under argon flow. White
powders were precipitated during the addition of AAMolution. They were
collected and dried in the same procedure to Method

Salt monomers from other tetracarboxylic acids dramines were prepared by the
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Method A as shown in Table 2-1.

2-2-3. Polymerization of salt monomers

Crystals of salt monomers (1.0g) were put into acdole, and then it was
placed into a DENKEN-HIGHDENTAL Co. Ltd. KDF-MASTERCCEL-21
furnace. After replacing air with argon in the fawe, the salt monomers were
heated with a heating rate of 2°C/min. The salt oroars were heated at 220°C for
3h and then at 400°C for 3h. After heating, thecdole was allowed to cool to

25°C within 1h and pale yellow or brown polymer powsevere collected.

2-2-4. Measurements

Morphology of products was observed on a HITACHI -8800 scanning
electron microscope (SEM). Samples for SEM weretsgred with aurum by an
Eiko IB-3 ion coater. The sputtering of aurum wasreed out at 8mA for 1min.
under the pressure of 0.1 torr, and 60nm of auraget was coated on samples.
Observation was performed at 15kV. The size paranmseand their coefficients of
variation Cv) of the crystals were estimated based on the oW@® sample
measurements by KEYENCE VK-X250/260 laser microscofghe polyimide
crystal was embedded to carbon film to reduce tteroamage, and then the
crystal was cut to the ultra-thin section whoseckimess was c.a. 100nm by a
HITACHI FB2100 focused ion beam (FIB) system at aeceleration voltage of
40kV. Selected area electron diffraction (SAED) wabserved on a JEOL
JEM2100F transmission electron microscope (TEMp@atacceleration voltage of
200kV. FT-IR spectra were recorded on a Nicolet MMSIR760 spectrometer.
KBr pellets were used for the FT-IR measurementspdder pattern of wide

angle X-ray scattering (WAXS) was recorded on a RKE MiniFlex
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diffractometer with nickel-filtered CuK radiation at 30 kV and 15 mA with a
scanning rate of °C/min. Thermogravimetric and differential thermahadysis
(TG-DTA) was performed on a RIGAKU Thermo plus TA2® with a heating

rate of 16C/min in N.

2-3. Results and discussion

2-3-1. Preparation of salt monomers

Aromatic polyimides examined in this study weresd®wn in Scheme 2-1.
Salt monomers were prepared by two different praced and the results were
presented in Table 2-1. In this study, salt monmneere abbreviated based on
aromatic tetracarboxylic acids and aromatic diamsin&or example, the salt
monomer prepared from PMA and PPDA was named asP3M(/PPDA). Both

PMA and PPDA were dissolved in water, and SM(PMADRY was prepared in

Table 2-1 Preparation of salt monomers

Preparation condition

Salt monomer code Method Solvent Temp. Conc. Yield Morphology
(%)
(°C) (mmol/L)
SM(PMA/PPDA)-1 A H,O 25 14 95 Lozenge
SM(PMA/PPDA)-2 A H,O 80 14 78 Lozenge
SM(PMA/PPDA)-3 B H,0 80 14 95 Lozenge
SM(PMA/ODA) A EtOH/H,0 & 25 28 93 Long plate
SM(BPA/PPDA) A CH3;OH 50 7 64 Fiber
SM(BPA/ODA) A CH3OH 25 35 87 sp

a) Mixing ratio = 40/100 wt/wt b) spherical aggregsa of plate-like crystals
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water. However, ODA and BPA were hardly dissolvaedwater, and therefore the
mixture of ethanol and water or methanol were uasdolvents for the preparation
of SM(PMA/ODA), SM(BPA/PPDA) and SM(BPA/ODA). Sallnonomers were
obtained as white precipitates with the yield of 645%. The yield of salt
monomers depended on the preparation conditionslRF$pectra of the obtained
salt monomers were shown in Figure 2-1. Two ammoniibration bands were
clearly observed at 2590 and 2840¢tnand the carboxylate stretching bands were

observed at 1550-1600¢ Intensity of the peaks of the carboxyl group ageel

b-2
(a-2) (b2 M\J\M
e AM e

3500 3000 2500 2000 1500 1000 5003500 3000 2500 2000 1500 1000 500
Wave number (cm?) Wave number (cm?)

Abs. (a.u.)
Abs. (a.u.)

(c-2) (d-2)

Abs. (a.u.)
Abs. (a.u.)

(c-1) (d-1)

3500 3000 2500 2000 1500 1000 500 3500 3000 2500 2000 1500 1000 500
Wave number (cm?) Wave number (cm?)

Figure 2-1 FT-IR spectra of salt monomers and cgpomnding polyimide particles;
(a-1) SM(PMA/PPDA)-1, (a-2) PM(PMA/PPDA)-1, (b-1)MEPMA/ODA), (b-2)
PI(PMA/ODA), (c-1) SM(BPA/PPDA), (c-2) PI(BPA/PPDA) (d-1)

SM(BPA/ODA) and (d-2) PI(BPA/ODA)
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at 1674-1698cnl in aromatic tetracarboxylic acid decreased in $pectra of salt
monomers. These spectra revealed the formatiomefsalt monomers. Elemental
analysis of the salt monomers was performed in prweconfirm the chemical
composition of them. The results of salt monomeeravshown in Table 2-2. The
calculated values of SM(PMA/PPDA)-1 are C: 53.04, 390, N: 7.33 and O:
35.33%. The observed values were C: 51.41, H: 3Ng§77/.57 and O: 37.35%, and
these values were not in good agreement with tledsbe calculated values. It had
been previously reported that the solvent molecuhe®rporated into the crystals
of the salt monomers® and the disagreement might be attributed to the
incorporation of water molecules in SM(PMA/PPDA)-T.G-DTA of salt

monomers was performed with heating in. N'he weight of SM(PMA/PPDA)-1

Table 2-2 Elemental analysis and TG data of salt monomers

Salt monomer Elemental analysis (%) TG (wt%) 2

code C H (0] N WL WLc WLs

SM(PMA/PPDA)-1 Calc. 53.04 3.90 35.33 7.73 21.7 19.9 1.8
Obs. 51.41 3.67 37.35 7.57
Re-calc. » 52.09 4.03 36.29 7.59

SM(PMA/ODA) Calc. 58.15 3.99 31.69 6.17 19.1 15.9 3,2
Obs. 55.68 3.96 34.44 5.92
Re-cale. 56.76 4.24 33.02 5.97

SM(BPA/PPDA) Calc. 60.28 4.14 29.20 6.39 17.2 16.4 0.8
Obs. 59.66 3.89 30.13 6.32
Re-calc. 60.09 4.21 29.36 6.34

SM(BPA/ODA) Calc. 63.40 4.18 27.14 5.28 14.5 13.6 0.9
Obs. 62.54 4.00 28.23 5.23

Re-cale. 63.16 4.26 27.35 5.23
a) WL: Weight loss from 30°C to 450°C measured on a TG-DTA with a scanning rate
of 10°C/min in N2 , WLc: Theoretical weight loss derived from dehydration in the

process of polymerization, WLs: WL-WLc b) Corrected assuming that the crystals

contained solvent equal amount of WLs in salt monomers
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decreased with temperature owing to mainly dehyidmtand the weight loss at
450°C (WL) were 21.7wt% which was slightly higher thahe theoretically
calculated weight loss (WLc) of 19.9% to form pahjides. The difference
between WL and WLc (WLs) was 1.8%, indicating thecarporation of water
molecules in the SM(PMA/PPDA)-1 crystals. The vadu&# C, H, N and O were
re-calculated assuming that the crystals contaiwater molecules equal amount
to WLs were C: 52.09, H: 4.03, N: 7.59 and O: 3@8@2%nd they were closer to the
observed valuesThese values of other salt monomers were also tafed based
on the results of TG-DTA as shown in Table 2-2, dhdse results suggested that
solvent molecules were incorporated in salt mon@m®#&AXS intensity profiles
and morphologies of the salt monomers were showrFigures 2-2 and 2-3,
respectively. In Figure 2-2, many sharp diffractipeaks were visualized and
diffuse halo of amorphous region was not observidlla All salt monomers were
formed as highly crystalline precipitates. SM(PMA/PA)-1 crystals were
lozenge-shaped crystals, of which the average loage shorter length were 39.2
and 10.9um, respectively. The thickness at the center part Bagm. It was
noteworthy that the crystals had symmetrical twojpctions at the center parts.
SM(PMA/ODA) crystals were long plates, of which theerage longer and shorter
length were 92.3 and 12.0um, respectively. The khiess was 7.1um.
SM(BPA/PPDA) crystals were fibrillar, of which theross sections were quadratic.
The average width of SM(BPA/PPDA)crystals was 1.7jbmt the length of them
was hardly measured because of the intricate ernéamgnt. SM(BPA/ODA)
crystals were spherical aggregates of plate-likgstals like spherulites.
SM(PMA/PPDA)-1, 2 and 3 were prepared by differennditions and methods.
They exhibited lozenge-like morphology, whereas 8iepes of them were quite

different as shown in Figures 2-4 and 2-5. The khiess of SM(PMA/PPDA)-1
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Figure 2-2 WAXS intensity profiles of salt monomg(a) SM(PMA/PPDA)-1, (b)

SM(PMA/ODA), (c) SM(BPA/PPDA) and (d) SM(BPA/ODA)

Figure 2-3 Morphology of salt monomer crystals; (@M(PMA/PPDA)-1, (b)
SM(PMA/PPDA)-2, (¢) SM(PMA/PPDA)-3, (d) SM(PMA/ODA) (e)

SM(BPA/PPDA) and (f) SM(BPA/ODA)
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and -2 crystals prepared by the method A becamen#r from the center to the
edge, and they were tapered. In contrast to thig(PVMA/PPDA)-3 crystals
prepared by the method B exhibited very clear lggehike morphology and they
did not have symmetrical two projections at the teenparts observed in the
SM(PA/PPDA)-1 and -2 crystals. Further, they wei tapered and depicted as
lozenge-shaped plate-like crystals. The averagessemd their distribution were
distinctly different. The average longer, shortength and thickness of center part
of the SM(PMA/PPDA)-1 crystals were 39.2\{ 28%), 10.9 Cv 24%) and 3.dm,
respectively. Those of the SM(PMA/PPDA)-2 crystalsre 53.6 Cv 21%), 15.8

(Cv27%) and 4.Am, respectively, and their average size was 1.3}-tilmes larger

Top view
l View of inclination angle
sample

Figure 2-4 Top view (-1) and inclined view (-2) ¢&) SM(PMA/PPDA)-1, (b)

SM((PMA/PPDA)-2 and (c) SM(PMA/PPDA)-3
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than that of SM(PMA/PPDA)-1. The average longerorgar length and thickness
of the SM(PMA/PPDA)-3 crystals were 28.C\{38%), 17.1 Cv 32%) and 2.pm,
respectively. The size of the SM(PMA/PPDA)-3 crystavas smaller, but th€v
values were larger. These results imply that theowdh feature of the
SM(PMA/PPDA)-1 and -2 crystals might be basicallyngar, but that of the
SM(PMA/PPDA)-3 crystals was slightly different. Gemally, the degree of the
super-saturation affects both the number of nueled the crystal growth raté.
The degree of the super-saturation at 80°C was dothan that at 25°C, and
therefore the number of nuclei prepared at@Q@vas smaller than those at 25°C,
resulting in the formation of larger size crystalhe SM(PMA/PPDA)-3 crystals
prepared at 80°C in method B were flat lozenge-shaplate-like crystals as
mentioned above. In method B, the degree of theesspturation at the initial
stage of the preparation was smaller than that ethod A. Additionally, the
degree of super-saturation was roughly kept becatise PMA solution was
continuously supplied into the PPDA solution, brimg about the formation of the
crystal having clear lozenge-shape morphology. &tidition of the PMA solution
into the solution of PPDA after the nucleation pib$g cause nucleation besides
crystal growth if the degree of super-saturationersough high, resulting in the
increase in theCv values. The morphology and the size of salt monmare

susceptible to not only the chemical structure &lsb crystallization condition.
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2-3-2. Polymerization of salt monomers and morpholgy of polyimides
Polyimides were abbreviated by using correspondmgnomers. For
example, PI(PMA/PPDA) stands for the polyimide peapd from
SM(PMA/PPDA). In order to determine the polymeripat condition, TG-DTA
analysis was first performed. The profiles of SM(RNMPDA)-1 were shown in
Figure 2-6. Weight loss started gradually at ca0°@5and finished at ca. 3%0 in
the heating profile of Figure 2-6 (a). In the DTAopile, two endothermic peaks
were mainly observed at 220 and 252C. These endothermic peaks were not
melting transition and they were attributed to thlémination of watervia two

different dehydration reactions. The weight losdaver temperature was mainly

owing to the formation of the amide linkage andttlaa higher temperature was
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o < (b)
1 O
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Figure 2-6 TG-DTA profiles of SM(PMA/PPDA)-1; (a)elting profile with a

rate of 16C/min in N,, and isothermal profiles at (b) 18D, (c) 200C and (d)

220°C in N
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mainly owing to the cyclization of amic acid moiesi to form imide linkages.
Based on these results, TG analysis of SM(PMA/PPDAyas isothermally
carried out at 180, 200 and 220°C in & shown in Figure 2-6 (b) — (d). Weight
decreased with time by the dehydration and weigists|became constant at ca.
21%. It is noteworthy that the weight loss occurreore rapidly at higher
temperature. The weight loss reached to 20.8% wiB0 min and then it became
constant at 21.0% at 2.8 h at 220 Therefore, the salt monomers were
polymerized at 220C for 3h and then at 400 °C for 3h to completeithilization
under argon flow. White salt monomers turned toepgéllow or brown powders
during polymerizations. FT-IR spectra of the polymed particles are shown in
Figure 2-1. Ammonium vibration bands at 2590 and @& and the carboxylate
stretching bands at 1550-1600¢nof the salt monomers disappeared after the
polymerization, and the imide carbonyl stretchingnds were newly observed at
1784 and 1722 cth The degree of imidization (DI) calculated by FR-spectrd
and the temperature of 5wt% loss ¢Jdneasured by TG in Nof polyimides were
shown in Table 2-3. The bands of the amic acid mpoieere not visualized at all
and the DI was almost equal to 1.0, indicating ttieet polymerized particles were
fully cyclized polyimides. Tdvalues were 569 - 622, depending on the polymer

structure. These results reveal the formation ghhinolecular weight polyimides.

Table 2-3 Characterization of polyimide crystals

Polymer code DI @ Tds® (°C) Morphology
PI(PMA/PPDA)-1 1.0 612 Lozenge
PI(PMA/ODA) 1.0 576 Long plate
PI(BPA/PPDA) 1.0 593 Fiber
PI(BPA/ODA) 1.0 569 sp

a) Degree of imidization calculated by FT-IR spech) Temperature of 5 wt%
loss measured on a T@ith a heating rate of @€/minin N, c¢) spherical

aggregates of plate-like crystals
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WAXS intensity profiles and the morphologies of tpelyimide particles were

shown in Figures 2-7 and 2-8, respectively. The pha@iogies of the polyimide

particles were very clear as well as those of tlaét snonomers. It is very
noteworthy that the morphologies and the size & plolyimides were almost the
same as those of the corresponding salt monomérs.pblymerization proceeded
with maintaining the morphology of the salt monomeWith respect to the WAXS
intensity profiles, diffraction peaks were obseryedven though the amorphous
halos were seen. The crystallinity of polyimide ppeles became lower than that of
the salt monomers. All diffraction peaks were assilgle by the orthorhombic unit
cell of polyimides previously reported® as indexed besides PI(BPA/ODA)
because the crystal structure of PI(BPA/ODA) had heen determined yet. All
polyimide crystals prepared in this study had theme crystal structures as
previous crystals and novel crystal structure was$ observed. With respect to
PI(PMA/PPDA)-1, sharp diffraction peaks were obsstvand the broad halo
derived from amorphous region was hardly seen ia phofile, indicating quite

high crystallinity. The crystallinity of PI(PMA/ODA and PI(BPA/PPDA) was
relatively lower than that of PI(PMA/PPDA)-1. Amdrpus halo was strongly
observed, but diffraction peaks were visualizedthe profile of PI(BPA/ODA).

The crystallinity of PI(BPA/ODA) was the lowest omg to the unsymmetrical
structure based on the rotation of BPA moiety ahd ether linkage, but it was
crystalline. In order to investigate the moleculanentation in the crystal, the
selected area electron diffraction (SAED) of the FMIA/PPDA)-1 crystal was

observed as shown in Figure 2-9. The crystal wasedl perpendicular to the
plate-plane, which was the thickness direction, fbllowing three steps. First,
carbon was deposited to a part of the crystal suefan order to reduce thermal

damage during etching process from focused ion béaiB) as shown in Figure
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Figure 2-7 WAXS intensity profiles of polyimide pasles; (a) PI(PMA/PPDA)-1,

(b) PI(PMA/ODA), (c) PI(BPA/PPDA) and (d) PI(BPA/DA)

Figure 2-8 Morphology of polyimide crystals; (a) (PMA/PPDA)-1, (b)
PI(PMA/PPDA)-2, (c) PI(PMA/PPDA)-3, (d) PI(PMA/ODAXe) PI(BPA/PPDA)

and (f) PI(BPA/ODA)
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Figure 2-9 TEM image of sliced crystal of PI(PMA/BR)-1 crystal and SEAD
taken by incident of electron beam perpendiculaptane of the crystal (a), and

high resolution TEM of selected area (b).

2-10, (a), (b). Second, the crystal was absoluteighed by FIB beside carbon
deposition area, and then sliced plate whose tlesknvas 3.6um was obtained as
shown in Figure 2-10, (c). Finally, that sliced fdavere additionally etched from
the perpendicular to the sliced plane, and ultria-tfample whose thickness was

c.a. 100nm was obtained as shown as Figure 2-10,T{te SAED was taken by the
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Figure 2-10 Top view of scanning ion microscopeM¥limage of cut off area of
PI(PMA/PPDA)-1 crystal (a), inclined view of SIM imge of cut off area of that
crystal (b), sliced sample prepared by cut off B3 kc) and side view of SIM and
TEM image of ultra-thin section prepared by additab etching of sliced plane by
FIB (d).

irradiation of electron beam perpendicular to theed plane. Many spots were
observed from lower to higher-ordered diffractioremd they could be indexed
with the previously reported orthorhombic unit cedif poly(1,4-phenylene
pyromelliteimide).> ® ° The meridian direction of the pattern was identizath

the thickness direction of the crystal, indicatitttat the polymer chains aligned
along the thickness of the crystal. The refractiofh0¢ were strong but slightly

diffused. This broadening of the spots on the mianddirection might be
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attributed to the orientational fluctuation of ctgHites, the axial shifted polymer
molecules structure'®*? or the crystal size effect? On the other hand, the spots
on the equatorial direction were not so strong andre diffused. This result
indicates that crystal structure of radial directiois disordered. In the
polymerization process, large conformational changght be brought out due to
the elimination of water molecules from the crystaésulting in disordered
structure to radial direction. A high resolutioratismission electron micrograph
was also taken. Lattice fringes were clearly obsdrvunning perpendicular to the
thickness direction of the crystal, and the spacaigthe lattice fringes was ca.
1.25 nm, corresponding to thespacing of 001. These results strongly supported
that polymer molecules aligned perpendicular to thate-plane of the crystal,
corresponding to the direction of the thickness.eTtegions where the lattice
fringes were tilted and distorted were observedindging about the diffused
refractions of 00 discussed above.

The changes in the WAXS intensity profile and th&-IR spectrum of
PI(PMA/PPDA)-1 were examined at the early stage pamflymerization to
understand the polymerization behavior. The resulese shown in Figure 2-11.
The weight loss was also monitored and it was 3&% min, 12.3% at 10 min and
20.8% at 30 min. In the WAXS profiles, the interysttf the characteristic peaks at
16.4°, 23.2, 31.¢°, 35.1° and 39.% of SM(PMA/PPDA)-1 were relatively
decreased, and sharp peaks oft Qflanes and broad peaks kO planes of
PI(PMA/PPDA)-1 appeared gradually with time. Theofire after 30 min was
close to that of PI(PMA/PPDA)-1, even though theakeeaks of salt monomers
were observed. This change in the WAXS intensitpfpes indicated that the
polymerization underwent in the solid state, anahdeethe morphology of the salt

monomers remained after the polymerization. WitBpect to the change in the
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Figure 2-11 Changes in (a) WAXS intensity profileand (b) FT-IR spectra of

SM(PMA/PPDA)-1 with time at 220°C
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FT-IR spectra, the amide carbonyl were not detedteth early stage such as 3min
and 10min, even though the dehydration was obserdedgcribed before.
Additionally the imide carbonyl stretching bandsreelso observed at 1784 and
1722 cm'at 10min. These results suggest that the amic atigcture formed by
the dehydration converted to the imide structureyvepidly with elimination of

water.

2-4. Conclusions

Highly crystalline particles of aromatic polyimidesere obtained by the
solid state polymerization of salt monomers. Therpihmlogy of the polyimide
particles was quite clear and they were lozengesbacrystals, long plate-like
crystals, fibrillar crystals and spherical aggregadf plate-like crystals. The
morphology and the size of them were almost theesas those of the crystals of
the corresponding salt monomers. The size and tbephologies of polyimide
particles were controlled by the preparation comditof the salt monomers or
chemical structure of them. The solid-state polyin&tion of the salt monomers
proceeded with maintaining the morphology to affomtgh molecular weight
polyimide particles. Molecular orientation in theozenge-shaped crystal of
PI(PMA/PPDA)-1 was examined and the polymer molesudligned perpendicular
to the plate-plane which was the direction of tlneckness. Obtained particles
possessed good thermal stability. Water and alcelerle only used as the solvent
to prepare monomer salts, and hence, this procedase environmentally benign

to prepare polyimide particles.
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CHAPTER 3

Morphology Control of Aromatic Polyimide Particles by Using
Reaction-Induced Crystallization during Aqueous Salition

Polymerization

3-1. Introduction

Morphology control of aromatic polyimide particlelsas been gathering
attention to use them as higher functional filleasd furthermore environmentally
benign processing of them have been eagerly redqufrem the view point of
green chemistryln Chapter 2, lozenge-shaped crystals of PPPI pmsexk high
crystallinity were prepared by polymerization oftssmonomers derived from PMA
and PPDA. This method is very interesting in terofsusing water as solvent.
However, two-step procedure was required. Additipnahe crystal structure of
radial direction was disordered by the large confational change due to the
elimination of water from the crystal§herefore, another approach to control the
morphology in water was required. As another apphgaeaction-induced phase
separation during solution polymerization methodsweonsidered as a strong
candidate to be able to control the higher-ordencures in water as described in
Chapter 1. If the polymerization combining reactiomuced crystallization will
work in water, a novel environmentally benign orteps procedure will be
provided for the morphology control method of ardingolyimides particles.

In this chapter, the morphology control of PPPI stgls by using
reaction-induced crystallization of oligomers duginaqueous solution
polymerization was examined. When PMA is dissolvedvater with PPDA, salt

monomers composed of them immediately precipitat@@scribed in Chapter 2. In
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order to induce crystallization of oligomers duripglymerization in water, PMA
was needed to be chemically modified in order tesdive in water and not to form
precipitates of salt monomers. Therefore, 2,5-B2s(2-methoxyethoxy)
ethoxy)carbonyl)terephthalic acid (PMDA-DEGM) whiahas dissolved in water
was synthesized and used as monomer, and polynarizavas carried out as

shown in Scheme 3-1.

0 0
HO 0™~0~"0"
° ° PPDA
PMDA-DEGM
o 0
—_— N:I(D::N@ +2n H,0 +2n HOA~GAOS
0 0 " diethylene grycol
PPPI monomethyl ether
(DEGM)

Scheme 3-1 Synthesis of PPPI from PMDA-DEGM and RPD

3-2. Experimental

3-2-1. Materials

PMDA, PPDA and DEGM were purchased from TCI Co. .Ltd

3-2-2. Synthesis of PMDA-DEGM

PMDA (60.0g, 0.275mol), DEGM (72.7g, 0.605mol) aAa@ml of THF were
placed into a round bottle flask equipped with &lug condenser and a
thermometer. The mixture was refluxed for 24h, ahen THF was evaporated. A

mixture of solids and viscous liquids was obtaineshed 3 times with 300ml of
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distilled water, and dried under vacuum. White ¢ays of PMDA-DEGM were
obtained with the yield of 42.19%H-NMR (400MHz, DMSOds, §): 8.01(s, 2H ,
Ar H), 4.38(t, 4H, J=4.6Hz -B,-CH,-O-CH,-CH,-O-CHs;), 3.71(t, 4H,
J=4.6Hz, -CH-CH,-O-CH,-CH,-O-CHzs), 3.56(t, 4H, J=4.8Hz, -CHCH,-O-
CH2-CH>-O-CHgs), 3.44(t, 4H, J=4.6Hz, -CHCH,-O-CH,-CH,-O-CHjs), 3.22 (s,
6H, -O-CH3) ; ®C-NMR (100MHz, CDC}, §) 168.2, 165.9, 135.8, 133.2, 129.7,
72.2, 69.4, 68.6, 65.1; IR(CM): 2907(w), 1722(s), 1494(m), 1456(m), 1236(s),
1131(s), 1113(s), 1089(s), 1075(s), 1028(m), 835(M)p6(m), 657(w); Anal. calcd.

for CaoH26012 (%): C 52.40, H 5.72, N 41.88; found: C 52.43, 4B, N 42.10.

3-2-3. Polymerization

Polymerization at 28 was described as a typical example as follows;
PMDA-DEGM (1.03g, 2.25mmol), PPDA (0.243g, 2.25mmand 15ml of
distilled water were placed into a round bottleskeequipped with a condenser and
a thermometer, and argon purged to removing oxygdre mixture was heated at
80°C for 5 min under argon flow to dissolve the monameThis solution (10 ml)
was placed in a stainless steel cylindrical vegselter diameter: 12.7mm, inner
diameter: 10.2mm, length: 200mm, volume: 16.4ml)den argon flow, and
polymerization was carried out as shown in Figuré.Ihe vessel was sealed with
a Swagelok cap, and heated at Z8Gor 10 min. The reaction vessel was allowed
to cool to 28C within 2 min. Precipitated PPPI crystals were leoted by
filtration, washed with acetone to remove oligoméeposited on the precipitates
during cooling and dried under vacuum. PPPI crystaére obtained with the yield
of 95.5%. The compounds dissolving in water wereonered by freeze-drying.

Polymerizations at 210-28C were carried out in the similar manner.

Solution volume placed in the stainless steel veeses calculated from density at
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the polymerization temperature” to avoid the rupture of the vessel.
Polymerizations at 8@ were carried out in a round flask equipped witheflux

condenser and a thermometer.

3-2-4. Measurements

Morphology of products was observed on a HITACHI -8800 scanning
electron microscope (SEM). Samples for SEM weretsgped with aurum and
observed at 5kV. Selected area electron diffract{S8®ED) was observed on a
JEOL JEM2100F transmission electron microscope (JEM200kV.'H-NMR and
13C.NMR spectra were recorded on a JEOL JNM-ECA4080(MHz and 100MHz,
respectively. Gel permeation chromatography (GPQJswerformed on a GL
Sciences GL equipped with a Shodex KF80 column an@dL Sciences GL-7450
UV detector set at 254 nm. The eluent was THF. RTspectra were recorded on a
Nicolet MAGNA-IR760 spectrometer. Powder pattern§ wide angle X-ray
scattering (WAXS) were recorded on a RIGAKU Miniklaiffractometer with
nickel-filtered Cuka radiation at 30 kV and 15 mA with a scanning rate 1
degree/min. Thermogravimetric analysis (TG) was fpened on a RIGAKU
Thermo plus TGS8120 with a heating rate of°@Onin in N,. Atomic force

microscopy (AFM) was performed on a Sl SPM3800Nain

3-3. Results and discussion

Polymerizations were carried out at 210-280°C irtevat a concentration of
0.15mol/L for 3h. Pyromellitic acid (PMA) was dislv®d in water and
immediately formed nylon-type salts wiBlPDA to precipitate as described before.
Therefore, PMDA-DEGM which was dissolved in wateasvsynthesized and used

as monomer. When PMDA-DEGM and PPDA were mixed iatav, nylon-type
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salts were not precipitated and the polymerizatgiarted in the homogeneous
aqueous solution. After the polymerization for 3 gale yellow PPPI particles
were obtained as precipitates with the yields of9%80 as presented in Table 1.
The degree of imidization (DI) calculated by FT-Hpectra was in the range of
0.7-1.0, and it increased slightly with polymerimat temperature owing to the
acceleration of the cyclization of amic acid moiety® The PPPI precipitates
prepared at 28 hardly contained amic acid moiety, and fully dgeld PPPI was
successfully synthesized in one-pot procedure. lremt both crystallite size
calculated by Scherrer’s equation using 110 reftactand the temperature of
5wt% loss (Td) measured on a TG in Nincreased with polymerization
temperature as also shown in Table 3-1. These resaVeal that higher 5wt% loss
(Tds) measured on a TG inJNncreased with polymerization temperature as also
shown in Table 3-1Theseresults reveal that higher polymerization temperatis
preferable to prepare the high crystalline and tiedty stable PPPI particles. With
respect to the yield, the yield at 280°C was lowean those prepared at 210 and
230°C. It is well known that aromatic polyimideseasusceptible to hydrolysis in
subcritical water® and hence the lower yield at Z&8) might be attributed to the
hydrolysis or decomposition. The polymerization ¢inof 3 h might be slightly
longer at 280C. The polymerizations were next carried out atZ8®or 1min and
10 min. As presented in Table 3-1, the yield at ZB@r 1 min was 79.5% and that
for 10 min was 95.5% which was higher than that3omn. Td of PPPI obtained at
1min was 453C and it was much lower even though the DI valuesv@a9. In
contrast to this, that for 10 min was 6C€7which was the highest and crystallite
size was almost the same as that prepared for Bhhse results implied that the

polymerization at 280C for 10 min was the most suitable to afford high
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Table 3-1 Results of polymerizatidh

Polymerization condition

Yield of
Run Temp Pressure Tds®  Crystallite
precipitates’ DI 9
No. b) Time (wt%)  size” (nm)
(%)
(°C) (MPa)
1 210 1.9 3h 93.1 0.7 533 12.4
2 230 2.8 3h 91.2 0.8 580 14.3
3 280 6.4 3h 87.8 1.0 593 17.0
4 280 6.4 1min 79.5 0.9 453 -9
5 280 6.4 10min 95.5 0.9 607 16.9
6 80 0.1 3h 1.6 0.4 -9 -9
7 80 0.1 24h 72.0 0.8 288 -9

a) Polymerizations were carried out at a concemrabf 0.15mol/L in water b)

Steam pressure at polymerization temperature c)dYod polymer precipitates
based on theoretical polymer yield d) Degree ofdimation calculated by

FT-IR spectra e) 5 wt% loss temperature measured @& with a heating rate

of 10°C/min in N; f) calculated by Scherrer’s equation using 110deetion g)

not measured

performance PPPI particles. FT-IR spectrum of tHePP particles prepared at
280°C for 10 min was shown in Figure 3-1 (a). The imi@d=0O and C-N stretching
bands were clearly observed at 1784, 17a8d 1380crit, respectively. The bands
of end-groups such as amino, carboxyl, ester anky@dmnde groups were not
visualized. This spectrum was totally identical withat of high molecular PPPI.
Diffraction peaks of WAXS intensity profile were me sharp and diffuse halo

caused by amorphous part could not be detectedhasvrs in Figure 3-1 (b),
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Figure 3-1 Characterization of PPPI crystals preplaat 280C for 10 min (Run

No. 5). (a) FT-IR spectrum and (b) WAXS intensityofile
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suggesting that the PPPI particles possessed gutecrystalinity. All diffraction
peaks could be assignable by the orthorhominbict weill of PPPI previously
reported.’ ® With respect to the morphology, the PPPI partigdespared at 28
for 10 min were plate-like crystals as shown inlrig 3-2 (a), and the thickness of
them was 45-60 nm measured by an AFM as shown guirféi 3-3. In order to
investigate the molecular orientation in the crysta selected-area electron
diffraction (SAED) was taken by the irradiation eliectron beam perpendicular to
the plate-plane as shown in Figure 3-4. Many shgppts were clearly observed

from lower to higher-ordered diffractions, and thepuld be indexed. The

Figure 3-2 Morphology of PPPI crystals preparedat280FC for 10 min (Run No. 5), (b)

210C for 3h (Run No.1) and (c) 280 for 3h (Run No.3).
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Figure 3-3 AFM image of PPPI crystals prepared &°2 for 10 min (Run No. 5)

observed diffraction pattern indicated that the PPRolecules aligned
perpendicular to the plate-plane, correspondinght® direction of the thickness.
The morphology of PPPI particles prepared at 21@ 230FC were also the
plate-like as well as that of PPPI particles preygaat 280C as shown in Figure
3-2.In order to clarify the occurrence of the reactimmuced crystallization, it
needed to examine the details of the polymerizat@mavior, especially in the
beginning of the polymerization. However, the polgmzation occurred very
rapidly at 280C, and additionally the solution was allowed to tdo reduce

pressure for the collection of the precipitatedstajs. Oligomers dissolved in the

solution at 280C might be precipitated during cooling, especidlythe beginning
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Figure 3-4 TEM image with SAED pattern of PPPI dajs prepared at 28C
for 10 min (Run No. 5).

of the polymerization. This precipitation should keevoided for the precise
analysis. Because of these, lower temperature wasirable to follow the

polymerization and the polymerization was carried at 80°C for 3h and 24h. The
polymerization occurred more slowly at €0 PMDA-DEGM and PPDA were
dissolved in water to form homogeneous aqueous tsmiuat 80C. Then the

solution became turbid after 40min by precipitatiand yellow crystals were
formed with time as shown in Figure 3-5 (@olymerization results and FT-IR
spectra of the obtained particles were shown inlda®1 and Figure 3-5 (b),
respectively. The yield and the DI value increaséth time, and they were 72.0%

and 0.8 after 24h, respectively. The imidizatiorcowaed even at €. From the
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Figure 3-5 Change in features of polymerizatior8@C (a), and FT-IR spectra
of (b) PPPI particles prepared at’80for 3 h (Run No. 6) and 24 h (Run No. 7),

and (c)compounds recovered from water after polymerizaad®0°C for 3 h

(Run No. 6) and 24 h (Run No. 7).

FT-IR spectrum, intensity of the band attributedthe imide C=0O stretching at
1784 cm' and the imide C-N stretching at 1380¢nncreased with time, being
identical with the increase in the DI value. Intdggsof the bands attributed to
ester C-O stretching at 1260 ¢mdecreased with time relatively, and those
attributed to amide at 1650-1690 ¢m(C=0O stretching) and 1550-1600 ¢m
(C-Nand N-H stretching) were also slightly detect&dThese results suggest that
the precipitated particles were not comprised oflonytype salts, and they

consisted of oligomers contained ester, amic acrid amide moiety. The
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polymerization of oligomers proceeded in the préafed crystals. Compounds
dissolved in water were recovered after polymeiiatand they were analyzed by
FT-IR as shown in Figure 3-5 (c). In the early stagf polymerization, the main
characteristic bands of FT-IR spectrum were ideatiwith those of monomers,
even though the bands of the amide linkage werghsly observed, owing to the
slow polymerization. After 24 h, compounds recowkrBom water were not
monomers and they contained oligomers. The banttsbated to the imide C=0
stretching at 1784 cth and the imide C-N stretching at 1380¢mwvere hardly
detected. The band at 1725¢nmassignable to ester C=0 stretch became weaker
with time. On the other hand, the intensity of thands of the amide linkage
increased relatively. GPC measurement was performed the chromatograms
were shown in Figure 3-6. The molecular weightoobfomers were estimated by
the GPC profiles calibrated with the polystyreneamstard. As known, the

calculation of molecular weight was not good forethow molecular weight

] ©
2
x
)
@

18 19 20 21 22
Wave number (cm?)

Figure 3-6 GPC chromatograms of (a) PMDA-DEGM, camgs recovered

from water of (b) Run No.6 and (c) Run No.7.
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compounds especially rigid molecules, and the daled values did not show the
true values. The oligomers left in water were estied in keeping with the above.
After 3h, the peak might correspond to the mixtuoe PMDA-DEGM and the
oligo(amic acid) of one to one reactant of PMDA-DEM@&nd PPDA. After 24h, the
main two peaks might correspond to the oligo(anomgs which were two to one,
and one to two reactant of PMDA-DEGM and PPDA. Tdhessults clearly reveal
that oligomers were formed in aqueous solution byde-ester exchange reaction.
Based on these results, the formation mechanisrthefPPPI plate-like crystals
could be considered as follows; In the beginninghd polymerization, oligomers
were formed by the amide-ester exchange reactioagueous solution. When the
molecular weight of oligomer exceeded a criticallwe the oligomers were
precipitatedvia the crystallization to form the crystals, in whic¢he oligomer
molecules oriented perpendicular to the plate-plakimally, the polymerization

occurred in the crystals, resulting in the formatiof the PPPI plate-like crystals.

3-4. Conclusion

Highly crystalline PPPI plate-like crystals weretaimed in water at 280°C
only for 10 min by polymerization of water solubRMDA-DEGM and PPDA.
Additionally, molecular chains of obtained PPPI faes were aligned the
thickness direction of plate-like crystals.

In order to clarify occurrence of the reaction-icéd crystallization of
oligomers, detailed of polymerization behavior &°@ was investigated. As a
result, in the beginning of the polymerization, gdmers were formed by the
amide-ester exchange reaction in aqueous solutibherefore, above high
crystalline PPPI plate-like crystal was definitgdlyepared by not via precipitation

of salt monomers and subsequent SSP in the crybtdl reaction-induced
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crystallization during aqueous solution polymeripat
This result provided a new environmentally benignogedure for the

preparation of aromatic polyimide particles.
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CONCLUDING REMARKS

Aromatic polyimide particles have outstanding pmtips such as high thermal
stability, mechanical property and chemical resista and hence they have been used
for aerospace materials and electronic devices sman. Recently, the control of
higher-orderstructures including morphology, crystal structuesd the molecular
orientation has been attracted in order to obthé dssential properties predicted by
their chemical structures and to use them as hightional fillers. However, it is very
difficult to control the higher-order structures afomatic polyimide particles due to
their infusibility and insolubility. Environmentallbenign processing of polymers has
been also eagerly required from the view point o$tainable society and green
chemistry. Especially utilization of “safer solvehthas been studied because large
amounts of solvent were used to produce industnaierials. Then various solvents
such as supercritical carbon dioxide, ionic liquimater and alcohol have been studied
as environmentally benign solvemlthough there still reminds unclear about "what
green solvents are”, water and alcohol can be dersil as green solvents, because
water is not only nontoxic but also nonflammabled alcohol is environmentally
benign from a life-cycle perspective.

In this thesis, two new morphology control methdds aromatic polyimide
particles by using environmentally benign solvelike water and alcohol were
examined. One was the combination of the preparatfcsalt monomers derived from
aromatic tetracarboxylic acids and aromatic diasime water and alcohol, and
subsequent SSP of them. Another was the method dansnof the reaction-induced
crystallization of oligomers during aqueous solatgmlymerization.

In Chapter 1, previous studies on the morphologytrob of aromatic polyimide
particles was surveyed to comprehend the trencheftéchnology and to find the

possibility of the development of the environmelytabenign preparation method.
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Four methods to control the morphology of polyimhaticleswere reviewed such as
the precipitation polymerization method, the regg#ation method, the hydrothermal
polymerization of salt monomers and the reacti@uged phase separation during
solution polymerization method. These methods weoé environmentally benign
process due to usage of large amount of organiesblexcept for the hydrothermal
polymerization. Although the hydrothermal polymation was very interesting in
terms of the use of water as a solvent, the moggyobf obtained polyimide particles
was not uniform owing to the complicated heterogeisepolymerization system. With
respect to the morphology control, the reactionsgeti phase separation during
solution polymerization method was the best wagabee not only morphology but
also higher-order structures was able to be tungdvérious factors such as
polymerization conditions and the chemical struetof using monomers and solvents.
From these investigations, it was clarified that fthase separation of polymers and
oligomers from homogeneous solution was importantdntrol the morphology of
them. Generally, aromatic polyimides and poly(aag@)s are not dissolved into water
and alcohol, and hence monomers which can be desahto them should be used to
cause phase separation of formed compounds fromanemers.

Therefore, | had decided to focus on two phaseraépa processes through these
investigations. One was crystallization of salt mmers derived from aromatic
tetracarboxylic acids and aromatic diamines. Anothsas reaction-induced
crystallization of oligomers during aqueous solotmlymerization.

In Chapter 2, the preparation of four types of abenpolyimide particles was
examined by using the preparation of salt monomgstals and subsequent SSP of
them. Salt monomer crystals were obtained as ptat@p by mixing of aqueous
solution of PMA and BPA and aqueous solution of RRIDd ODA. The size and the

morphology of the salt monomer crystals were dependn the chemical structures
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and preparation condition. The morphology was qudiear and they were
lozenge-shaped crystals, long plate-like crystdibrillar crystals and spherical
aggregate of plate-like crystals. SSP of the salhomer crystals proceeded with
maintaining the morphology to afford high molecwegight polyimide particles, and
hence the morphology of obtained aromatic polyingdestals shown almost the same
as the corresponding salt monomers. Molecular tiem in the lozenge-shaped
crystal of PPPI was examined and it was clarifieat the polymer molecules aligned
perpendicular to the plate-plane which was thectima of the thickness. Obtained
particles possessed good thermal stability. Inieshod, water and alcohol were only
used as the solvent to prepare salt monomers angollymerization was carried out in
solid-state. Therefore, this procedure was confirmg environmentally benign process
to prepare highly crystalline and morphology-colié aromatic polyimide particles.

In Chapter 3, the morphology control of PPPI crigsteas examined by using
reaction-induced crystallization of oligomers dgriaqueous solution polymerization.
Highly crystalline PPPI plate-like crystals weretahbed in water at 280°C only for 10
min by the polymerization of water-soluble PMDA-DEGand PPDA. Additionally,
molecular chains were aligned the thickness dweatf the PPPI plate-like crystals. In
order to clarify occurrence of the reaction-inducegstallization of oligomers, details
of polymerization behavior at 80 were investigated. As a result, oligomers were
formed in the beginning of the polymerization by timide-ester exchange reaction in
aqueous solution. Therefore, above highly crystallPPPI plate-like crystals were
prepared by notia precipitation of salt monomers and subsequent iS§S$Re crystal,
but by the reaction-induced crystallization duragueous solution polymerization. The
method using the reaction-induced phase separdtiong solution polymerization was
known as strong candidate to control not only molpyy but also higher-order

structures as described in Chapter 1. Thereforés thsult provided a new
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environmentally benign procedure for the control tbém of aromatic polyimide
particles.

It is concluded that this research for the doctaligkertation has afforded the
facile and useful method for morphology controlasbmatic polyimide particles by
using only water and alcohol as solvents. Espgcigdhaction-induced phase separation
during aqueous solution polymerization method ispeexed for an excellent
environmentally benign procedure to control notyottie morphology of aromatic
polyimide particles but also higher-order structud them. These results have to
contribute significantly to acceleration of apptioa of the polyimide materials as high
performance fillers and carbon precursors, andetimesthods give an answer to solve

the environmental problems in the field of polyrsgnthesis.
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