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INTRODUCTION AND THE AIM OF THIS STUDY 

 

INTRODUCTION 

 

Since the early 1930’s, many kinds of polymers have been artificially synthesized. At the 

beginning, nylons were synthesized by W. H. Carothers et al in the USA and vinyl plastics 

were synthesized by the German company. At the same time, the fundamental studies on the 

polymer science have been also begun. Since 1926, Staudinger studied about the relation 

between molecular weight and viscosity of polymers. Furthermore, he proposed the existence 

of macromolecule and proved it by the organic chemical method, which is called as the 

polymer reaction without degradation. After that, W. H. Carothers classified polymers into 

two groups, which are condensation polymers and addition polymers.[1-16] Flory classified 

them again based on their formation mechanisms.[17-25] Condensation polymers are formed 

by the step-growth polymerization, which proceeds in incremental steps by the condensation 

reaction between functional groups of monomers with eliminating small molecules. Addition 

polymers are formed by the chain-growth polymerization, which proceeds by the chain attack 

of monomers to the active center formed by the polymerization initiator. There are clear 

differences in the polymerization mechanism between the step-growth polymerization and the 

chain-growth polymerization. For example, as for the relation between molecular weight and 
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reaction rate, polymers with high molecular weight are immediately formed and the molecular 

weight does not change with the increase in the reaction rate in the chain-growth 

polymerization. On the other hand, the monomer concentration immediately decreases and the 

polymers with high molecular weight can be obtained by the high reactivity (> 98%) in the 

step-growth polymerization.  

The demand for new polymeric materials with high functionality has been increased and 

the precision polymerizations have been developed. In the early 1950’s, living anionic 

polymerization was first discovered. Living polymerization is named as a specific 

chain-growth polymerization defined as that comprised of only initiation and propagation 

reaction, in other words, it does not contain termination and chain transfer reaction. Based on 

the characteristic polymerization mechanism, the living polymerization can precisely control 

the composition, sequence regularity, molecular weight and its polydispersity. However, this 

precision polymerization method is limited only to synthesize addition polymers. 

The step-growth polymerization contains polycondensation, polyaddition and 

addition-condensation polymerization. Precise control of polycondensation reaction is of great 

importance to create new materials. As the polymerization mechanism by two kinds of AB 

type condensative monomer is depicted in Figure 1, polycondensation is the step-type 

polymerization obeying the stochastic process. Further, exchange reactions such as the 

ester-ester exchange reaction and amide-amide exchange reaction occur so rapidly, leading to 
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the reshuffling of the sequence regularity. Recently, large progress has been made in the 

precision polycondensation, and many attractive procedures have been reported, such as 

synthesis of sequence-defined polymers,[26-35] condensative chain polymerization,[36-41] 

solid-state polycondensation,[42-47] nucleation-elongation polymerization,[48,49] 

non-stoichiometric polycondensation,[50-52] and so forth. However, most of them were 

carried out in the homogeneous phase like solution state and molten state. It has not been 

established in the homogeneous polycondensation to control of molecular weight, 

polydispersity, composition, sequence regularity and so on, which have been done in the 

nature. 

It is well known that polymeric materials and their assembling systems in the nature have 

been initially born in the primitive sea for long time. Generally, they possess precise 

structures from primary to higher-ordered structure such as composition, sequence regularity, 

molecular weight, its diversity, morphology and so on, and these structures are precisely 

controlled. Therefore, the polymers exhibit high performance and functionality in the nature 

attributed to the precisely defined structures. They can be divided into polysaccharides, 

proteins and nucleic acids. Biological polymers of plants are mainly comprised of 

polysaccharides and those of animals are mainly comprised of proteins. Especially, with 

respect to the biological polymers of animals including our body, proteins have been 

synthesized by the combination of twenty kinds of α-amino acids connected via amide 
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linkages so-called peptide linkages in nature. They can form the stable three-dimensional 

super structures, that is higher-ordered structure, by the strong interaction that is a hydrogen 

bonding between N-H groups and C=O groups in addition to the alignments of amino acids. 

As a result, many kinds of proteins with various structures have been formed and they exhibit 

characteristic capabilities owing to their structures. Moreover, proteins can be synthesized 

biologically from nucleic acids, which are DNA and RNA, with the aid of enzymes. However, 

it still reminds unclear how these polymers were formed without the enzymes in the nature, 

because the enzymes are also macromolecules. The origin of the condensation polymers is 

one of huge mysteries we are looking for, but the answer has not been found yet. We do not 

gain the methodology to develop polymeric materials having specific functions equal to 

natural polymers yet. In order to accomplish the sustainable developable society based on the 

carbon neutral cycles, we should develop the materials artificially based on the same concept 

as that of nature.  

 Even though the natural polymers are formed by the condensation polymerization, their 

primary structure including composition, sequence regularity, molecular weight, molecular 

weight distribution and higher-ordered structure including morphology, crystal structure, 

molecular orientation are precisely and concertedly controlled to identify themselves. The 

nature uses the heterogeneous polymerization state cleverly to prepare the structure-controlled 

polymers as depicted in Figure 2. The primary structure and the higher-ordered structure are 
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simultaneously and concertedly synthesized during polymerization. The chemical reaction 

leads at the early stage of polymerization and the physical phenomenon leads at the late stage 

of polymerization, which are connected by phase separation. The higher-ordered structure is 

created by the built-up of oligomers, and hence this procedure is not limited by the 

intractability of polymers. It is implied that there must exist the keys to accomplish the 

precision polycondensation in heterogeneous polymerization system which can be applied to 

intractable polymers, ultimately leading to dissolve the mystery for the birth of polymer in the 

nature. 

The studies on the condensation copolymerization have been numerously performed to 

develop new polymeric materials. It is necessarily for the high performance polymer materials 

to control the composition of condensation copolymers. The composition of copolymers has 

been usually controlled by the molar ratio of monomers in feed in the homogeneous 

polycondensation. Additionally, composition control was kinetically studied in the 

homogeneous condensation copolymerization.[53] And it was explained by using equation 

that the composition depended on the extent of reaction and the difference in the reactivity 

ratio between monomers. Moreover, the kinetics in the condensation copolymerization of 

various functional groups has also been studied in the solution mainly to clarify the 

relationship between the experimental results and theoretical equation.[54] However, even if 

there is the difference in the reactivity of monomers, the copolymers having certain 
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composition and sequence cannot be selectively obtained in the homogeneous state because of 

the rapid exchange reaction. If the composition can be controlled by the other polymerization 

conditions such as external stimulation but for the molar ratio of monomers in feed, many 

varieties of copolymers can be prepared. 

The author paid attention to the heterogeneous polycondensation to prepare the 

copolymers with certain moiety as precipitates in the condensation copolymerization, in the 

purpose of the establishment of the composition control in the condensation polymerization 

system. 

 

AIM AND STRUTEGY OF THIS THESIS 

 

The mechanism of heterogeneous polycondensation in the nature is depicted in Figure 3. 

At the beginning of the polymerization, polymerization reaction afforded the oligomers 

having wide variety of primary structures as assortment of oligomer as the oligomer library. 

Then, phase separation is thermodynamically induced commensurate with the condition of the 

polymerization state to form the suitable higher-ordered structure via the self-assembling 

procedure. The oligomers having desirable the primary structure are picked up from the 

oligomer library to self-assembling procedure in the solution. The polymerization occurs 

continuously in the precipitates, resulting in the formation of polymeric materials having 
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precisely controlled three dimensional structure.  

With respect to the heterogeneous polycondensation, reaction-induced phase separation 

during isothermal polymerization has been studied to control the morphology of 

polymers.[55-62] The isothermal polymerization can induce phase separation from 

homogeneous liquid phase. The phase separation such as crystallization and liquid-liquid 

phase separation is determined by the miscibility between oligomers and solvents, being 

related to the decrease in solution mixing entropy caused by polymerization. Morphology is 

formed by building up oligomers during phase separation and then the further polymerization 

occurs in the precipitates to give high molecular weight polymers with maintaining the 

morphology. This morphology formation by the reaction-induced phase separation is not 

limited by the intractability of polymers at all, and hence it is suitable for poorly processable 

polymers.  

Our research group has developed interesting polycondensation methods based on the 

above concept in which the polymerization phase is changed from solution phase to solid 

phase by the reaction-induced phase separation of oligomers during isothermal 

polymerization. Whiskers of poly(p-oxybenzoyl) (POB) which was an intractable aromatic 

polyester were successfully prepared by the reaction-induced crystallization during 

polymerization of p-acetoxybenzoic acid (p-ABA) in poor solvents.[63] The POB whisker 

was formed as precipitates by the crystallization of oligomers and the subsequent solid-state 
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polymerization in the needle-like oligomer crystals. Many kinds of polymer whiskers have 

been prepared by using this method.[64-68] Further, the influence of comonomers on the 

formation of the POB whisker had been also examined. As a result, it was found that a small 

amount of m-acetoxybenzoic acid (m-ABA) did not prevent the formation of the whiskers.[69, 

70] From the aspect of polycondensation reaction, this finding indicated that certain 

oligomers could be selectively obtained as precipitates even in the condensation 

copolymerization by means of the reaction-induced crystallization of oligomers, leading to the 

fractional polycondensation. This polycondensation proceeds heterogeneously as done in the 

nature system.  

Reaction-induced phase separation of oligomers in poor solvent is describable on the 

analogous concentration-temperature (C-T) phase diagram to that of partially miscible 

polymer-solvent system.[71,72] The phase-separation curve in the repulsive system, in which 

there is no attractive interaction between oligomer and solvent, is written as a combination of 

a freezing point curve of oligomers and an upper critical solution temperature (UCST) type 

consolution curve, as shown in Figure 4. The number average degree of polymerization (DPn) 

of oligomers increases in homogeneous solution by oligomerization. When the DPn of 

oligomers exceeds a critical value, oligomers are phase-separated through the supersaturated 

state. If the supersaturated oligomers are precipitated across the freezing point curve, they are 

precipitated by crystallization to form the oligomer crystals. Then, further polymerization 
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FIGURE 4 Schematic C-T phase diagram for the fractional polymerization.  Content 

of m-oxybenzoyl moiety in oligomers increases in the order of (a) < (b) < (c) < (d).  

Tp: polymerization temperature, L: liquid phase, L-L: two immiscible liquids phase, 

L-S: liquid and solid phase. 
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occurs in the oligomer crystals, and the polymer crystals are eventually formed. On the other 

hand, if precipitated across the consolution curve, microdroplets are formed via liquid-liquid 

phase separation, and then the precipitates exhibiting spherical or unclear morphology are 

finally obtained. Location of the phase-separation curve of homo-oligomer is relative 

compared with that of co-oligomer, by being divided into the freezing point curve and the 

consolution curve. Fractional polycondensation described above can be defined as the 

polycondensation proceeding with selecting certain monomers in copolymerization system. 

Polymer crystals mainly comprised of p-oxybenzoyl (p-OB) moiety were precipitated when 

the content of m-ABA in feed (χf) was 30 mol% by the copolymerization of p-ABA and 

m-ABA in liquid paraffin (LPF) at 1.0 % and 330 oC.[69,70] The selectivity of composition of 

precipitates prepared by the fractional polycondensation was induced by both differences in 

the reactivity between the monomers and in the phase-separation behavior of oligomers as 

follows: the reactivity of p-ABA is twice higher than that of m-ABA, leading to the priority 

formation of p-OB homo-oligomers in solution. As the miscibility between p-OB oligomers 

and solvent is lower than that between co-oligomers and solvent, the priority formed p-OB 

homo-oligomers can precipitate by crystallization to form POB crystals at the early stage in 

the polymerization. Co-oligomers are gradually formed and then they can also phase-separate 

as the polymerization proceed. While co-oligomers containing a few m-oxybenzoyl (m-OB) 

moiety are precipitated by crystallization, they are excluded from the crystal by the 
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segregation effect. At the middle stage of the polymerization, co-oligomers containing more 

m-OB moiety are phase-separated. However, they are inclined to precipitate via liquid-liquid 

phase separation, and then adhere on the crystals. Co-oligomers containing much more m-OB 

moiety are formed in the liquid phase at the last stage of the polymerization. But they are 

unable to be phase-separated due to the higher miscibility. Further, polycondensation 

proceeded between oligomers in the precipitated crystal, and the POB crystals are finally 

formed. The selectivity in the fractional polycondensation was enhanced by using 

4-4-(acetoxybenzoyloxy)benzoic acid (p-ABAD), which is the dimer of p-ABA, instead of 

p-ABA. The p-OB homo-oligomers were more rapidly and priority formed in the early stage 

of the polymerization because of the dimer effect in addition to the expansion of the 

difference in reactivity between p-ABAD and m-ABA.[73] Moreover, the influence of solvent, 

temperature and concentration had been also investigated. Lower polymerization temperature 

and concentration enhanced the selectivity. And the POB crystals containing less than 1 mol% 

of m-OB moiety were prepared at χf of 30 mol%, 270 oC and a concentration of 0.5 %. 

Our research group has also investigated the other novel condensation copolymerization 

methods by using the reaction-induced phase separation of oligomers during polymerization, 

which are the synthesis of copolymers having graded composition, dual self-assembling 

polymerization and so on. The synthesis of copolymers having graded composition has been 

accomplished in the copolymerization of p-ABA and S-acetyl-4-mercaptobenzoic acid 
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(AMBA). The needle-like crystals of which the composition gradually changed from p-OB 

moiety to p-mercaptobenzoyl (MB) moiety with the direction to the tip were obtained by the 

addition of monomer or by using their dimers or trimes.[74-79] The dual self-assembling 

polymerization has been accomplished in the copolymerization of p-ABA and 

p-acetamidobenzoic acid (AABA). The needle-like crystals comprised of p-OB moiety and 

the plate-like crystals comprised of p-benzamide (BA) moiety were simultaneously obtained 

because the reactivity of p-ABA was higher than that of AABA and the miscibility of BA 

oligomers was quite low.[80] These copolymerizations were accomplished by using the 

difference in the reactivity of monomers and in the phase separation behavior of oligomers, 

which were derived from the structure of each compound. It has been theoretically and 

experimentally reported that the effective mixing enhances the chemical reaction rate. [81-88] 

Moreover, it is well known that the behavior of the phase separation which is the importance 

phenomenon for precise polymerization in the heterogeneous system is controllable by the 

force applied from outside of the system like shearing.[89-96] 

Based on above strategy, the new concept of the composition control of aromatic 

copolymers by using the phase separation during polycondensation was investigated in this 

thesis. This thesis consists of three chapters. In Chapter 1, the composition control of aromatic 

copolyesters was investigated by the application of shearing in the heterogeneous 

polycondensation of p-ABA and m-ABA. Further, from the obtained findings, that are the 
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effect of shearing on the reactivity of monomers and on the phase separation behavior, the 

enhancement of selectivity was also investigated by controlling the shear rate and the 

application time of shearing. In Chapter 2, the composition control of aromatic 

poly(thioester-co-amide)s was investigated by the application of shearing in the 

heterogeneous polycondensation of AMBA and AABA. The influences of shearing on the 

reactivity of monomers and on the miscibility of oligomers among different functional groups 

were precisely investigated. In Chapter 3, by the application of the findings obtained in 

Chapter 1 and 2 for the morphology formation, the preparation of POB nanofiber network 

structure was investigated in the copolymerization of p-ABA and three functional compounds. 

Moreover, the control of network structure was also investigated by the polymerization 

conditions, which were solvent, temperature and concentration. 
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CHAPTER 1 

 

COMPOSITION CONTROL OF POLY(p-OXYBENZOYL) BY SHEARING IN 

HETEROGENEOUS POLYCONDENSATION 

 

1-1  COMPOSITION CONTROL OF AROMATIC COPOLYESTRS BY SHEARING 

 

1-1-1  INTRODUCTION 

 

Precise control of polycondensation is of academic and industrial importance to create 

new polymer materials. Many attractive reactions have been recently developed. Among them,  

fractional polycondensation may be defined as a polymerization in which certain monomers 

are selectively incorporated into the copolymerization system.[1,2] Copolymers rich in a 

p-oxybenzoyl moiety were synthesized from the copolymerization of p-acetoxybenzoic acid 

(p-ABA) and m-acetoxybenzoic acid (m-ABA) by using selective crystallization of oligomers 

during polymerization. 

Numerous studies have been reported on phase separation of polymer solutions under 

shear flow from the 1960s. Many researchers were particularly attracted by the long stringlike 

structures of flexible polymers, called the “shish-kebab” structure, obtained from the stirred 
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solution.[3-5] It had been pointed out that the molecular orientation was induced by shear 

flow, and it was crucial for formation of the fibrous crystals.[6] With respect to rigid-rod 

polymers, studies on shear-induced polymer chain orientation and morphology have been 

done on poly(ether ether ketone) [7] and liquid crystalline polymers.[8] Rigid-rod polymers 

easily align with the shear flow direction depending on the axial aspect ratio. Polymer 

molecules elongated by the shear flow coagulated easily to form the nuclei due to the entropic 

advantage, and then polymer molecules aligned by the shear flow crystallized effectively to 

form the crystals.[4,5] 

Orientation of the molecules plays an important role for the reaction rate in solution 

polymerization as well. Previous kinetic studies for solution polymerization of rigid-rod 

polymers showed that the rate constant decreased by an order of magnitude after an initial 

period, and the molecular weight increased very slowly with time.[9-11] The decrease in the 

reaction rate was attributed to rotational diffusion limitations when the molecules became 

long enough.[10-12] In the semidilute solution, the rotational diffusivity decreased sharply 

with molecular length, and the rate of generation of molecular pairs, which satisfied the 

criteria for reaction, became very slow. Vigorous stirring was found to be necessary to obtain 

high molecular weights. The polymerizations of poly(p-phenylene terephthalamide) 

[11,13,14] and liquid crystalline polyesters [15] were carried out under shear flow, and the 

significant increase in the reaction rate was confirmed. 
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These previous studies imply that the selectivity of the p-oxybenzoyl moiety prepared by 

fractional polycondensation is likely influenced by shear flow, and the composition of 

aromatic copolymers can be consequently controlled by hydrodynamically induced phase 

separation. In the present study, we examined the influence of shear flow on the selective 

preparation of poly(p-oxybenzoyl) (POB) and the composition control of copolymers in the 

polymerization of p-ABA and m-ABA. 

 

1-1-2  EXPERIMENTAL 

 

1-1-2-1  Materials 

 

The p-ABA and m-ABA were purchased from TCI Co. Ltd. and Aldrich Co. Ltd., 

respectively. They were purified by recrystallization from ethyl acetate. Liquid paraffin (LPF) 

was purchased from Nacalai Tesque, Co. Ltd., and purified by vacuum distillation (220-240 

oC/0.3 mmHg). The content of primary, secondary, and tertiary carbon in LPF was 12, 44, and 

10 % determined by 13C NMR spectroscopy from previous studies.[16-18] Number-average 

molecular weight of LPF was 930. Phenyl 4-[4-(benzoyloxy)benzoyloxy]- benzoate (PPPP) 

and phenyl 4-[3-(benzoyloxy)benzoyloxy]benzoate (PMPP) were synthesized as oligomer 

model compounds according to the previous procedures.[19,20] Tm of PPPP: 175 oC (173 oC, 
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lit. [19]); Tm of PMPP: 103 oC (105 oC, lit. [20]). 

 

1-1-2-2  Measurements 

 

Morphology of the polymer crystals was observed on a Hitachi S-3500N scanning 

electron microscope (SEM). Samples for SEM observation were dried, sputtered with 

platinum/palladium, and observed at 20 kV. Infrared (IR) spectra were measured on a JASCO 

FT/IR-410 spectrometer. A wide-angle X-ray scattering (WAXS) pattern was measured on a 

Rigaku Gaiger Flex with nickel-filtered CuKα radiation (35 kV, 20 mA). The number-average 

degree of polymerization (DPn) of oligomers was estimated by the acetyl end-group analysis 

according to a previously reported procedure.[1] The chemical structures of LPF were 

characterized by 13C NMR spectroscopy measured on a Bruker AVANCE500 NMR 

spectrometer operating at 125 MHz in CDCl3. 

 

1-1-2-3  Polymerization 

 

The p-ABA (0.15 g, 0.83 mmol), m-ABA (0.15 g, 0.83 mmol), and LPF (20 mL) where χf 

was 50 mol% were placed into a cylindrical vessel equipped with a mechanical stirrer and a 

gas inlet tube. The stir bar was a rod type, of which the diameter was 2.8 cm and the clearance 
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between the inner wall of the cylindrical vessel and stir bar was 3 mm. The reaction mixture 

was heated under a slow stream of nitrogen up to 330 oC with stirring speed of 1000 rpm. The 

temperature was maintained at 330 oC for 6 h. The precipitates were collected by vacuum 

filtration at 330 oC and washed with n-hexane and acetone. IR of the precipitates (KBr, cm-1): 

3067 (aromatic C-H), 1739 (ester C=O), 1610, 1506, 1415 (1,4-phenylene C=C), 1484, 1441 

(1,3-phenylene C=C), and 1230, 1200 (ester C-O). 

 

1-1-2-4  Determination of the Content of m-Oxybenzoyl Moiety in Precipitates.  

 

A polymer sample (10 mg) and a 1 mL of 10.0 wt% KOH in methanol solution were 

placed in a test tube and kept at 25 oC for 24 h until the sample was completely hydrolyzed. 

The solution was neutralized with dilute hydrochloric acid and then analyzed by using a 

Shimadzu GC-14B gas chromatograph with FID equipped with a Thermon-3000 (60-80 

mesh) packed column. The content of m-oxybenzoyl moiety was calculated as the molar ratio 

of p-hydroxybenzoic acid and m-hydroxybenzoic acid. The values of χf and χp were calculated 

as follows: 

 χ (mol%) = [m-oxybenzoyl moiety] / ([p-oxybenzoyl moiety] + [m-oxybenzoyl moiety]) 

x 100 

where χf and χp stand for the content of m-ABA in feed and that of m-oxybenzoyl moiety in 
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the precipitate, respectively. 

 

1-1-2-5  Kinetic Study 

 

The p-ABA or m-ABA (0.30 g, 1.66 mmol) and LPF (20 mL) were placed into a 

cylindrical vessel equipped with a gas inlet and outlet tubes and a mechanical stirrer, which 

was the same apparatus used for the polymerization. The mixture was heated in an oil bath to 

330 oC with stirring under a slow stream of nitrogen. Acetic acid produced by the 

polymerization was trapped in the water. The amount of acetic acid produced, at a given time, 

was determined by titration with 0.1 M NaOH. The reactions obeyed second-order kinetics. 

The rate constants (k2) were estimated from a extent of reaction plot (p) of evolved acetic acid 

as a function of polymerization time. 

 

1-1-2-6  Preparation of Concentration - Temperature Phase Diagrams of Oligomer 

Model Compounds. 

 

Oligomer model compound PPPP or PMPP and LPF were put into a cylindrical vessel 

equipped with a mechanical stirrer at different concentrations. They were placed into an oil 

bath and heated until the oligomer model compound was entirely dissolved with stirring. Then 
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temperature was gradually lowered at a cooling rate of 5 oC/h under stirring with a rod-type 

bar. The cloud point temperature was determined to prepare concentration - temperature phase 

diagrams. 

 

1-1-3  RESULTS AND DISCUSSION 

 

Polymerizations of p-ABA and m-ABA were carried out at 330 oC in LPF for 6 h at a 

concentration of 1.0 %. In this study, the polymerization concentration was described as the 

ratio of the theoretical polymer weight and the solvent volume. The reaction solution was 

stirred at speed of 300 and 1000 rpm, corresponding to shear rate (γ) of 147 and 489 s-1. Both 

p-ABA and m-ABA were not insoluble in LPF at room temperature, but they dissolved during 

reaction at heating up to 330 oC. The solution became turbid within 20 min after the 

temperature reached 330 oC due to the precipitation of oligomers followed by polymer 

precipitation after 6 h. The shear flow and χf significantly influenced the morphology of the 

precipitated polymers as shown in Figure 1-1-1. The needle-like crystals were formed even by 

the copolymerization without shearing, when χf was up to 70 mol%.[1,2] Although the 

fibrillated needle-like crystals were formed in the polymerization of p-ABA at γ of 147 s-1, 

lath-like crystals or precipitates showing unclear morphology were observed under shear flow. 

The precipitated polymers did not uniformly cover the surface of the stir bar or the inner wall 
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FIGURE 1-1-1 Morphologies of the precipitated polymers prepared for 6 h. (a) χf = 0 mol%, 
γ = 489 s-1, (b) χf = 0 mol%, γ = 147 s-1, (c) χf = 20 mol%, γ = 489 s-1, (d) χf = 20 mol%, γ = 
147 s-1, (e) χf = 50 mol%, γ = 489 s-1 and (f) χf = 50 mol%, γ = 147 s-1. 
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of the cylindrical vessel. The deposition preferentially occurred at specific places, and the 

concentric rotating ring of the precipitated polymers appeared periodically around the stirring 

bar and the inner wall of the reaction vessel as shown in Figure 1-1-2. The appearance of 

striations indicates the secondary flow pattern present in the stirred solution.[5] The polymers 

deposited on the sites on the stirring bar and the vessel wall where the two vortices collide. 

This means that the striations from two Taylor vortices rotating in opposite directions settled 

at the same place on the stirring bar and the inner vessel wall. The purely laminar flow in the 

cylindrical vessel at low stirring speeds changed the Taylor vortices, bringing about a huge 

concentration of oligomers along the circular flow. Taylor vortices prevent the crystal growth, 

leading to the damage of the morphology of the precipitates. 

 

 

 

 

 

 

 

 

 

FIGURE 1-1-2 Photographs of (a) a reaction vessel and (b) a stirring bar showing 
preferential deposition of polymer crystals polymerized for 6 h at γ of 489 s-1. 
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WAXS intensity profiles of the precipitates prepared under various conditions are shown 

in Figure 1-1-3. The diffraction peaks of POB prepared at 489 s-1 were quite sharp and 

assigned according to the POB crystal unit cell.[21,22] With the increase in χf, the diffraction 

peaks attributed to the POB crystal became broader and relative intensity of the broad halo 

from the amorphous region increased. It is well-known that the copolymerized moiety lowers 

the crystallinity due to the irregular sequence. The crystallinity was also influenced by shear 

flow, and it became lower with the increase of γ. The precipitated polymers prepared at χf of 

50 mol% and γ of 489 s-1 were almost amorphous. 

These precipitates were insoluble in solvents, and thereby polymer structures could not be 

investigated by 1H and 13C NMR. They were confirmed by IR spectroscopy. Figure 1-1-4 

shows IR spectra of the precipitates prepared under various conditions. In all spectra, a 

carbonyl band from the ester linkage appeared at 1739 cm-1, and the characteristic bands from 

the carboxyl group and acetoxy group in monomers completely disappeared. These results 

confirm the conformation of a high molecular weight polyester. The bands corresponding to 

the 1,3-phenylene moiety were observed at 1485 and 1415 cm-1 in the spectra of the 

precipitates prepared at χf of 20 and 50 mol%. The intensity of these bands increases with χf, 

and the m-oxybenzoyl moiety is slightly copolymerized. 

The yields and χp of the precipitated polymers are plotted as a function of χf as shown in 

Figure 1-1-5. The polymers were obtained as precipitates at χf of 0-30 mol% with the yield of 
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FIGURE 1-1-3 WAXS intensity profiles of the precipitates polymerized for 6 h.(a) χf 
= 0 mol%, γ = 489 s-1, (b) χf = 20 mol%, γ = 489 s-1, (c) χf = 20 mol%, γ = 147 s-1, (d) 
χf = 50 mol%, γ = 489 s-1 and (e) χf = 50 mol%, γ = 147 s-1. 
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FIGURE 1-1-4 IR spectra of the precipitates polymerized for 6 h. (a) χf = 0 mol%, γ = 
489 s-1, (b) χf = 20 mol%, γ = 489 s-1, (c) χf = 20 mol%, γ = 147 s-1, (d) χf = 50 mol%, 
γ = 489 s-1 and (e) χf = 50 mol%, γ = 147 s-1. 
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TABLE 1-1-1 Estimation of χp under shear flowa 
γ (s-1) c1 x 102 c2 x 102 R2 

0 1.22 4.03 0.9965 
147 0.89 -2.99 0.9964 
489 0.55 0.13 0.9998 

a χp= c1χf
2 + c2χf 

 

FIGURE 1-1-5 Plots of (a) yield and (b) χp of precipitated polymers as a function of χf at γ of 0, 
147 and 489 s-1. 

0

5

10

15

20

25

30

35

0 10 20 30 40 50 60
χf (mol%) 

χ p
 (m

ol
%

) 

(b) 

0 

10 

20 

30 

40 

50 

0 10 20 30 40 50 60 70
χf (mol%) 

Y
ie

ld
 (%

) 

(a) 

Shear rate (γ) 
: 0 s-1 
: 147 s-1 
: 489 s-1



37 
 

39.0-44.5 % without shear flow. The polymerization at χf of 40 mol% did not afford any 

precipitates. At γ of 147 s-1 the polymers were precipitated at χf of 0-50 mol% with the yield 

of 26.3-40.2 mol%. At higher γ of 489 s-1 the polymers were formed at χf of 0-50 mol% with 

the yield of 29.1-37.0 %. Precipitation did not occur at χf of 60 mol% at γ of 147 and 489 s-1. 

The yield of the precipitated polymers is inclined to become lower with the increase in γ. With 

respect to χp, those prepared at χf of 20 and 30 mol% were 5.3 and 12.3 mol% without shear 

flow. At γ of 147 s-1 the values of χp of the precipitates prepared at χf of 20, 40, and 50 mol% 

were 3.1, 13.3, and 31.6 mol%, respectively. At higher γ of 489 s-1 the values of χp of the 

precipitates prepared at χf of 20, 40, and 50 mol% were 2.3, 8.9, and 10.8 mol%, respectively. 

The critical χf to induce the precipitation becomes higher by shear flow. The values of χp are 

much lower than those of χf, and they decrease with the increase in γ. The m-oxybenzoyl 

moiety was hardly contained in the precipitates under shear flow, and the obtained polymers 

were mainly composed of a p-oxybenzoyl moiety. The value of χp is obtained from the 

following polynominal fits of the data as solid curves in Figure 1-1-5, and the composition of 

precipitated copolymers can be controlled by eq. 1. This result provides a new methodology 

to control the composition of copolymers by shear flow. Coefficients c1 and c2 are presented 

in Table 1-1-1. 

χp = c1χf
2 + c2χf for 0 < χf < 40 mol%       (1) 

Reaction-induced phase separation of oligomers in a poor solvent can be described on the 
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analogous concentration - temperature phase diagram to that of partially miscible polymer 

solvent.[23-25] The phase separation curve in the repulsive system in which there is no 

attractive interaction between oligomers and solvents is written as the combination of the 

freezing point curve of oligomers and the upper critical solution temperature (UCST) type 

dissolution curve. The mechanism of the fractional polycondensation between p-ABA and 

m-ABA has been revealed on the basis of this phase diagram as follows [1]: p-Oxybenzoyl 

homo-oligomers are more rapidly formed in the solution than co-oligomers due to the 

difference in the reactivity of monomers. When the DPn of the p-oxybenzoyl homo-oligomers 

exceeds a critical value, they are precipitated via crystallization to form the crystals at the 

early stage in the polymerization. Co-oligomers are gradually formed, and then they are also 

phase-separated. While co-oligomers containing a few m-oxybenzoyl moieties are 

precipitated via crystallization, they are excluded from the crystal by the segregation effect, 

and the m-oxybenzoyl moiety is not present in the crystals. At the middle stage of the 

polymerization, co-oligomers containing more m-oxybenzoyl moiety are formed in the 

solution, but they are unable to precipitate due to higher miscibility. Further polycondensation 

proceeds between oligomers in the precipitated crystals, and the POB crystals are finally 

formed. The fractional polycondensation is caused by the difference in the reactivity of 

monomers and in the phase separation behavior of the oligomer. First, the influence of shear 

flow on the reactivity of p-ABA and m-ABA was kinetically investigated. Figure 1-1-6 shows 
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FIGURE 1-1-6 Kinetics of polymerization of (a, b) p-ABA and (c, d) m-ABA in LPF at γ of (○) 0, 
(▲) 147 and (●) 489 s-1. Initial concentration was 8.33 x 10-2 mol L-1. 
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TABLE 1-1-2 Second-order kinetic constants under various shear rates 

Monomer Shear rate 
(s-1) 

k2
a

(L mol-1 min-1) DPnb Ratio of k2
c 

p-ABA 
0 0.10 1.28 3.3 

147 0.14 1.23 2.8 
489 0.16 1.22 1.2 

m-ABA 
0 0.03 -d - 

147 0.05 - - 
489 0.13 - - 

a Initial concentration of p-ABA and m-ABA was 8.33 x 10-2 mol L-1. 
b DPn of oligomers when the solution became turbid. 
c k2 (p-ABA) / k2 (m-ABA) 
d Not precipitated.
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the plots of 1 / (1 - p) as a function of polymerization time under shear flow. Here, p is the 

extent of reaction. As aforesaid, it had been reported that the reaction rate constant of 

rigid-rod polymers decreases drastically after an initial period, and the molecular weight did 

not increase linearly with time.[9-15] The decrease in rate of reaction is attributed to 

rotational diffusion limitations. Apparently, vigorous stirring is quite effective in enhancing 

the reaction rate. In contrast to these previous studies, the reaction rate oppositely increases 

with time irrespective of shear rate in the present study as shown in Figure 1-1-6 (a), and (c). 

The rotational diffusivity, depending on the molecular length, was not significantly influenced 

in the low molecular weight region, and it may be attributed to the concentration fluctuation. 

In a poor solvent, the phase separation is induced by the progress of polymerization, and the 

phase separation can be recognized as a process to enhance the local concentration of 

oligomers. The reaction rate might increase with time because of the increase in the 

concentration fluctuation caused by phase separation as discussed later. With respect to shear 

rate, the reaction rate increases with an increase in the shear rate in both polymerization 

systems. At the very initial stage of polymerization, self-condensation reactions of p-ABA and 

m-ABA obeyed secondary ordered kinetics as shown in Figure 1-1-6 (b), and (d), and the 

reaction constants (k2) at 330 oC in LPF under shear flow were estimated as summarized in 

Table 1-1-2. Relative reactivity ratios of p-ABA to m-ABA were 3.3, 2.8, and 1.2 at γ of 0, 

147, and 489 s-1, respectively. Although the values of k2 for both monomers increase with 
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shear rate, the difference in the reactivity between p-ABA and m-ABA became smaller with 

the increase in γ. It had been reported that the rigid-rod aromatic polyesters were more likely 

to increase the molecular weight by shear flow than those containing a flexible moiety in the 

repeating unit.[15] The concentration of molecular pairs with a relative orientation 

appropriate for reaction becomes higher under shear flow, resulting in the enhancement of the 

reaction rate. According to this prediction, the reaction of p-ABA would take place faster than 

that of m-ABA because the homo-oligomers of the p-oxybenzoyl moiety have a higher axial 

aspect ratio than the co-oligomers, leading to the enhancement of molecular orientation under 

shear flow. However, the increase in k2 of m-ABA with shear rate was larger than that of 

p-ABA in this study. Therefore, this might be due to the enhancement of the concentration in 

the collision inside the Taylor vortices rather than the orientation of molecules. Shear flow 

reduces the difference in the reactivity being undesirable to form the p-oxybenzoyl 

homo-oligomers. 

Miscibility between the oligomer and the solvent as an effective parameter, and the 

influence of shear flow on the miscibility was examined. The phase-separated oligomers 

could not be isolated from the polymerization solution. The consolution curve and the 

freezing point curve of the phase-separated oligomer could not be accurately determined. In 

the present study, relative locations of these curves are discussed on the basis of the 

miscibility of oligomer model compounds and LPF. Two kinds of compounds, PPPP and 
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PMPP, were synthesized as the model compounds for homo-oligomer and co-oligomer, 

respectively. These compounds were end-capped by a phenyl group to avoid the further 

polymerization during the preparation of phase diagrams. The concentration - temperature 

phase diagrams of these oligomer model compounds and LPF were prepared at γ of 0 and 489 

s-1 by cloud-point measurements. In the diagrams as shown in Figure 1-1-7, the phase 

separation curves appeared as the combination of the freezing point curve and the UCST-type 

consolution curve as predicted. The phase separation curves of PMPP shifted toward lower 

temperature than that of PPPP. This result reveals that homo-oligomers of the p-oxybenzoyl 

moiety possess the lowest critical concentration and critical molecular weight for phase 

separation. The freezing point curve of PPPP at > 5 mol% concentration where γ was 489 s-1 

 

 

 

 

 

 

 

 

 

FIGURE 1-1-7 Concentration-temperature phase diagrams of (a) PPPP and (b) PMPP in LPF 
under shear flow at γ of (○) 0 and (●) 489 s-1. L = homogeneous liquid phase, L-L = two 
immiscible phases, and L-S = liquid and solid phases.
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is located at lower temperature with respect to the influence of shear flow. However, it shifts 

toward higher temperature at a very low concentration (< 1.0 %), which is close to the real 

polymerization concentration of 1.0 %. Numerous studies have dealt with the influence of 

shear flow on the phase separation of polymer-containing fluids.[26-40] It is well-known that 

the solutions become turbid because of the shear-induced liquid-liquid phase separation or the 

enhancement of concentration fluctuations when semidilute polymer solutions are subjected 

to shear flow.[29-36] The shear-induced phase separation is theoretically explained on the 

basis of the relaxation of elastic free energy of polymer chains under shear flow.[38-41] When 

the shear rate is larger than maximum relaxation rate, the excess elastic free energy built up in 

the solution by the deformation of the entangled polymer chains cannot be relaxed by 

disentanglements but can be released only by squeezing solvent. This solvent squeezing 

process results in enhancement of concentration fluctuation and phase separation under shear 

flow. The theory suggests that the dynamical asymmetry between LPF chains and oligomers 

is crucial for the shear-induced phenomenon in the present study. LPF used in the present 

study has the number-average molecular weight of 930, and LPF chain has mobility much 

smaller than the oligomer so that the latter relaxes much faster. As a consequence, stress 

developed in the system under shear flow is borne only by LPF chains. The relaxation process 

then causes the shear-induced phase separation. The oligomers are squeezed by shear flow 

bringing about demixing due to the enhancement in the concentration fluctuation. In contrast 
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to the system of PPPP, the system of PMPP exhibits opposite phenomena. The freezing point 

curve of PMPP at γ of 489 s-1 shifts slightly toward lower temperature at a low concentration 

of < 2.0 %, and shear flow does not significantly influence the miscibility in the case of PMPP 

due to the higher miscibility than PPPP. Further, if molecular orientation might be induced by 

the shear, PPPP aligned toward the shear flow coagulated rapidly to form the nuclei due to the 

entropic advantage, making the activation energy for nucleation lower. These shear effects 

make the homo-oligomers precipitate more rapidly than the co-oligomers, and the difference 

in the miscibility is amplified by the shear. As shown in Table 1-1-2, DPn of the oligomers 

when the solution became turbid in the polymerization of p-ABA decreased gradually from 

1.28 to 1.22 with the increase in γ, and this result supports the above discussion. 

Shear flow influences both reactivity of monomers and miscibility. Shear flow reduces 

the difference in the reactivity between p-ABA and m-ABA, resulting in the decrease in the 

separation selectivity with regard to the formation of the homo-oligomer of p-oxybenzoyl 

moiety. On the contrary, shear flow enhances the difference in the miscibility between 

homo-oligomers and co-oligomers, leading to more rapid precipitation of homo-oligomers 

than co-oligomers. The fractionability enhanced under shear flow because of the change in the 

miscibility. 

 

1-1-4  CONCLUSION 
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The polymers containing few m-oxybenzoyl moieties were obtained as precipitates even 

at high χf in the polymerization system of p-ABA and m-ABA under shear flow. The yield of 

the precipitated polymers became lower with the increase in γ, but the fractionability was 

enhanced. At χf of 20 mol% the values of χp of the precipitated polymers prepared at γ of 0, 

147, and 489 s-1 were only 5.3, 3.1, and 2.3 mol%, respectively. Higher γ gave lower χp. The 

values of χp were controlled by γ. The shear flow reduced the difference in the reactivity 

between p-ABA and m-ABA, resulting in the decrease in the fractionability with regard to the 

formation of homo-oligomer of p-oxybenzoyl moiety. However, the shear flow made 

homo-oligomers more immiscible and co-oligomers slightly miscible, leading to the 

enhancement of the difference in the miscibility between homo-oligomers and co-oligomers. 

This change in the miscibility by shear flow brought about the more rapid precipitation of 

homo-oligomers than co-oligomers, and therefore the fractionability was amplified by 

shearing. This result provides a new methodology to control the composition of copolymers. 
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1-2  SELECTIVE SYNTHESIS OF POLY(p-OXYBENZOYL) BY FRACTIONAL 

POLYCONDENSATION: ENHANCEMENT OF SELECTIVITY BY SHEARING 

 

1-2-1  INTRODUCTION 

 

Fractional polycondensation, which is one of the precise polycondensations, was reported 

as the polymerization proceeding by selecting certain monomers in the copolymerization 

system.[1-3] Copolymers rich in p-oxybenzoyl (p-OB) moiety were selectively synthesized as 

precipitates from the copolymerization of p-acetoxybenzoic acid (p-ABA) and 

m-acetoxybenzoic acid (m-ABA) by using the reaction-induced crystallization of oligomers 

during polymerization without shearing.[1] The selectivity in this heterogeneous 

polymerization is brought by not only the difference in the reactivity of monomers but also 

that in the precipitation behavior of the oligomers depending on their composition. The 

oligomers rich in p-OB moiety are precipitated more rapidly to form the crystals than those 

rich in m-oxybenzoyl (m-OB) moiety. The polymerization of 4-(4-acetoxybenzoyloxy)benzoic 

acid (p-ABAD), which was the dimer of p-ABA, with m-ABA was also examined and it 

became clear that the dimer effect made the selectivity higher.[2] Further, the composition 

control of copolymers in the polymerization of p-ABA and m-ABA had been previously 

studied using hydrodynamically induced phase separation during solution polymerization.[3] 
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This previous study showed that the polymers rich in p-OB moiety were more selectively 

obtained as precipitates by the polymerization under shearing and the selectivity increased 

with the shear rate. 

This article aims to clarify the influence of shear flow, especially the timing for the 

application of shearing, for the enhancement of the selectivity of poly(p-oxybenzoyl) (POB) 

in the polymerization of p-ABAD and m-ABA as depicted in Scheme 1-2-1. 
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1-2-2  EXPERIMENTAL 

 

1-2-2-1  Materials 

 

m-ABA was purchased from Sigma-Aldrich (St. Louis, MO) and purified by 

recrystallization from ethyl acetate. p-ABAD was synthesized according to the previously 

reported procedure.[4] Liquid paraffin (LPF) was purchased from Nacalai Tesque (Kyoto, 

Japan) and purified by vacuum distillation (220-240 oC/0.3 mmHg). The contents of primary, 

secondary, and tertiary carbon in LPF were 12, 44, and 10 %, determined by 13C NMR 

spectroscopy form previous studies. Number-average molecular weight of LPF was 930. 

 

1-2-2-2  Measurements 

 

Infrared (IR) spectra were measured on a JASCO FT/IR-410 spectrometer (Tokyo, Japan). 

Composition of copolymers was determined on a Shimadzu GC-14B gas chromatography 

(Kyoto, Japan) with flame ionization detector (FID) equipped with a Thermon-3000 (60-80 

mesh) packed column after hydrolysis of copolymers according to the previously reported 

procedure.[3] The content of m-OB moiety in feed (χf) and that in the precipitated crystals 

(χp) were calculated as follows: 
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χ (mol%) = [m-oxybenzoyl moiety] / ([p-oxybenzoyl moiety] + [m-oxybenzoyl moiety]) 

x 100 

Number-average molecular weight (Mn) was estimated from the absorbance ration of the 

carbonyl groups in the ester linkage and the carboxylic acid analysis recorded from the IR 

spectra of the precipitates according to a previously reported procedure.[5] The chemical 

structures of LPF were characterized by 13C NMR spectroscopy measured on a Bruker 

AVANCE500 NMR spectrometer (Billerica, MA) operating at 125 MHz in CDCl3. Rate 

constants of the condensation reaction of p-ABAD under shearing were estimated kinetically 

according to the previously reported procedure.[3] 

 

1-2-2-3  Polymerization 

 

p-ABAD (0.10g, 0.33 mmol), m-ABA (0.18g, 1.0 mmol), and LPF (20 mL) were placed 

into a cylindrical vessel equipped with a mechanical stirrer and a gas inlet tube. The value of 

χf was 60 mol%. The stir bar was a rod-type of which the diameter was 2.8 cm, and the 

clearance between the inner wall of the cylindrical vessel and stir bar was 3 mm. The reaction 

mixture was heated under a slow stream of nitrogen up to 330 oC with stirring speed of 1000 

rpm, which was corresponding to the shear rate (γ) of 489 s-1. The temperature was 

maintained at 330 oC for 6 h. Precipitates were collected by vacuum filtration at 330 oC, and 
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washed with n-hexane and acetone. The polymer precipitates were obtained with the yield of 

25.5 % and the value of χp was 6.3 mol%. IR of the precipitates (KBr, cm-1): 3075 (aromatic 

C-H), 1735 (ester C=O), 1590, 1506, 1414 (1,4-phenylene C=C), 1484, 1439 (1,3-phenylene 

C=C), and 1234, 1200 (ester C-O). 

 

1-2-3  RESULTS AND DISCUSSION 

 

Polymerizations of p-ABAD or m-ABA were carried out at 330 oC in LPF for 6 h at a 

concentration of 1.0 % under shearing. In this study, the polymerization concentration was 

described as the ratio of the theoretical polymer weight and the solvent volume. The reaction 

solution was stirred at the speed of 300 and 1000 rpm corresponding to γ of 147 and 489 s-1, 

respectively. Both p-ABAD and m-ABA were not soluble in LPF at room temperature, but 

they dissolved during heating up to 330 oC. Results of polymerization were presented in Table 

1-2-1. The solution became turbid at the early stage of the polymerization due to the 

precipitation of oligomers, and then the polymers were formed as precipitates. The obtained 

precipitates were insoluble in common organic solvents, and the polymer structures were 

confirmed by the IR spectroscopy. Figure 1-2-1 shows IR spectrum of the precipitates 

prepared in run no. 9 as a typical example. A carbonyl band from the ester linkage appeared at 

1735 cm-1, and characteristic bands of the carbonyl group and the acetoxy group of the 
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TABLE 1-2-1 Results of polymerization of p-ABAD and m-ABA under shearinga 

Run no. γ (s-1)b 
χf

c 
(mol%) 

Yield 
(%) 

χp
c 

(mol%) 
1 147 0 39.7 0 
2 147 30 45.8 2.9 
3 147 50 27.3 4.5 
4 147 60 28.2 18.6 
5 147 70 0  
6 489 0 40.2 0 
7 489 30 34.1 0 
8 489 50 15.5 0 
9 489 60 25.5 6.3 

10 489 70 0  
a Polymerizations were carried out in LPF at 330 oC at a concentration of 1.0 % for 6 h. 
b γ stands for shear rate.  
c χf and χp stand for the content of m-OB moiety in feed and that in precipitates, respectively. 

 

FIGURE 1-2-1 IR spectrum of precipitated polymers obtained at χf of 60 mol% and γ of 
489 s-1 for 6 h. 
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monomers completely disappeared. This result confirms the formation of high molecular 

weight polyester. The polymerization at χf of 70 mol% did not afford any precipitates, but the 

polymers were obtained as precipitates at χf of 0-60 mol% with the yield of 28.2-39.7 % at γ 

of 147 s-1. The values of χp were lower than those of χf and that of the precipitates was 18.6 

mol% at χf of 60 mol% (run no.4). Although the selective synthesis was observed under 

shearing, the selectivity was almost the same as that in the polymerization without 

shearing,[2] and the shearing at γ of 147 s-1 did not enhance the selectivity significantly. When 

the polymerizations were carried out at γ of 489 s-1, the selectivity increased drastically. The 

polymers were also obtained as precipitates at χf of 0-60 mol% with the yield of 15.5-40.2 %. 

Interestingly, when the value of χf was less than 50 mol% (run no.7 and 8), the precipitates 

did not contain the m-OB moieties and POB was selectively synthesized. The polymer 

containing only 6.3 mol% of m-OB moieties was obtained even at χf of 60 mol% (run no.9). 

The content of m-OB moieties seems to increase suddenly at χf of 60 mol%. This is the 

critical value that the oligomers containing m-OB moieties became precipitated. At higher 

content of χf than 60 mol%, the content of m-OB moieties in the oligomers became higher and 

they were not precipitated due to the higher solubility. The mechanism of the fractional 

polycondensation has been revealed on the basis of this phase diagram as follows [1-3]; p-OB 

homo-oligomers are more rapidly formed in the solution than co-oligomers due to the 

difference in the reactivity of monomers. When the molecular weight of the p-OB 
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homo-oligomers exceeds a critical value, they are precipitated via crystallization to form 

crystals at the early stage in the polymerization. Co-oligomers are gradually formed and then 

they are also phase-separated. Although co-oligomers containing a few m-OB moieties are 

precipitated via crystallization, yet they are excluded from the crystal by segregation effect, 

and m-OB moiety is not present in the crystals. At the middle stage of the polymerization, 

co-oligomers containing more m-OB moieties are formed in the solution, but they are unable 

to precipitate due to higher miscibility. Further polycondensation proceeds between oligomers 

in the precipitated crystals, and the POB crystals are finally formed. The fractional 

polycondensation is caused by the difference in the reactivity of monomers and that in the 

phase separation behavior of the oligomer. Precious study reported that the reaction rate of 

m-ABA increased with an increase in the shear rate.[3] To know that the polymerization of 

p-ABAD and m-ABA follows this mechanism, the influence of shear flow on the reactivity 

was kinetically investigated. At the very initial stage of polymerization, the self-condensation 

reaction of p-ABAD obeyed secondary ordered kinetics as shown in Figure 1-2-2, and the 

reaction constant (k2) at 330 oC in LPF at γ of 147 and 489 s-1 were estimated as summarized 

in Table 1-2-2. Relative reactivity ratios of p-ABAD to m-ABA were 8.0, 7.4, and 4.3 at γ of 0, 

147, and 489 s-1, respectively. Although their k2 values increased with shear rate, the 

difference in the reactivity became smaller with the increase in γ. It had been reported that the 

rigid rod aromatic polyesters were more likely to increase the molecular weight by shear flow 
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TABLE 1-2-2 Second-order kinetic constants under shear flow 

 γ (s-1)a 
k2 

(L・mol-1・min-1) 
Relative reactivity 

ratiob 

p-ABAD 
0 0.24 8.0 

147 0.37 7.4 
489 0.56 4.3 

m-ABAc 
0 0.03  

147 0.05 
489 0.13 

a  γ stands for shear rate. 
b k2 of p-ABAD / k2 of m-ABA 
c Cited from TABLE 1-1-2. 

FIGURE 1-2-2 Kinetics of polymerization of p-ABAD in LPF at γ of (○) 0, (▲) 
147, and (●) 489 s-1. Initial concentration was 4.16 x 10-2 mol L-1. 
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than those containing a flexible moiety in the repeating unit.[6] The concentration of 

molecular pairs with a relative orientation appropriate for reaction becomes higher under 

shear flow, resulting in the enhancement of the reaction rate. It was expected based on this 

that the reaction of p-ABAD would take place faster than that of m-ABA because of the 

higher axial aspect ratio of the homo-oligomers of the p-OB moiety than the co-oligomers 

inducing the higher molecular orientation under shear flow. However, the increase in k2 of 

m-ABA with shear rate oppositely became larger than that of p-ABAD in this study. Therefore, 

it turned out that the increase in the reaction rate of m-ABA would result from the increase in 

number of collisions. Shear flow reduces the difference in the reactivity being undesirable to 

enhance the selectivity for the formation of the p-OB homo-oligomers. Miscibility between 

the oligomer and the solvent was an effective parameter, and the influence of shear flow on 

the miscibility was previously discussed. The shearing made the homo-oligomers precipitate 

more rapidly than the co-oligomers and the difference in the miscibility was amplified. This 

phenomenon was explainable from the viewpoint of the dynamical asymmetry between LPF 

and the oligomer on the basis of the relaxation of elastic free energy of polymer chains under 

shear flow.[3,7-9] The shear flow gave the favorable influence on the miscibility of the 

oligomers bringing about the enhancement of the selectivity, even though it did the 

unfavorable effect on the reactivity. 

The difference in the reactivity becomes higher without shearing, and oppositely that in 
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the miscibility of the oligomers becomes higher under shearing. This result strongly implies 

that the timing of shearing should be optimized to enhance the selectivity. Based on the 

influence of the shearing discussed above, it is better to polymerize without shearing at the 

beginning of the polymerization until the precipitation occurs and then to polymerize under 

shearing. The precipitation occurred after 35 min at γ of 0 s-1, and therefore the shearing was 

applied after 70 min. The shearing was also applied after 30 min before the precipitation 

started as a comparison. The polymerizations were carried out at χf of 60 mol% at γ of 489 s-1 

for 6 h. The precipitates were obtained by the application of the shearing after 70 min with the 

yields of 26.7 %. Surprisingly, the value of χp applied shearing after 70 min was only 3.9 

mol%, and the shearing just after the precipitation significantly enhanced the selectivity as 

expected. The changes in the yield and the value of χp were plotted as a function of time in 

Figure 1-2-3. When the polymerization was carried out without shearing, the value of χp 

decreased with the yield and it was minimized to 2.7 mol% at 70 min. Then, it increased with 

time to 17.5 mol%, nevertheless the yield increased very slightly from 30.7 to 36.4 %. It can 

be presumed that a small amount of co-oligomers containing averagely 97.2 % of m-OB 

moieties were precipitated after 70 min. In contrast to this, the precipitation of these 

co-oligomers rich in m-OB moiety was inhibited under shearing at γ of 489 s-1. On the other 

hand, the polymers of χp of 6.6 mol% were obtained with yield of 31.9 % by shearing after 30 

min. The value of χp and the yield of the precipitates were almost the same as those prepared 
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under shearing throughout the polymerization (run no.9), which were 6.3 mol% and 25.5 % as 

shown in Table 1-2-1. The application of shearing before the precipitation started did not 

contribute to enhance the selectivity. It has been previously reported that the polymerization 

proceeds in the POB crystals because the end-groups of the oligomers in the precipitated 

crystals were in good positions for the polymerization.[10] The change in Mn of the 

precipitates was examined during the polymerization with shearing after 70 min. The results 

were plotted as a function of time as shown in Figure 1-2-4. After 70 min, the Mn increased 

linearly with the time even after the yield was leveled off, and it reached 8.4 x 103 after 6 h. 

This continuous increase in the Mn reveals that the polymerization occurred effectively in the 

FIGURE 1-2-3 Plots of yield (triangle) and value of χp (circle) during polymerization of 
p-ABAD and m-ABA at χf of 60 mol% at γ of 0 (○, △) and 489 s-1 (●, ▲). Shearing was 
applied after (a) 70 min and (b) 30 min. 
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precipitates, and the polymerization in the precipitates obeyed secondary ordered kinetics. 

The selectivity became the highest after 70 min as described above, but the Mn of the 

precipitates after 70 min was only 2.4 x 103. For the preparation of high molecular weight 

POB, the polymerization should conduct for 6 h with shearing after 70 min. 

 

1-2-4  CONCLUSION 

 

The polymers containing few m-OB moieties were obtained as precipitates even at high 

χf in the polymerization system of p-ABAD and m-ABA. At χf of 60 mol%, the values of χp 

FIGURE 1-2-4 Change in Mn of precipitates during polymerization 
of p-ABAD and m-ABA at χf of 60 mol% at γ of 489 s-1. Shearing 
was applied after 70 min.  
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of the precipitates prepared under shearing throughout the polymerization at γ of 147 and 489 

s-1 were 18.6 and 6.3 mol%, respectively. Especially, the POB was obtained as the precipitates 

at χf of less than 50 mol% at γ of 489 s-1. The shear flow reduced the difference in the 

reactivity between p-ABAD and m-ABA, resulting in the decrease in the selectivity with 

regard to the formation of p-OB homo-oligomer. However, the shear flow enhanced the 

difference in the miscibility between homo-oligomers and co-oligomers. This change in the 

miscibility by shear flow brought about the more rapid precipitation of homo-oligomers, 

leading to the enhancement of the selectivity. The timing of the application of the shearing 

significantly influenced the selectivity, and the shearing just after the precipitation of the 

oligomers started was quite efficient to enhance the selectivity more. The χp of the 

precipitates prepared with shearing at γ of 489 s-1 just after the precipitation was only 3.9 

mol% even at χf of 60 mol%. The high molecular weight polymers were formed by the 

polymerization in the precipitates. This result provides a new methodology to synthesize the 

POB selectively by hydrodynamically induced phase separation during solution 

polymerization. 
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CHAPTER 2 

 

HETEROGENEOUS POLYCONDENSATION FOR COMPOSITION CONTROL OF 

POLY(p-MERCAPTOBENZOYL-co-p-BENZAMIDE) BY SHEARING 

 

2-1  INTRODUCTION 

 

Aromatic polymers have been used as high-performance materials owing to the excellent 

properties derived from their rigid structure such as mechanical properties, thermal stability, 

chemical resistance and so on. In recent days, they are expected as functional materials for 

optoelectronic fields owing to their π conjugated structure. In order to induce new function 

and performance into aromatic polymers which are practically synthesized by the 

polycondensation, the copolymerization is a useful tool to design the polymer structure.  

Precise polycondensation is of great importance to create new polymer materials from the 

academic and industrial aspects. Heterogeneous polycondensations which are the 

polymerization performed in multiple phases such as a solution phase and a solid phase has 

been developed for precise control of not only the primary polymer structures but also their 

higher-ordered structures. The heterogeneous polycondensations by using the 

reaction-induced phase separation during polymerization could provide the sequence control 
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of whiskers,[1,2] dual self-assemble polycondensation [3] and fractional 

polycondensation.[4-6] Among them, the fractional polycondensation which is the 

polymerization to synthesize homopolymers chemoselectively as precipitates in the 

copolymerization system has a potential to control the composition of copolymers, and the 

composition control of aromatic copolyesters had been studied by using hydrodynamically 

induced phase separation during solution polymerization of p-acetoxybenzoic acid and 

m-acetoxybenzoic acid.[5] This previous study showed that the shearing affected both the 

reaction rate of monomers and the solubility of oligomers, leading to the enhancement of 

chemoselectivity. Although the composition of aromatic polyesters could be controlled by 

shearing, it still reminds unclear that the composition of copolymers comprised of different 

chemical linkages is hydrodynamically controlled in the heterogeneous polymerization.  

In this study, the composition control of poly(p-mercaptobenzoyl-co-p-benzamide) 

(PMB-co-PBA), which was a poly(thioester-amide), was examined by the phase separation 

during heterogeneous polymerization of S-acetyl-4-mercaptobenzoic acid (AMBA) and 

p-acetylaminobenzoic acid (AABA) shown in Scheme 2-1 focusing on the effect of shearing.  

 

 

 

 
SCHEME 2-1 Copolymerization of AMBA and AABA 
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2-2  EXPERIMENTAL 

 

2-2-1  Materials 

 

4-Mercaptobenzoic acid was purchased from Aldrich Co. Ltd. AMBA was synthesized 

according to the previously reported procedure.[1] AABA was purchased from Aldrich Co. 

Ltd. and purified by recrystallization from ethanol. A mixture of isomers of dibenzyltoluene 

(DBT) was purchased from Matsumura Oil Co. Ltd. (Trade name: Barrel Therm 400, MW: 

380, b.p.: 382oC) and purified by vacuum distillation (185-200oC / 0.1 mmHg).  

 

2-2-2  Measurements 

 

Infrared (IR) spectra were measured on a JASCO FT/IR-410 spectrometer (Tokyo, 

Japan). The content of AMBA in feed (χf) was as follows; 

χf (mol%) = [AMBA] / ([AMBA] + [AABA]) x 100 

The molar contents of p-mercaptobenzoyl (MB) moiety in the precipitated crystals (χp) were 

determined from the absorbance ratio of the carbonyl groups in the thioester linkage and the 

amide linkage recorded from the IR spectra of the precipitates according to the previously 

reported procedure.[1] 
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χp (mol%) = [MB moiety] / ([MB moiety] + [BA moiety]) x 100 

Here, BA stands for p-benzamide. Morphology of precipitates was observed on a HITACHI 

S-3500N scanning electron microscope (SEM). Samples for SEM were dried, sputtered with 

platinum/palladium and observed at 20 kV. Wide angle X-ray scattering (WAXS) was 

performed on a Rigaku Gaiger Flex with nickel-filtered CuKα radiation (35 kV, 20 mA). Rate 

constants of the condensation reaction of AMBA and AABA under shearing were estimated 

kinetically according to the previously reported procedure.[5] 

 

2-2-3  Polymerization 

 

AMBA (0.077 g, 0.39 mmol), AABA (0.070 g, 0.39 mmol) and DBT (20 mL) were 

placed into a cylindrical vessel equipped with a mechanical stirrer and a gas inlet tube. The 

value of χf was 50 mol%. The stir bar was a rod-type of which the diameter was 2.8 cm and 

the clearance between the inner wall of the cylindrical vessel and stir bar was 3 mm. The 

reaction mixture was heated under a slow stream of nitrogen up to 300oC with stirring speed 

of 300 rpm which was corresponding to the shear rate (γ of 147 s-1. The temperature was 

maintained at 300 oC for 6 h. Precipitates were collected by vacuum filtration at 300oC, and 

washed with n-hexane and acetone. The polymer precipitates were obtained with the yield of 

21.5 % and the value of χp was 27.1 mol%. IR of the precipitates (KBr, cm-1): 3332 (amide 
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N-H), 1655 (thioester C=O and amide C=O), 1590 (1,4-phenylene), 1500 (1,4-phenylene C=C 

and amide N-H), 1404 (1,4-phenylene C=C), and 1314, 1239, 1173, 1091, 1015, 902, 843, 

759, 732, 691, 642. 

Polymerizations under other conditions were carried out by the similar procedure. 

 

2-3  RESULTS AND DISCUSSION 

 

2-3-1  Influence of Shearing on Composition  

 

Polymerizations of AMBA or AABA were carried out at 300 oC in DBT for 6 h at a 

concentration of 0.5 %. The concentration was described as the ratio of the theoretical 

polymer weight and the solvent volume. Monomers were not soluble in DBT at 25 oC, but 

they were dissolved during heating up to 300 oC. The solution became turbid at the early stage 

of the polymerization because of the precipitation of oligomers and polymers were obtained 

as precipitates. When the shearing was applied to this polymerization system, the reaction 

solution was stirred at speed of 300 rpm corresponding to γ of 147 s-1. When the shearing was 

applied, striations of the precipitates were clearly observed in the inside wall of the cylindrical 

vessel and the outside wall of the stirring bar at an interval of 7 mm as shown in Figure 2-1. 

These striations indicate the formation of Taylor vortices in the solution by shearing as 
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FIGURE 2-1 Photographs of a stirring bar and a reaction vessel showing 
preferential deposition of polymer crystals polymerized for 6 h at γ of 147 s-1. 
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FIGURE 2-2 Plots of (a) yield and (b) χp of precipitated polymers as a function of χf at γ of 0 
(●) and 147 s-1(▲). 
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previously reported.[5] Results of the polymerization were presented in Figure 2-2. The 

precipitates were insoluble in common organic solvents, and therefore the polymer structure 

was analyzed by the IR spectroscopy. The carbonyl bands of the thioester linkage and the 

amide linkage appeared at 1671 and 1654 cm-1 as shown in Figure 2-3. The OH stretching 

band of the carboxyl group at ca. 3000 cm-1 disappeared. These results confirm the formation 

of high molecular weight PMB-co-PBA. The polymer precipitates were obtained with the 

yield of 17.8 - 56.5 % without shearing. Although the yield of the precipitates at χf of 70 

mol% under shearing was only 6.8 %, the precipitates were obtained under shearing with the 

yield of 16.3 - 47.0 % at other χf values. It has been reported that the yield of the precipitates 

generally decreases in the middle range of the χf vales due to the higher solubility of 

co-oligomers.[4-6] Correspondingly, the yields in these polymerizations became lower at χf of 

50-70 mol% in spite of shearing. The yields under shearing were lower than those without 

shearing. In terms of the χp values, those at χf of 30, 50 and 70 mol% were 32.8, 55.6 and 65.3 

mol% in the polymerization without shearing. The χp values were roughly in agreement with 

the corresponding χf values. On the other hand, the χp values prepared at χf of 50 and 70 

mol% under shearing were 27.1 and 44.0 mol% respectively, and they were much lower than 

the corresponding χf values. The precipitates contained more BA moieties than those in feed 

under shearing. The morphologies of the precipitates are shown in Figure 2-4. The 

precipitates of poly(p-benzamide) (PBA) (χf = 0 mol%) and poly(p-mercaptobenzoyl) (PMB) 
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FIGURE 2-3 IR spectra of precipitated polymers obtained for 6 h at (a) χf of 0 mol%, γ 
of 0 s-1, (b) χf of 50 mol%, γ of 0 s-1, (c) χf of 50 mol%, γ of 147 s-1, and (d) χf of 100 
mol%, γ of 0 s-1. 
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FIGURE 2-4 Morphologies of the precipitated polymers prepared for 6 hours. (a) χf = 0 
mol%, γ = 0 s-1, (b) χf = 0 mol%, γ = 147 s-1, (c) χf = 50 mol%, γ = 0 s-1, (d) χf = 50 mol%, 
γ = 147 s-1, (e) χf = 10 mol%, γ = 0 s-1, and (f) χf = 100 mol%, γ = 147 s-1. 
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(χf = 100 mol%) prepared without shearing were plate-like and needle-like crystals, 

respectively. According to the previous studies, the PBA crystals prepared by the 

crystallization of oligomers were plate-like crystals in which the molecules aligned 

perpendicular to the plate-plane.[7] This morphology with molecular orientation was caused 

by the strong interaction between oligomers via the hydrogen bonding. The PMB precipitates 

prepared by the crystallization of oligomers were needle-like crystals in which the molecules 

aligned along the long axis of the needle.[8] This morphology with molecular orientation was 

formed by the spiral growth of lamellae with the screw dislocation. Usually, the shearing 

disturbs the crystallization of oligomers, resulting in the disappearance of clear morphology of 

the precipitates.[5] Although the morphology was slightly disturbed by the shearing, the PBA 

and PMB precipitates prepared under shearing still exhibited the plate-like and the rod-like 

morphology. The copolymerization lowers the crystallizability of oligomers due to the 

structural regularity of the oligomers and also reduces the freezing point of oligomers, leading 

to the change of phase separation mode from the crystallization to liquid-liquid phase 

separation. Therefore, the copolymerization usually extinguishes the clear morphology. 

Although the clear morphology was mostly disappeared by the copolymerization at χf of 50 

mol%, fibrillated slab-like crystals and plate-like crystals were barely formed without and 

with shearing. This will be discussed later. WAXS intensity profiles of the precipitates 

prepared by the polymerization at χf of 50 mol% are shown in Figure 2-5 with the profiles of 
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FIGURE 2-5 WAXS intensity profiles of precipitated polymers obtained for 6 h at (a) χf 
of 0 mol% and γ of 0 s-1, (b) χf of 50 mol% and γ of 0 s-1, (c) χf of 50 mol% and γ of 147 
s-1, and (d) χf of 100 mol% and γ of 0 s-1. 
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the PBA crystals and the PMB crystals prepared without shearing. The PBA crystals 

contained slightly amorphous parts, but they exhibited two strong characteristic peaks at 2θ of 

20.42o (d-spacing = 0.435 nm) and 23.14o (d-spacing = 0.384 nm) which were 110 and 200 

reflection according to the orthorhombic unit cell.[9] The PMB crystals exhibited several 

characteristic peaks at 2θ of 13.54o (d-spacing = 0.653 nm), 16.40o (d-spacing = 0.540 nm), 

17.76o (d-spacing = 0.499 nm), 23.92o (d-spacing = 0.372 nm), 27.88o (d-spacing = 0.320 nm) 

and 29.86 o (d-spacing = 0.290 nm). The copolymer prepared at χf of 50 mol% without 

shearing showed six clear peaks at 2θ of 19.81 o (d-spacing = 0.448 nm), 20.83o (d-spacing = 

0.426 nm), 22.52o (d-spacing = 0.394 nm), 23.36o (d-spacing = 0.380 nm), 26.91o (d-spacing 

= 0.331 nm) and 28.76o (d-spacing = 0.310 nm). Although the peaks at 2θ of 20.83o and 

23.36o come possibly from the PBA crystals, the other peaks are different from those of the 

PBA crystals and the PMB crystals, and the PMB-co-PBA forms the different crystal structure. 

The copolymer precipitates prepared under shearing did not show the strong diffraction peaks 

but for that at 2θ of 19.81o and relative intensity of the broad halo from the amorphous region 

to the crystalline peak increased, suggesting that these precipitates lost the crystallinity. 

 

2-3-2  Mechanism of Composition Control by Shearing 

 

In order to clarify the influence of the shearing on the composition of copolymer 
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precipitates, the yields, the χp value and the morphology of the precipitates were investigated 

in the course of the polymerization at χf of 50 mol%. The results were plotted as a function of 

polymerization time as shown in Figure 2-6. The yield increased gradually until 120 min and 

then it increased slightly with polymerization time in spite of shearing. The yield of the 

precipitates prepared without shearing increased more than that under shearing. In terms of 

the χp value, the values of the precipitates prepared at 5 min under and without shearing were 

65.0 and 64.7 mol% respectively and they were almost the same. Then they decreased with 

time until 120 min to approximately 55 mol% in both polymerizations. The influence of 

shearing on the composition did not appear until 120 min. Afterward, the χp value of the 

precipitates prepared without shearing became constant at ca. 55 mol%, but that under 

 

 

 

 

 

 

 

 

 

FIGURE 2-6 Plots of (a) yield and χp values of the precipitates and (b) molar ration of MB 
and BA moiety in precipitates prepared at χf of 50 mol% as a function of polymerization time. 
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shearing decreased to 27.1 mol%. The influence of shearing on the composition visualized 

after the middle stage of the polymerization. The contents of the precipitated MB moiety and 

BA moiety were calculated as molar percentage basis on their content in feed and they were 

plotted as a function of polymerization time in Figure 2-6 (b). Even though the yields were 

different, the ratio of the precipitated MB moiety and BA moiety was almost the same in both 

polymerizations until 120 min as aforesaid. The morphologies of the precipitates prepared for 

5 min were shown in Figure 2-7. The precipitates prepared without shearing were plate-like 

crystals which were quite similar to those prepared under shearing. The similarity of these 

morphologies supports the results that there was not big difference of the compositions in 

these precipitates and the morphology of the PBA crystals was not significantly influenced by 

 

 

 

 

 

 

 

 

 

FIGURE 2-7 Morphologies of the precipitated polymers prepared at χf = 50 mol% for 5 
min at γ of (a) 0 s-1and (b) 147 s-1. 
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shearing. Some of these crystals having clear morphology grew to the fibrillated slab-like 

crystals and the plate-like crystals which were barely formed without and under shearing in 

the precipitates. It is interesting that the BA moiety was precipitated constantly after 120 min, 

but the precipitated content of the MB moiety decreased. This result suggests that the 

precipitation of the oligomers rich in the MB moiety was inhibited and additionally some of 

the MB moiety was dissolved from the precipitates to the solution. Ultimately, this difference 

in the precipitation behaviors after the middle stage of the polymerization brought about the 

difference in the composition under shearing. Based on the previous studies,[5] it can be 

thought that the shearing influences the reaction rate and the solubility of oligomers leading to 

the difference in the composition of the precipitates. First, the influence of shearing on the 

reaction rate was kinetically investigated. Figure 2-8 plots the number-average degree of the 

polymerization (DPn) as a function of the polymerization time in the homo-polymerization of 

AMBA and AABA under and without shearing. The kinetic data were monitored in the 

homogeneous solution prior to the precipitation. At the early stage of polymerization, both 

self-condensation reactions of AABA and AMBA obeyed secondary ordered kinetics and the 

apparent reaction rate constants (k2) were estimated as presented in Table 2-1. The k2 value of 

AMBA without shearing was 0.31 L・mol-1・min-1, but it became larger to 0.64 L・mol-1・

min-1 by shearing. The k2 value of AABA without and with shearing were 0.12 and 0.09 L・

mol-1・min-1, and the reaction of AMBA occurs much faster than that of AABA. Surprisingly, 
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TABLE 2-1 Kinetics of polymerization 

Monomer γ (s-1)a k2 
(L・mol-1・min-1)

Relative reactivity 
ratiob DPncritc 

AMBA 0 0.31 2.6 1.29 
AMBA 147 0.64 7.1 1.44 
AABA 0 0.12 - 1.06 
AABA 147 0.09 - 1.02 

a  γ stands for shear rate. 
b k2 of AMBA / k2 of AABA 
c DPn of oligomers when solution became turbid. 

 

FIGURE 2-8 Kinetics of polymerization of AMBA and AABA in DBT at γ 
of 0, and 147 s-1. Initial concentration of AMBA and AABA were 3.67 x 
10-2 and 4.20 x 10-2 mol L-1, respectively.
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the shearing did not enhance the reaction rate of the AABA at all. It has been theoretically and 

experimentally reported that the effective mixing enhances the chemical reaction rate.[10-17] 

Among them, the enhancement effect of the a single two-dimensional vortex stirring on the 

reaction rate are theoretically explained by using the Péclet (Pe) number and Damköhler (Da) 

number which are described as follows;[15] 

Pe = L2U/8DR 

Da = kM/8D 

Where, L is distance between two molecules, U is velocity, D is molecular 

diffusivity, M is an initial mass, R is the average radii of two molecules from 

the vortex center, and k is the kinetic constant. 

When the reaction was carried out without stirring, the Pe number which is the ratio of 

advectivity and diffusivity is low. When the reaction was carried out under shearing, the Pe 

number increases and advective effect is dominant, leading to the time to achieve the 

maximum reaction rate becomes faster in spite of the Da number. This effect is a mixing 

effect. The Da number which contains the reaction rate constant influences the enhancement 

of the mixing effect significantly. If the Da number of the reaction system is small, the 

enhancement of the mixing effect is not salient comparing with the reaction system possessing 

a large Da number. As aforesaid, the Taylor vortices were formed in the polymerization 

solution, and therefore the polymerization behavior in this study could be understood based 
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on the above discussion. The enhancement of the reaction rate of AMBA by shearing is 

explicable by the increase in the Pe number, in other word, the mixing effect. On the other 

hand, the reaction rate of AABA was not enhanced by shearing due to the much smaller k2 

value than that of AMBA, resulting in the small Da number. Further, there is a strong 

interaction via hydrogen bonding between the BA oligomers, resulting in the coagulation of 

oligomers. If this coagulation of the BA oligomers cannot be exfoliated by shearing, M in the 

Da number which can be replaced by the concentration of functional group becomes 

apparently lower and this also makes the Da number smaller, resulting in the insusceptibility 

of the reaction rate to the shearing. Due to these, the relative reactivity ratio of AMBA to 

AABA increased from 2.6 to 7.1 by shearing, suggesting that the both homo-oligomers and 

the copolymers rich in MB and BA might be more easily prepared under shearing especially 

at the initial stage of the polymerization. The DPn value of oligomers when the precipitation 

occurs (DPncrit) provides the information on the solubility of oligomers. The DPncrit in the 

polymerization of AMBA without and under shearing were 1.29 and 1.44 respectively, and the 

shearing makes the DPncrit larger. This result indicates that the solubility of the MB 

oligomers is enhanced by shearing and the higher molecular weight oligomers are precipitated 

under shearing. In contrast to this, the DPncrit values in the polymerization of AABA without 

and under shearing were 1.06 and 1.02, respectively. The BA oligomers were less soluble into 

DBT than the MB oligomers. Interestingly, the DPncrit did not increase by shearing in the 
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polymerization of AABA. This insusceptibility of the DPncrit value of the BA oligomers to 

the shearing is attributable to the strong interaction between the oligomers via the hydrogen 

bonding. It becomes clear that the polymerization of AMBA is significantly influenced by 

shearing, but that of AABA is not done. Based on these results, the mechanism of the 

composition control can be proposed as follows; in the case of the polymerization without 

shearing, the co-oligomers rich in the MB moiety are formed in the solution at the very 

beginning of the polymerization since the ratio of the apparent reaction rate of AMBA to 

AABA is 2.6. When the DPn of the co-oligomers exceeds the critical value, they are 

precipitated to form the crystals. After that, the co-oligomers are continuously precipitated 

because of the increase in the DPn even though the concentration of the oligomers in the 

solution decreases in the middle of the polymerization. The solid-state polymerization occurs 

in the precipitates to increase the molecular weight. In the case of the polymerization under 

shearing, the ratio of the apparent reaction rate between AMBA and AABA increases to 7.1. 

Therefore, the MB homo-oligomers and the co-oligomers rich in the MB moiety are 

selectively formed at the early stage of the polymerization. However, the precipitation of these 

oligomers is inhibited by the enhancement of their solubility by shearing. The solubility of the 

BA homo-oligomers and the co-oligomers rich in the BA moiety is hardly influenced by the 

shearing because of the interaction between the oligomers via the hydrogen bonding, and they 

are precipitated at the middle stage of the polymerization. Due to this, the copolymers rich in 
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the BA moiety are formed as the precipitates in the polymerization at χf of 50 - 70 mol% 

under shearing. The shearing varies not only the apparent reactivity but also the solubility of 

the oligomers, resulting in the composition control by shearing. 

 

2-4  CONCLUSION 

 

The copolymerizations of AMBA and AABA afforded the PMB-co-PBA precipitates 

through the whole range of the χf value in spite of the shearing. The yields of the precipitates 

became lower at the middle range of the χf value. When the shearing was applied to the 

polymerization system, the yield was lower than that without shearing. In terms of the χp 

values, they were in good agreement with the χf values in the polymerization without shearing. 

In contrast to this, the χp values of the precipitates prepared at χf of 50-70 mol% under 

shearing were much lower than the corresponding χf values. The χp values of the precipitates 

prepared at χf of 50 mol% without and under shearing were 55.6 and 27.1 mol%, respectively. 

Under shearing, the copolymers rich in BA moiety were selectively precipitated and the 

composition could be controlled by shearing. The shearing influenced both the apparent 

reaction rates of monomers and the solubility of oligomers. The apparent reaction rate of 

AMBA increased with shearing, whereas that of AABA was unchanged by shearing. This 

shearing effect on apparent reaction rates accelerated to form the homo-oligomers. 
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Additionally, the solubility of MB oligomers enhanced by shearing, but that of BA oligomers 

did not owing to the strong interaction through hydrogen bonding. Therefore, only the MB 

oligomers were inhibited to be precipitated, resulting in the lower χp values than the χf values. 

The composition of PMB-co-PBA could be controlled by the application of the shearing to the 

heterogeneous polymerization. 
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CHAPTER 3 

 

MORPHOLOGICAL DIVERSITY AND NANOFIBER NETWORK  

OF POLY(p-OXYBENZOYL) GENERATED BY PHASE SEPARATION 

 DURING COPOLYMERIZATION 

 

3-1  INTRODUCTION 

 

Rigid aromatic polymers exhibit the outstanding performances under unusual and 

demanding operating conditions, and they have been paid much attention from industrial 

aspects. The function and performance of the materials are highly related to the morphologies 

with molecular orientation, and the morphological diversity is one of powerful tools and keys 

to elaborate the sophisticated and functional system in nature. It was found in recent years that 

materials down-sized to the nanometer scale can show very different properties enabling 

unique applications,[1-3] and various morphologies such as spheres, fibers, ribbons and others 

have been developed so far. Among them, nanofiber networks like nonwoven fabrics attract 

much interest because of their potential applications in many fields, such as protective 

clothing, high performance filters, and high strength fillers for polymer composite.[4-9] 

Hence, as one kind of high-performance materials, nanofiber networks of rigid aromatic 
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polymers will become more indispensable in a high- technology field. Some of the aromatic 

polymers such as polyimides,[10-14] polyamides,[15-17] polybenzimidazoles,[18] and 

polybenzoxazoles [13,19,20] can be electrospun into nanofibers by using soluble precursors. 

However, many of them comprised of rigid-rod structures are usually insoluble in common 

organic solvents and infusible. Owing to their intractability, they could not be directly 

electrospun into the nanofiber networks. 

Reaction-induced phase separation during isothermal solution polymerization is an 

attractive another system for making nanofibers and their networks. The morphology is 

created by the phase-separation of oligomers, and therefore this method is no longer limited 

by the intractability of rigid polymers.[21-24] Poly(p-oxybenzoyl) (POB) whiskers had been 

prepared by the polymerization of 4-acetoxy benzoic acid (ABA) in liquid paraffin (LPF) and 

aromatic solvents.[22,23] The POB whiskers were formed by the crystallization of oligomers 

and subsequent polymerization in the precipitated crystals. The unique microspheres having 

needle-like crystals on the surface have been also prepared by the polymerization of ABA 

with 3,5-diacetoxybenzoic acid (DABA).[25] In this case, the liquid-liquid phase separation 

was first induced in the initial stage of the polymerization to form microspheres. Next the 

crystallization of oligomers started on the surface of the already formed microspheres after the 

middle stage of the polymerization, resulting in the formation of the needle-like crystals on 

the surface of the microspheres. Networks of spheres had been prepared by the 
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polymerization of ABA with DABA, in which the large spheres connected each other by the 

fibrillar crystals.[26] 

It needs to clarify the influence of the polymerization conditions on the morphology 

systematically not only for the preparation of the POB nanofiber network but also for the 

control of its structure from the view point of the morphological diversity. This study aims to 

investigate the details of the influence of the structure of the trifunctional comonomers, its 

copolymerization ratio, the solvent, the concentration and the temperature of the 

polymerization on the morphology of the POB precipitates. 

 

3-2  EXPERIMENTAL 

 

3-2-1  Materials 

 

ABA was purchased from TCI and purified by recrystallization from ethyl acetate. 

Trimesic acid (TMA) was purchased from TCI and purified by recrystallization from 

methanol. 5-Acetoxyisophthalic acid (AIPA) was synthesized by the acetylation of 

5-hydroxyisophthalic acid purchased from TCI with acetic anhydride according to the 

previous procedure.[27] Triacetoxybenzene (TAB) was also synthesized by the acetylation of 

phloroglucinol purchased from TCI with acetic anhydride according to the previous 
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procedure.[28] DABA was synthesized and purified according to previous procedures.[25,26] 

LPF was purchased from Nacalai Tesque, and purified by vacuum distillation (220-240 oC/0.3 

mmHg). A mixture of isomers of dibenzyltoluene (DBT) was purchased from Matsumura Oil 

(Trade name: Barrel Therm 400, MW: 380, b.p.: 382 oC) and purified by distillation under 

reduced pressure (170-180 oC/0.3 mmHg). 

 

3-2-2  Measurements 

 

Morphology of the precipitate was observed on a HITACHI S-3500 N scanning electron 

microscope (SEM). Samples for SEM were dried , sputtered with platinum/palladium and 

observed at 20 kV. Average shape parameters of the products were determined by taking the 

average of over 100 observation values. Morphology and selected area electron diffraction 

(SAED) were performed on a JEM 2000EX transmission electron microscope (TEM). 

Samples for TEM were prepared by depositing the precipitate suspension in acetone onto 

carbon grids and drying in air at 25 oC and observed at 200 kV. Infrared (IR) spectra were 

recorded on a JASCO FT/IR-410 spectrometer. Wide angle X-ray scattering (WAXS) was 

performed on a Rigaku Gaiger Flex with nickel-filtered CuKα radiation (35 kV, 20 mA). The 

content of trifunctional comonomers moiety in the precipitates (χp), defined as [trifunctional 

comonomer moiety] / ([trifunctional comonomers moiety] + [4-oxybenzoyl moiety]) x 100 
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mol%, was determined by high performance liquid chromatography (HPLC) analysis after 

hydrolysis according to the previously reported procedure.[25,26] 

 

3-2-3  Polymerizations 

 

ABA (0.25 g, 1.39 mmol), DABA (0.058 g, 0.245 mmol), and 20 mL of DBT were placed 

into a cylindrical vessel equipped with a mechanical stirrer and a gas inlet and outlet tubes. 

The reaction mixture was heated up to 320 oC with stirring under a slow stream of nitrogen. 

The stirring was stopped when the monomers were completely dissolved. The reaction 

mixture was kept at 320 oC for 6 h. The solution became turbid, and then the polymer 

products were formed as precipitates. The polymer precipitates were collected by vacuum 

filtration at 320 oC, and washed with n-hexane and acetone. IR of the precipitates (KBr, cm-1): 

3075, 1736, 1599, 1507, 1445, 1415, 1256, 1199, 1154, 1046, 1011, 885, 757. 

Polymerizations of ABA with other trifunctional comonomers and those under different 

conditions without stirring were carried out in the similar manner. 

A polymerization under stirring was carried out as follows; ABA (0.38 g, 2.08 mmol), 

DABA (0.088 g, 0.367 mmol), and 20 mL of DBT were placed into a cylindrical vessel 

equipped with a mechanical stirrer and gas inlet tube. The stir bar was a rod type, of which the 

diameter was 2.8 cm and the clearance between the inner wall of the cylindrical vessel and stir 
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bar was 3 mm. The reaction mixture was heated under a slow stream of nitrogen up to 320 oC 

with stirring speed of 300 rpm , of which the shear rate (γ) was 147 s-1. The temperature was 

maintained at 320 oC for 6 h. The precipitates were collected by vacuum filtration at 320 oC 

and washed with n-hexane and acetone. 

  

3-3  RESULTS AND DISCUSSION  

 

3-3-1  Influence of Trifunctional Comonomer on Morphology 

 

Four kinds of trifunctional comonomers were polymerized with ABA as shown in 

Scheme 3-1 to clarify the influence of the structure of the trifunctional comonomers on the 

morphology. Here, the number of carbonyl group in the trifunctional comonomer (NCOOH) 

changed from 0 to 3, that is, TAB (NCOOH = 0), DABA (NCOOH = 1), AIPA (NCOOH = 2) and 

TMA (NCOOH = 3). 

Polymerizations were carried out in LPF and DBT at a concentration of 1.0 % at 320 oC 

for 6 h without stirring. Results of polymerization are presented in Table 3-1 and 

morphologies of the precipitates are shown in Figure 3-1. ABA and these trifunctional 

comonomers were not dissolved in the solvents at 25 oC, but they became dissolved during 

heating to 320 oC. The solubility of the trifunctional comonomer depends on the structure, and 
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it decreased with the NCOOH value. In LPF, the polymerizations of TMA and AIPA mainly 

afforded the spheres. Those of DABA gave the sphere having needle-like crystals on a surface 

at χf of 5-20 mol% as previously reported.[25] The polymerization of TAB afforded the 

fibrillar crystals even at χf of 10 mol%. In this polymerization, the yield of 29 % was lower 

than that of other polymerizations and the χp value was less than 0.1 mol%. The solubility of 

oligomers is strongly influenced by the structure of the end-groups and it increases with the 

content of acetoxy group. The oligomers containing TAB moiety could not be precipitated 

because of the high solubility and the oligomers not containing 1,3,5-trioxybenzene moiety 

were mainly precipitated to form the fibrillar crystals. Owing to this, the network structure 

SCHEME 3-1 Copolymerization of ABA with four different trifunctional comonomers. 
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TABLE 3-1 Results of polymerization ABA with trifunctional comonomers 

Run no. 
Polymerization conditiona Yield

(%) 
χp

c 
(mol%) Morphology Solvent Comonomer χf

b

(mol%)
1 LPF TMA 1 41 <0.1 Sphere 
2 LPF AIPA 1 44 <0.1 Fibril 
3 LPF AIPA 5 36 7.6 Sphere 
4 LPF AIPA 10 14 11.0 Sphere 
5 LPF AIPA 20 16 18.0 Sphere 
6 LPF DABA 5 56 6.4 SNd 
7 LPF DABA 10 48 9.8 SN 
8 LPF DABA 20 43 18.2 SN 
9 LPF TAB 10 29 <0.1 Fibril 
10 DBT TMA 1 32 <0.1 Spindle 
11 DBT TMA 5 31 1.3 SN 
12 DBT TMA 10 32 8.2 Sphere 
13 DBT TMA 20 12 12.0 Sphere 
14 DBT AIPA 1 29 <0.1 Slab 
15 DBT AIPA 5 43 1.8 Slab, sphere 
16 DBT AIPA 10 52 13.1 Sphere 
17 DBT AIPA 20 45 14.6 Sphere 
18 DBT DABA 5 47 1.2 Fibril 
19 DBT DABA 10 28 1.0 Network 
20 DBT DABA 15 49 2.0 Network 
21 DBT DABA 20 66 15.0 Network 
22 DBT DABA 30 47 24.6 Sphere, needle 
23 DBT TAB 5 47 <0.1 Slab, fibril 
24 DBT TAB 10 36 <0.1 Slab, fibril 
25 DBT TAB 20 16 <0.1 Slab, fibril 

a Polymerizations were carried out at a concentration of 1.0 % at 320 oC for 6 h. 
b Molar ratio of trifunctional comonomer in feed (χf) (mol%) = [trifunctional comonomer] / 
([trifunctional comonomer] +[ABA]) x 100. 
c Molar ratio of trifunctional comonomer moiety in product (χp) (mol%) = [trifunctional 
comonomer moiety] / ([trifunctional comonomer moiety] + [4-oxybenzoyl moiety]) x 100. 
d SN stands for a sphere having needlelike crystals on a surface. 
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FIGURE 3-1 Morphology of precipitates prepared from ABA and various comonomers at 
320 oC for 6 h at a concentration of 1.0 % in (a) LPF and (b) DBT presented in TABLE 3-1. 
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was not formed in LPF. 

The polymerizations in DBT yielded the precipitates having various morphologies such 

as spindle-like crystals, slab-like crystals, fibrillar crystals, and spheres depending on the 

polymerization conditions, but the network was formed only in the polymerization of ABA 

with DABA at χf of 10-20 mol%. The crystals having clear habits like slab and fibril were 

formed mainly in the polymerization with TAB in DBT as well as in LPF. In both solvents, 

the morphology changed from the spheres to the crystals having clear habit with the decrease 

in the NCOOH value. This morphological change can be understood as follows; when the NCOOH 

value is higher than one, the co-oligomers containing 5-carboxyisophthaloyl moiety and 

5-oxyisophthaloyl moiety corresponding to TMA and AIPA residue are phase-separated via 

liquid-liquid phase separation resulting in the formation of microspheres, because the 

solubility of oligomers increases with the decrease in the NCOOH value derived from the 

structure of the end-group. In contrast to this, when the NCOOH value is zero, the co-oligomers 

containing 1,3,5-trioxybenzene moiety corresponding to TAB residue cannot be precipitated 

because of the higher solubility. Therefore, the oligomers comprised of 4-oxybenzoyl moiety 

are crystallized to form the crystals having clear habits like slabs, spindles and needles. When 

the NCOOH value is two, the phase separation mode is changed from the liquid-liquid phase 

separation to the crystallization during polymerization. One possibility for the formation 

mechanism of the network had been already proposed.[26] Oligomers containing 
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3,5-dioxybenzoyl moiety corresponding to DABA residue are precipitated via liquid-liquid 

phase separation to form the microdroplets in the initial stage of the polymerization, The 

microspheres are formed by the solidification of the droplets caused by the further 

polymerization in them. During this solidification process, the fibrillar crystals are developed 

by the crystallization in the coalesced spheres. Some of the co-oligomers containing 

3,5-dioxybenzoyl moiety are eliminated from the spheres by both the segregation effect and 

the ester-ester exchange reaction. The fibrillar crystals connecting the spheres appear 

consequently owing to the shrinkage of the spheres. The oligomers comprised of 

4-oxybenzoyl moiety are then phase-separated by crystallization after the middle stage of the 

polymerization, and the fibrillar crystals grow on the surface of the spheres. The shrunk 

spheres are left as nodal points in the networks. Based on this mechanism, both the formation 

of droplet via liquid-liquid phase separation and the consequent development of the fibers by 

crystallization in the coalesced spheres are of importance to form the network. It becomes 

clear that DABA (NCOOH = 1) is the desirable trifunctional comonomer to prepare networks 

and DABA acts as a liquid-liquid phase separation inducer. 

 

3-3-2  Influence of Temperature and χf Value on Morphology 

 

Next, the polymerizations of ABA with DABA in DBT were carried out at a 
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concentration of 1.0 % for 6 h at 280 and 360 oC with varying the χf value from 10 to 30 

mol%. Results of the polymerization are presented in Table 3-2 and the morphologies of the 

precipitates are shown in Figure 3-2. 

The morphology was significantly influenced by the temperature and the χf value. When 

the polymerization temperature was 280 oC, the network was formed at χf of 15 and 20 mol%. 

In contrast to this, the precipitates prepared at 360 oC exhibited clear crystal habits. The χp 

values of them were less than 0.1 mol%, indicating that the crystals prepared at 360 oC were 

comprised of only 4-oxybenzoyl moiety. On the basis of these results, it concludes that the 

desirable χf values for the preparation of the network at 280 oC and 320 oC were 15-20 mol% 

and 10-20 mol%, respectively. The phase separation mode in the copolymerization system is 

determined by the solubility of oligomers dependent on their composition. Reaction rates of 

ABA and DABA were measured at 280, 320, and 360 oC until the oligomer precipitation 

occurred to estimate the oligomer composition formed in the initial stage of the 

polymerization. The results are plotted in Figure 3-3. The reaction at the very beginning of the 

polymerization before the phase separation obeyed second-order kinetics. The rate constants 

of the second-order reaction (k2) and the activation energies are summarized in Table 3-3. The 

k2 values of the both reactions naturally increased with the temperature. Although the k2 of the 

reaction DABA was larger than that of ABA, the activation energy of the reaction ABA was 

1.84 times larger than that of DABA. Owing to this, the ratio of k2 of DABA and ABA 
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decreased with the increase in the temperature. This tendency suggests that the oligomers 

containing more 3,5-dioxybenzoyl moiety are formed at higher temperature in the initial stage 

of polymerization. To induce the liquid-liquid phase separation, the formation of the 

oligomers containing 3,5-dioxybenzoyl moiety is needed because the 3,5-dioxybenzoyl 

moiety shifts the freezing point of the oligomers toward lower temperature, and the higher 

temperature is likely desirable from the view point of the reaction rate. However, the χp value 

of the precipitates prepared at 360 oC was less than 0.1 mol% and the precipitates exhibited 

very clear crystal habits, indicating clearly that the oligomers containing 3,5-dioxybenzoyl 

moiety could not be phase-separated because of their higher solubility. The temperature of 

360 oC was too high to induce the liquid-liquid phase separation. The structural homogeneity 

of the network prepared at χf of 15 mol% at 320 oC is the highest among the networks 

prepared under various conditions. 

 

3-3-3  Control of Network Structure 

 

Monomer concentration is also an important factor to influence the morphology. The 

polymerizations of ABA with DABA were carried out at χf of 15 mol% in DBT at 320 oC for 

6 h with varying the concentration from 1.0 to 2.0 % to clarify the influence of the 

concentration on the network structure. The morphologies of prepared networks are shown in 
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Figure 3-4. 

As-polymerized networks contained DBT. The network was composed of the fibrillar 

crystals connected together at nodal points. The average diameters of the fibrillar crystals 

prepared at concentrations of 1.0, 1.5, and 2.0 % were 129, 90, and 108 nm, respectively. The 

diameter was not influenced by the concentration. The obtained nanofiber networks resemble 

the texture of nonwoven fabrics prepared by the conventional methods. Although the 

fibrillated bundle crystals were hardly formed at a concentration of 1.0 %, they were done in 

the networks prepared at concentrations of 1.5 and 2.0 %. The average length and width of the 

bundle crystals prepared at a concentration of 1.5 % were 7 and 2 μm, respectively. Those at a 

concentration of 2.0 % were 12 and 4.5 μm, respectively. The size of the bundle crystals 

increased with the concentration. In order to characterize the networks, various parameters of 

the network structure are plotted as a function of the χp value in Figure 3-5. The χp value of 

the network depended on the concentration and it increased with the concentration as shown 

in Figure 3-5 (a). The number of fibers grown from one nodal point (Nf), the distance between 

connected nodal points (D) and average fiber length (L) decreased with the χp value, and the 

average number of connected nodal points (Npav) and the maximum value of the number of 

connected nodal points (Npmax) increased with the χp value. The nodal points were connected 

by several nanofibers at intervals of 3-7 μm in the network. It is reasonably understood that 

higher concentration made the size smaller and the number of the droplet larger because the 



100 
 

nucleation occurred via the higher super-saturated state of oligomers.[29,30] According to the 

formation mechanism, the structure of connected droplets is an embryonic structure for the 

networks, and therefore smaller size of the droplets results in the smaller D and the larger 

number of connected nodal points (Np). 

In order to increase the Npav value and to decrease the diameter of the fiber, the stirring 

was applied to the polymerization of ABA with DABA at χf of 15 mol% at a concentration of 

1.5 % in DBT at 320 oC. It has been reported that the stirring accelerated the fibrillation of the 

POB whiskers to yield the fibrillated fine fibers.[31] The precipitates were obtained under 

stirring at γ was 147 s-1 with the yield of 12 %. The yield decreased by stirring. Fine fibers 

were locally observed on the surface of the fused spheres as shown in Figure 3-6, whereas the 

network did not developed in the polymerization under stirring. It has been reported 

previously that the stirring influenced the phase-separation behavior of the oligomers and the 

apparent reaction rate of monomers, bringing about the change in the morphology and the 

composition of copolymers.[31] The χp value under stirring was 7.3 mol% and it was almost 

the same as that without stirring of 7.9 mol%. The stirring disturbs to form and grow the 

microdroplets uniformly, leading to the formation of fused spheres and the inhabitation of the 

fibril formation. 

 

3-3-4  Characterization of Networks 
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WAXS profiles of the networks prepared at χf of 15 mol% and a concentration of 1.5 % 

are shown in Figure 3-7. Sharp reflection peaks were visualized in the profile of the networks 

prepared at 320 oC, suggesting high crystallinity. All these peaks could be indexed by the 

orthorhombic unit cell of the POB crystal.[32] In contrast to this, the profile of the network 

prepared at 280 oC contained diffuse halo attributed to the amorphous region besides the 

peaks of the POB crystals. Additionally the reflection peaks were not so sharp compared with 

those prepared at 320 oC, suggesting that this networks prepared at lower temperature 

possessed lower crystallinity. The crystals developed more rapidly at higher temperature 

owing to the better mobility of the polymer molecules. Further, the higher polymerization 

temperature made the χp value lower as aforesaid. These effects enhanced the crystallinity at 

320 oC. Molecular orientation in the fibers is of importance to gain the good mechanical 

properties and it was analyzed by SAED. The result is shown in Figure 3-8. The ED pattern 

was not a fiber pattern of the cylindrical symmetry, and sharp spots were clearly appeared. 

These reflections were assigned as the POB orthorhombic crystal structure and the reflections 

of 002 corresponding to the c axis were observed along the long axis of the fibers. This result 

reveals that the POB molecules are aligned along the long direction of the fibers and this 

molecular orientation is desirable from the view point of fabric properties. 

Thermal stability of the network prepared at χf of 15 mol% and a concentration of 1.5 % 
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at 320 oC for 6 h was evaluated by a TGA measured in nitrogen atmosphere. The temperatures 

of 5 and 10 % weight loss were 455 and 528 oC, respectively and the POB nanofiber networks 

possessed excellent thermal stability. 

 

3-4  CONCLUSION 

 

Four different trifunctional comonomers were copolymerized with ABA. The 

morphology of the POB precipitates was significantly influenced by the structure of the 

trifunctional comonomer and the solvent. The POB precipitates having various morphologies 

such as fibrils, needles, slabs, spindles, and spheres were formed by tuning the polymerization 

conditions. Among them, the three dimensional nanofiber networks were obtained only by the 

polymerization with DABA at a concentration of 1.0-2.0 % at 280-320 oC in DBT. The χf 

value was of importance to prepare the networks, and that of 15-20 mol% was desirable for 

the polymerization at 280 oC and that of 10-20 mol% for 320 oC. The network structure was 

comprised of fibrillar crystals connected each other at spherical nodal points. The diameters 

of the fibrillar crystals were 90-129 nm. This network possessed high crystallinity and the 

molecules were aligned along the long direction of the fibrils. The number of fibers grown 

from one nodal point, the distance between connected nodal points, the average fiber length 

and the average number of connected nodal points which characterized the network structure 
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could be controlled by the polymerization concentration. 
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CHAPTER 3 

 

MORPHOLOGICAL DIVERSITY AND NANOFIBER NETWORK  

OF POLY(p-OXYBENZOYL) GENERATED BY PHASE SEPARATION 

 DURING COPOLYMERIZATION 

 

3-1  INTRODUCTION 

 

Rigid aromatic polymers exhibit the outstanding performances under unusual and 

demanding operating conditions, and they have been paid much attention from industrial 

aspects. The function and performance of the materials are highly related to the morphologies 

with molecular orientation, and the morphological diversity is one of powerful tools and keys 

to elaborate the sophisticated and functional system in nature. It was found in recent years that 

materials down-sized to the nanometer scale can show very different properties enabling 

unique applications,[1-3] and various morphologies such as spheres, fibers, ribbons and others 

have been developed so far. Among them, nanofiber networks like nonwoven fabrics attract 

much interest because of their potential applications in many fields, such as protective 

clothing, high performance filters, and high strength fillers for polymer composite.[4-9] 

Hence, as one kind of high-performance materials, nanofiber networks of rigid aromatic 
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polymers will become more indispensable in a high- technology field. Some of the aromatic 

polymers such as polyimides,[10-14] polyamides,[15-17] polybenzimidazoles,[18] and 

polybenzoxazoles [13,19,20] can be electrospun into nanofibers by using soluble precursors. 

However, many of them comprised of rigid-rod structures are usually insoluble in common 

organic solvents and infusible. Owing to their intractability, they could not be directly 

electrospun into the nanofiber networks. 

Reaction-induced phase separation during isothermal solution polymerization is an 

attractive another system for making nanofibers and their networks. The morphology is 

created by the phase-separation of oligomers, and therefore this method is no longer limited 

by the intractability of rigid polymers.[21-24] Poly(p-oxybenzoyl) (POB) whiskers had been 

prepared by the polymerization of 4-acetoxy benzoic acid (ABA) in liquid paraffin (LPF) and 

aromatic solvents.[22,23] The POB whiskers were formed by the crystallization of oligomers 

and subsequent polymerization in the precipitated crystals. The unique microspheres having 

needle-like crystals on the surface have been also prepared by the polymerization of ABA 

with 3,5-diacetoxybenzoic acid (DABA).[25] In this case, the liquid-liquid phase separation 

was first induced in the initial stage of the polymerization to form microspheres. Next the 

crystallization of oligomers started on the surface of the already formed microspheres after the 

middle stage of the polymerization, resulting in the formation of the needle-like crystals on 

the surface of the microspheres. Networks of spheres had been prepared by the 
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polymerization of ABA with DABA, in which the large spheres connected each other by the 

fibrillar crystals.[26] 

It needs to clarify the influence of the polymerization conditions on the morphology 

systematically not only for the preparation of the POB nanofiber network but also for the 

control of its structure from the view point of the morphological diversity. This study aims to 

investigate the details of the influence of the structure of the trifunctional comonomers, its 

copolymerization ratio, the solvent, the concentration and the temperature of the 

polymerization on the morphology of the POB precipitates. 

 

3-2  EXPERIMENTAL 

 

3-2-1  Materials 

 

ABA was purchased from TCI and purified by recrystallization from ethyl acetate. 

Trimesic acid (TMA) was purchased from TCI and purified by recrystallization from 

methanol. 5-Acetoxyisophthalic acid (AIPA) was synthesized by the acetylation of 

5-hydroxyisophthalic acid purchased from TCI with acetic anhydride according to the 

previous procedure.[27] Triacetoxybenzene (TAB) was also synthesized by the acetylation of 

phloroglucinol purchased from TCI with acetic anhydride according to the previous 
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procedure.[28] DABA was synthesized and purified according to previous procedures.[25,26] 

LPF was purchased from Nacalai Tesque, and purified by vacuum distillation (220-240 oC/0.3 

mmHg). A mixture of isomers of dibenzyltoluene (DBT) was purchased from Matsumura Oil 

(Trade name: Barrel Therm 400, MW: 380, b.p.: 382 oC) and purified by distillation under 

reduced pressure (170-180 oC/0.3 mmHg). 

 

3-2-2  Measurements 

 

Morphology of the precipitate was observed on a HITACHI S-3500 N scanning electron 

microscope (SEM). Samples for SEM were dried , sputtered with platinum/palladium and 

observed at 20 kV. Average shape parameters of the products were determined by taking the 

average of over 100 observation values. Morphology and selected area electron diffraction 

(SAED) were performed on a JEM 2000EX transmission electron microscope (TEM). 

Samples for TEM were prepared by depositing the precipitate suspension in acetone onto 

carbon grids and drying in air at 25 oC and observed at 200 kV. Infrared (IR) spectra were 

recorded on a JASCO FT/IR-410 spectrometer. Wide angle X-ray scattering (WAXS) was 

performed on a Rigaku Gaiger Flex with nickel-filtered CuKα radiation (35 kV, 20 mA). The 

content of trifunctional comonomers moiety in the precipitates (χp), defined as [trifunctional 

comonomer moiety] / ([trifunctional comonomers moiety] + [4-oxybenzoyl moiety]) x 100 
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mol%, was determined by high performance liquid chromatography (HPLC) analysis after 

hydrolysis according to the previously reported procedure.[25,26] 

 

3-2-3  Polymerizations 

 

ABA (0.25 g, 1.39 mmol), DABA (0.058 g, 0.245 mmol), and 20 mL of DBT were placed 

into a cylindrical vessel equipped with a mechanical stirrer and a gas inlet and outlet tubes. 

The reaction mixture was heated up to 320 oC with stirring under a slow stream of nitrogen. 

The stirring was stopped when the monomers were completely dissolved. The reaction 

mixture was kept at 320 oC for 6 h. The solution became turbid, and then the polymer 

products were formed as precipitates. The polymer precipitates were collected by vacuum 

filtration at 320 oC, and washed with n-hexane and acetone. IR of the precipitates (KBr, cm-1): 

3075, 1736, 1599, 1507, 1445, 1415, 1256, 1199, 1154, 1046, 1011, 885, 757. 

Polymerizations of ABA with other trifunctional comonomers and those under different 

conditions without stirring were carried out in the similar manner. 

A polymerization under stirring was carried out as follows; ABA (0.38 g, 2.08 mmol), 

DABA (0.088 g, 0.367 mmol), and 20 mL of DBT were placed into a cylindrical vessel 

equipped with a mechanical stirrer and gas inlet tube. The stir bar was a rod type, of which the 

diameter was 2.8 cm and the clearance between the inner wall of the cylindrical vessel and stir 
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bar was 3 mm. The reaction mixture was heated under a slow stream of nitrogen up to 320 oC 

with stirring speed of 300 rpm , of which the shear rate (γ) was 147 s-1. The temperature was 

maintained at 320 oC for 6 h. The precipitates were collected by vacuum filtration at 320 oC 

and washed with n-hexane and acetone. 

  

3-3  RESULTS AND DISCUSSION  

 

3-3-1  Influence of Trifunctional Comonomer on Morphology 

 

Four kinds of trifunctional comonomers were polymerized with ABA as shown in 

Scheme 3-1 to clarify the influence of the structure of the trifunctional comonomers on the 

morphology. Here, the number of carbonyl group in the trifunctional comonomer (NCOOH) 

changed from 0 to 3, that is, TAB (NCOOH = 0), DABA (NCOOH = 1), AIPA (NCOOH = 2) and 

TMA (NCOOH = 3). 

Polymerizations were carried out in LPF and DBT at a concentration of 1.0 % at 320 oC 

for 6 h without stirring. Results of polymerization are presented in Table 3-1 and 

morphologies of the precipitates are shown in Figure 3-1. ABA and these trifunctional 

comonomers were not dissolved in the solvents at 25 oC, but they became dissolved during 

heating to 320 oC. The solubility of the trifunctional comonomer depends on the structure, and 
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it decreased with the NCOOH value. In LPF, the polymerizations of TMA and AIPA mainly 

afforded the spheres. Those of DABA gave the sphere having needle-like crystals on a surface 

at χf of 5-20 mol% as previously reported.[25] The polymerization of TAB afforded the 

fibrillar crystals even at χf of 10 mol%. In this polymerization, the yield of 29 % was lower 

than that of other polymerizations and the χp value was less than 0.1 mol%. The solubility of 

oligomers is strongly influenced by the structure of the end-groups and it increases with the 

content of acetoxy group. The oligomers containing TAB moiety could not be precipitated 

because of the high solubility and the oligomers not containing 1,3,5-trioxybenzene moiety 

were mainly precipitated to form the fibrillar crystals. Owing to this, the network structure 
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was not formed in LPF. 

The polymerizations in DBT yielded the precipitates having various morphologies such 

as spindle-like crystals, slab-like crystals, fibrillar crystals, and spheres depending on the 

polymerization conditions, but the network was formed only in the polymerization of ABA 

with DABA at χf of 10-20 mol%. The crystals having clear habits like slab and fibril were 

formed mainly in the polymerization with TAB in DBT as well as in LPF. In both solvents, 

the morphology changed from the spheres to the crystals having clear habit with the decrease 

in the NCOOH value. This morphological change can be understood as follows; when the NCOOH 

value is higher than one, the co-oligomers containing 5-carboxyisophthaloyl moiety and 

5-oxyisophthaloyl moiety corresponding to TMA and AIPA residue are phase-separated via 

liquid-liquid phase separation resulting in the formation of microspheres, because the 

solubility of oligomers increases with the decrease in the NCOOH value derived from the 

structure of the end-group. In contrast to this, when the NCOOH value is zero, the co-oligomers 

containing 1,3,5-trioxybenzene moiety corresponding to TAB residue cannot be precipitated 

because of the higher solubility. Therefore, the oligomers comprised of 4-oxybenzoyl moiety 

are crystallized to form the crystals having clear habits like slabs, spindles and needles. When 

the NCOOH value is two, the phase separation mode is changed from the liquid-liquid phase 

separation to the crystallization during polymerization. One possibility for the formation 

mechanism of the network had been already proposed.[26] Oligomers containing 
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3,5-dioxybenzoyl moiety corresponding to DABA residue are precipitated via liquid-liquid 

phase separation to form the microdroplets in the initial stage of the polymerization, The 

microspheres are formed by the solidification of the droplets caused by the further 

polymerization in them. During this solidification process, the fibrillar crystals are developed 

by the crystallization in the coalesced spheres. Some of the co-oligomers containing 

3,5-dioxybenzoyl moiety are eliminated from the spheres by both the segregation effect and 

the ester-ester exchange reaction. The fibrillar crystals connecting the spheres appear 

consequently owing to the shrinkage of the spheres. The oligomers comprised of 

4-oxybenzoyl moiety are then phase-separated by crystallization after the middle stage of the 

polymerization, and the fibrillar crystals grow on the surface of the spheres. The shrunk 

spheres are left as nodal points in the networks. Based on this mechanism, both the formation 

of droplet via liquid-liquid phase separation and the consequent development of the fibers by 

crystallization in the coalesced spheres are of importance to form the network. It becomes 

clear that DABA (NCOOH = 1) is the desirable trifunctional comonomer to prepare networks 

and DABA acts as a liquid-liquid phase separation inducer. 

 

3-3-2  Influence of Temperature and χf Value on Morphology 

 

Next, the polymerizations of ABA with DABA in DBT were carried out at a 
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concentration of 1.0 % for 6 h at 280 and 360 oC with varying the χf value from 10 to 30 

mol%. Results of the polymerization are presented in Table 3-2 and the morphologies of the 

precipitates are shown in Figure 3-2. 

The morphology was significantly influenced by the temperature and the χf value. When 

the polymerization temperature was 280 oC, the network was formed at χf of 15 and 20 mol%. 

In contrast to this, the precipitates prepared at 360 oC exhibited clear crystal habits. The χp 

values of them were less than 0.1 mol%, indicating that the crystals prepared at 360 oC were 

comprised of only 4-oxybenzoyl moiety. On the basis of these results, it concludes that the 

desirable χf values for the preparation of the network at 280 oC and 320 oC were 15-20 mol% 

and 10-20 mol%, respectively. The phase separation mode in the copolymerization system is 

 

 

 

 

 

 

 

 

 

TABLE 3-2 Results of polymerization ABA with DABA at various χfs and temperatures 

Run no 
Polymerization conditiona

Yield
(%) 

χp
c 

(mol%) Morphology χf
b 

(mol%) 
Temperature 

(oC) 
26 10 280 28 < 0.1 Fibril 
27 15 280 58 13.8 Network 
28 15 360 67 <0.1 Fibrillated slab 
29 20 280 69 14.4 Network, SNd 
30 20 360 60 <0.1 Slab, needle 
31 30 280 22 15.3 Fibrillated bundle 

a Polymerizations were carried out in DBT at a concentration of 1.0 % for 6 h. 
b Molar ratio of DABA in feed (χf) (mol%) = [DABA] / ([DABA] + [ABA]) x 100. 
c Molar ratio of 3,5-dioxybenzoyl moiety in product (χp) (mol%) = [3,5-dioxybenzoyl moiety] 
/ ([3,5-dioxybenzoyl moiety] + [4-oxybenzoyl moiety]) x 100. 
d) SN stands for a sphere having needlelike crystals on a surface. 
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FIGURE 3-2 Morphology of precipitates prepared from ABA and DABA in DBT at various 
χf values and temperatures. (a) χf of 10 mol% and 280 oC (run no. 26), (b) χf of 10 mol% and 
320 oC (run no. 19), (c) χf of 15 mol% and 280 oC (run no. 27), (d) χf of 15 mol% and 320 oC 
(run no. 20), (e) χf of 15 mol% and 360 oC (run no. 28), (f) χf of 20 mol% and 280 oC (run no. 
29), (g) χf of 20 mol% and 320 oC (run no. 21), (h) χf of 20 mol% and 360 oC (run no. 30), (i) 
χf of 30 mol% and 280 oC (run no. 31), and (j) χf of 30 mol% and 320 oC (run no. 22) 
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determined by the solubility of oligomers dependent on their composition. Reaction rates of 

ABA and DABA were measured at 280, 320, and 360 oC until the oligomer precipitation 

occurred to estimate the oligomer composition formed in the initial stage of the 

polymerization. The results are plotted in Figure 3-3. The reaction at the very beginning of the 

polymerization before the phase separation obeyed second-order kinetics. The rate constants 

of the second-order reaction (k2) and the activation energies are summarized in Table 3-3. The 

k2 values of the both reactions naturally increased with the temperature. Although the k2 of the 

reaction DABA was larger than that of ABA, the activation energy of the reaction ABA was 

1.84 times larger than that of DABA. Owing to this, the ratio of k2 of DABA and ABA 

decreased with the increase in the temperature. This tendency suggests that the oligomers 

containing more 3,5-dioxybenzoyl moiety are formed at higher temperature in the initial stage 

of polymerization. To induce the liquid-liquid phase separation, the formation of the 

oligomers containing 3,5-dioxybenzoyl moiety is needed because the 3,5-dioxybenzoyl 

moiety shifts the freezing point of the oligomers toward lower temperature, and the higher 

temperature is likely desirable from the view point of the reaction rate. However, the χp value 

of the precipitates prepared at 360 oC was less than 0.1 mol% and the precipitates exhibited 

very clear crystal habits, indicating clearly that the oligomers containing 3,5-dioxybenzoyl 

moiety could not be phase-separated because of their higher solubility. The temperature of 

360 oC was too high to induce the liquid-liquid phase separation. The structural homogeneity 
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TABLE 3-3 Kinetic parameters of reaction of ABA and DABAa 

Monomer  k2 (10-1 L mol-1 min-1) Activation energy  
(kJ・mol-1) 280 oC 320 oC 360 oC 

ABA 0.52 2.02 4.84 83 
DABA 1.46 2.47 5.71 45 

k2DABA/k2ABA 2.81 1.22 1.18  
a Initial concentration of ABA and DABA was 83.3 mmol L-1. 

 

FIGURE 3-3 Kinetics of reactions of (a) ABA and (b) DABA in DBT at an initial 
concentration of 83.3 mmol L-1 at various temperatures.
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of the network prepared at χf of 15 mol% at 320 oC is the highest among the networks 

prepared under various conditions. 

 

3-3-3  Control of Network Structure 

 

Monomer concentration is also an important factor to influence the morphology. The 

polymerizations of ABA with DABA were carried out at χf of 15 mol% in DBT at 320 oC for 

6 h with varying the concentration from 1.0 to 2.0 % to clarify the influence of the 

concentration on the network structure. The morphologies of prepared networks are shown in 

Figure 3-4. 

As-polymerized networks contained DBT. The network was composed of the fibrillar 

crystals connected together at nodal points. The average diameters of the fibrillar crystals 

prepared at concentrations of 1.0, 1.5, and 2.0 % were 129, 90, and 108 nm, respectively. The 

diameter was not influenced by the concentration. The obtained nanofiber networks resemble 

the texture of nonwoven fabrics prepared by the conventional methods. Although the 

fibrillated bundle crystals were hardly formed at a concentration of 1.0 %, they were done in 

the networks prepared at concentrations of 1.5 and 2.0 %. The average length and width of the 

bundle crystals prepared at a concentration of 1.5 % were 7 and 2 μm, respectively. Those at a 

concentration of 2.0 % were 12 and 4.5 μm, respectively. The size of the bundle crystals 
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increased with the concentration. In order to characterize the networks, various parameters of 

the network structure are plotted as a function of the χp value in Figure 3-5. The χp value of 

the network depended on the concentration and it increased with the concentration as shown 

in Figure 3-5 (a). The number of fibers grown from one nodal point (Nf), the distance between 

connected nodal points (D) and average fiber length (L) decreased with the χp value, and the 

average number of connected nodal points (Npav) and the maximum value of the number of 

connected nodal points (Npmax) increased with the χp value. The nodal points were connected 

by several nanofibers at intervals of 3-7 μm in the network. It is reasonably understood that 

higher concentration made the size smaller and the number of the droplet larger because the 

nucleation occurred via the higher super-saturated state of oligomers.[29,30] According to the 

formation mechanism, the structure of connected droplets is an embryonic structure for the 

networks, and therefore smaller size of the droplets results in the smaller D and the larger 

number of connected nodal points (Np). 

In order to increase the Npav value and to decrease the diameter of the fiber, the stirring 

was applied to the polymerization of ABA with DABA at χf of 15 mol% at a concentration of 

1.5 % in DBT at 320 oC. It has been reported that the stirring accelerated the fibrillation of the 

POB whiskers to yield the fibrillated fine fibers.[31] The precipitates were obtained under 

stirring at γ was 147 s-1 with the yield of 12 %. The yield decreased by stirring. Fine fibers 

were locally observed on the surface of the fused spheres as shown in Figure 3-6, whereas the 
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network did not developed in the polymerization under stirring. It has been reported 

previously that the stirring influenced the phase-separation behavior of the oligomers and the 

apparent reaction rate of monomers, bringing about the change in the morphology and the 

composition of copolymers.[31] The χp value under stirring was 7.3 mol% and it was almost 

the same as that without stirring of 7.9 mol%. The stirring disturbs to form and grow the 

microdroplets uniformly, leading to the formation of fused spheres and the inhabitation of the 

fibril formation. 

 

3-3-4  Characterization of Networks 

 

WAXS profiles of the networks prepared at χf of 15 mol% and a concentration of 1.5 % 

are shown in Figure 3-7. Sharp reflection peaks were visualized in the profile of the networks 

prepared at 320 oC, suggesting high crystallinity. All these peaks could be indexed by the 

orthorhombic unit cell of the POB crystal.[32] In contrast to this, the profile of the network 

prepared at 280 oC contained diffuse halo attributed to the amorphous region besides the 

peaks of the POB crystals. Additionally the reflection peaks were not so sharp compared with 

those prepared at 320 oC, suggesting that this networks prepared at lower temperature 

possessed lower crystallinity. The crystals developed more rapidly at higher temperature 

owing to the better mobility of the polymer molecules. Further, the higher polymerization 
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temperature made the χp value lower as aforesaid. These effects enhanced the crystallinity at 

320 oC. Molecular orientation in the fibers is of importance to gain the good mechanical 

properties and it was analyzed by SAED. The result is shown in Figure 3-8. The ED pattern 

was not a fiber pattern of the cylindrical symmetry, and sharp spots were clearly appeared. 

These reflections were assigned as the POB orthorhombic crystal structure and the reflections 

of 002 corresponding to the c axis were observed along the long axis of the fibers. This result 

reveals that the POB molecules are aligned along the long direction of the fibers and this 

molecular orientation is desirable from the view point of fabric properties. 

Thermal stability of the network prepared at χf of 15 mol% and a concentration of 1.5 % 

at 320 oC for 6 h was evaluated by a TGA measured in nitrogen atmosphere. The temperatures 

of 5 and 10 % weight loss were 455 and 528 oC, respectively and the POB nanofiber networks 

possessed excellent thermal stability. 

 

3-4  CONCLUSION 

 

Four different trifunctional comonomers were copolymerized with ABA. The 

morphology of the POB precipitates was significantly influenced by the structure of the 

trifunctional comonomer and the solvent. The POB precipitates having various morphologies 

such as fibrils, needles, slabs, spindles, and spheres were formed by tuning the polymerization 
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conditions. Among them, the three dimensional nanofiber networks were obtained only by the 

polymerization with DABA at a concentration of 1.0-2.0 % at 280-320 oC in DBT. The χf 

value was of importance to prepare the networks, and that of 15-20 mol% was desirable for 

the polymerization at 280 oC and that of 10-20 mol% for 320 oC. The network structure was 

comprised of fibrillar crystals connected each other at spherical nodal points. The diameters 

of the fibrillar crystals were 90-129 nm. This network possessed high crystallinity and the 

molecules were aligned along the long direction of the fibrils. The number of fibers grown 

from one nodal point, the distance between connected nodal points, the average fiber length 

and the average number of connected nodal points which characterized the network structure 

could be controlled by the polymerization concentration. 
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CHAPTER 3 

 

MORPHOLOGICAL DIVERSITY AND NANOFIBER NETWORK  

OF POLY(p-OXYBENZOYL) GENERATED BY PHASE SEPARATION 

 DURING COPOLYMERIZATION 

 

3-1  INTRODUCTION 

 

Rigid aromatic polymers exhibit the outstanding performances under unusual and 

demanding operating conditions, and they have been paid much attention from industrial 

aspects. The function and performance of the materials are highly related to the morphologies 

with molecular orientation, and the morphological diversity is one of powerful tools and keys 

to elaborate the sophisticated and functional system in nature. It was found in recent years that 

materials down-sized to the nanometer scale can show very different properties enabling 

unique applications,[1-3] and various morphologies such as spheres, fibers, ribbons and others 

have been developed so far. Among them, nanofiber networks like nonwoven fabrics attract 

much interest because of their potential applications in many fields, such as protective 

clothing, high performance filters, and high strength fillers for polymer composite.[4-9] 

Hence, as one kind of high-performance materials, nanofiber networks of rigid aromatic 
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polymers will become more indispensable in a high- technology field. Some of the aromatic 

polymers such as polyimides,[10-14] polyamides,[15-17] polybenzimidazoles,[18] and 

polybenzoxazoles [13,19,20] can be electrospun into nanofibers by using soluble precursors. 

However, many of them comprised of rigid-rod structures are usually insoluble in common 

organic solvents and infusible. Owing to their intractability, they could not be directly 

electrospun into the nanofiber networks. 

Reaction-induced phase separation during isothermal solution polymerization is an 

attractive another system for making nanofibers and their networks. The morphology is 

created by the phase-separation of oligomers, and therefore this method is no longer limited 

by the intractability of rigid polymers.[21-24] Poly(p-oxybenzoyl) (POB) whiskers had been 

prepared by the polymerization of 4-acetoxy benzoic acid (ABA) in liquid paraffin (LPF) and 

aromatic solvents.[22,23] The POB whiskers were formed by the crystallization of oligomers 

and subsequent polymerization in the precipitated crystals. The unique microspheres having 

needle-like crystals on the surface have been also prepared by the polymerization of ABA 

with 3,5-diacetoxybenzoic acid (DABA).[25] In this case, the liquid-liquid phase separation 

was first induced in the initial stage of the polymerization to form microspheres. Next the 

crystallization of oligomers started on the surface of the already formed microspheres after the 

middle stage of the polymerization, resulting in the formation of the needle-like crystals on 

the surface of the microspheres. Networks of spheres had been prepared by the 
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polymerization of ABA with DABA, in which the large spheres connected each other by the 

fibrillar crystals.[26] 

It needs to clarify the influence of the polymerization conditions on the morphology 

systematically not only for the preparation of the POB nanofiber network but also for the 

control of its structure from the view point of the morphological diversity. This study aims to 

investigate the details of the influence of the structure of the trifunctional comonomers, its 

copolymerization ratio, the solvent, the concentration and the temperature of the 

polymerization on the morphology of the POB precipitates. 

 

3-2  EXPERIMENTAL 

 

3-2-1  Materials 

 

ABA was purchased from TCI and purified by recrystallization from ethyl acetate. 

Trimesic acid (TMA) was purchased from TCI and purified by recrystallization from 

methanol. 5-Acetoxyisophthalic acid (AIPA) was synthesized by the acetylation of 

5-hydroxyisophthalic acid purchased from TCI with acetic anhydride according to the 

previous procedure.[27] Triacetoxybenzene (TAB) was also synthesized by the acetylation of 

phloroglucinol purchased from TCI with acetic anhydride according to the previous 
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procedure.[28] DABA was synthesized and purified according to previous procedures.[25,26] 

LPF was purchased from Nacalai Tesque, and purified by vacuum distillation (220-240 oC/0.3 

mmHg). A mixture of isomers of dibenzyltoluene (DBT) was purchased from Matsumura Oil 

(Trade name: Barrel Therm 400, MW: 380, b.p.: 382 oC) and purified by distillation under 

reduced pressure (170-180 oC/0.3 mmHg). 

 

3-2-2  Measurements 

 

Morphology of the precipitate was observed on a HITACHI S-3500 N scanning electron 

microscope (SEM). Samples for SEM were dried , sputtered with platinum/palladium and 

observed at 20 kV. Average shape parameters of the products were determined by taking the 

average of over 100 observation values. Morphology and selected area electron diffraction 

(SAED) were performed on a JEM 2000EX transmission electron microscope (TEM). 

Samples for TEM were prepared by depositing the precipitate suspension in acetone onto 

carbon grids and drying in air at 25 oC and observed at 200 kV. Infrared (IR) spectra were 

recorded on a JASCO FT/IR-410 spectrometer. Wide angle X-ray scattering (WAXS) was 

performed on a Rigaku Gaiger Flex with nickel-filtered CuKα radiation (35 kV, 20 mA). The 

content of trifunctional comonomers moiety in the precipitates (χp), defined as [trifunctional 

comonomer moiety] / ([trifunctional comonomers moiety] + [4-oxybenzoyl moiety]) x 100 
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mol%, was determined by high performance liquid chromatography (HPLC) analysis after 

hydrolysis according to the previously reported procedure.[25,26] 

 

3-2-3  Polymerizations 

 

ABA (0.25 g, 1.39 mmol), DABA (0.058 g, 0.245 mmol), and 20 mL of DBT were placed 

into a cylindrical vessel equipped with a mechanical stirrer and a gas inlet and outlet tubes. 

The reaction mixture was heated up to 320 oC with stirring under a slow stream of nitrogen. 

The stirring was stopped when the monomers were completely dissolved. The reaction 

mixture was kept at 320 oC for 6 h. The solution became turbid, and then the polymer 

products were formed as precipitates. The polymer precipitates were collected by vacuum 

filtration at 320 oC, and washed with n-hexane and acetone. IR of the precipitates (KBr, cm-1): 

3075, 1736, 1599, 1507, 1445, 1415, 1256, 1199, 1154, 1046, 1011, 885, 757. 

Polymerizations of ABA with other trifunctional comonomers and those under different 

conditions without stirring were carried out in the similar manner. 

A polymerization under stirring was carried out as follows; ABA (0.38 g, 2.08 mmol), 

DABA (0.088 g, 0.367 mmol), and 20 mL of DBT were placed into a cylindrical vessel 

equipped with a mechanical stirrer and gas inlet tube. The stir bar was a rod type, of which the 

diameter was 2.8 cm and the clearance between the inner wall of the cylindrical vessel and stir 
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bar was 3 mm. The reaction mixture was heated under a slow stream of nitrogen up to 320 oC 

with stirring speed of 300 rpm , of which the shear rate (γ) was 147 s-1. The temperature was 

maintained at 320 oC for 6 h. The precipitates were collected by vacuum filtration at 320 oC 

and washed with n-hexane and acetone. 

  

3-3  RESULTS AND DISCUSSION  

 

3-3-1  Influence of Trifunctional Comonomer on Morphology 

 

Four kinds of trifunctional comonomers were polymerized with ABA as shown in 

Scheme 3-1 to clarify the influence of the structure of the trifunctional comonomers on the 

morphology. Here, the number of carbonyl group in the trifunctional comonomer (NCOOH) 

changed from 0 to 3, that is, TAB (NCOOH = 0), DABA (NCOOH = 1), AIPA (NCOOH = 2) and 

TMA (NCOOH = 3). 

Polymerizations were carried out in LPF and DBT at a concentration of 1.0 % at 320 oC 

for 6 h without stirring. Results of polymerization are presented in Table 3-1 and 

morphologies of the precipitates are shown in Figure 3-1. ABA and these trifunctional 

comonomers were not dissolved in the solvents at 25 oC, but they became dissolved during 

heating to 320 oC. The solubility of the trifunctional comonomer depends on the structure, and 
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it decreased with the NCOOH value. In LPF, the polymerizations of TMA and AIPA mainly 

afforded the spheres. Those of DABA gave the sphere having needle-like crystals on a surface 

at χf of 5-20 mol% as previously reported.[25] The polymerization of TAB afforded the 

fibrillar crystals even at χf of 10 mol%. In this polymerization, the yield of 29 % was lower 

than that of other polymerizations and the χp value was less than 0.1 mol%. The solubility of 

oligomers is strongly influenced by the structure of the end-groups and it increases with the 

content of acetoxy group. The oligomers containing TAB moiety could not be precipitated 

because of the high solubility and the oligomers not containing 1,3,5-trioxybenzene moiety 

were mainly precipitated to form the fibrillar crystals. Owing to this, the network structure 
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was not formed in LPF. 

The polymerizations in DBT yielded the precipitates having various morphologies such 

as spindle-like crystals, slab-like crystals, fibrillar crystals, and spheres depending on the 

polymerization conditions, but the network was formed only in the polymerization of ABA 

with DABA at χf of 10-20 mol%. The crystals having clear habits like slab and fibril were 

formed mainly in the polymerization with TAB in DBT as well as in LPF. In both solvents, 

the morphology changed from the spheres to the crystals having clear habit with the decrease 

in the NCOOH value. This morphological change can be understood as follows; when the NCOOH 

value is higher than one, the co-oligomers containing 5-carboxyisophthaloyl moiety and 

5-oxyisophthaloyl moiety corresponding to TMA and AIPA residue are phase-separated via 

liquid-liquid phase separation resulting in the formation of microspheres, because the 

solubility of oligomers increases with the decrease in the NCOOH value derived from the 

structure of the end-group. In contrast to this, when the NCOOH value is zero, the co-oligomers 

containing 1,3,5-trioxybenzene moiety corresponding to TAB residue cannot be precipitated 

because of the higher solubility. Therefore, the oligomers comprised of 4-oxybenzoyl moiety 

are crystallized to form the crystals having clear habits like slabs, spindles and needles. When 

the NCOOH value is two, the phase separation mode is changed from the liquid-liquid phase 

separation to the crystallization during polymerization. One possibility for the formation 

mechanism of the network had been already proposed.[26] Oligomers containing 



96 
 

3,5-dioxybenzoyl moiety corresponding to DABA residue are precipitated via liquid-liquid 

phase separation to form the microdroplets in the initial stage of the polymerization, The 

microspheres are formed by the solidification of the droplets caused by the further 

polymerization in them. During this solidification process, the fibrillar crystals are developed 

by the crystallization in the coalesced spheres. Some of the co-oligomers containing 

3,5-dioxybenzoyl moiety are eliminated from the spheres by both the segregation effect and 

the ester-ester exchange reaction. The fibrillar crystals connecting the spheres appear 

consequently owing to the shrinkage of the spheres. The oligomers comprised of 

4-oxybenzoyl moiety are then phase-separated by crystallization after the middle stage of the 

polymerization, and the fibrillar crystals grow on the surface of the spheres. The shrunk 

spheres are left as nodal points in the networks. Based on this mechanism, both the formation 

of droplet via liquid-liquid phase separation and the consequent development of the fibers by 

crystallization in the coalesced spheres are of importance to form the network. It becomes 

clear that DABA (NCOOH = 1) is the desirable trifunctional comonomer to prepare networks 

and DABA acts as a liquid-liquid phase separation inducer. 

 

3-3-2  Influence of Temperature and χf Value on Morphology 

 

Next, the polymerizations of ABA with DABA in DBT were carried out at a 
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concentration of 1.0 % for 6 h at 280 and 360 oC with varying the χf value from 10 to 30 

mol%. Results of the polymerization are presented in Table 3-2 and the morphologies of the 

precipitates are shown in Figure 3-2. 

The morphology was significantly influenced by the temperature and the χf value. When 

the polymerization temperature was 280 oC, the network was formed at χf of 15 and 20 mol%. 

In contrast to this, the precipitates prepared at 360 oC exhibited clear crystal habits. The χp 

values of them were less than 0.1 mol%, indicating that the crystals prepared at 360 oC were 

comprised of only 4-oxybenzoyl moiety. On the basis of these results, it concludes that the 

desirable χf values for the preparation of the network at 280 oC and 320 oC were 15-20 mol% 

and 10-20 mol%, respectively. The phase separation mode in the copolymerization system is 
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determined by the solubility of oligomers dependent on their composition. Reaction rates of 

ABA and DABA were measured at 280, 320, and 360 oC until the oligomer precipitation 

occurred to estimate the oligomer composition formed in the initial stage of the 

polymerization. The results are plotted in Figure 3-3. The reaction at the very beginning of the 

polymerization before the phase separation obeyed second-order kinetics. The rate constants 

of the second-order reaction (k2) and the activation energies are summarized in Table 3-3. The 

k2 values of the both reactions naturally increased with the temperature. Although the k2 of the 

reaction DABA was larger than that of ABA, the activation energy of the reaction ABA was 

1.84 times larger than that of DABA. Owing to this, the ratio of k2 of DABA and ABA 

decreased with the increase in the temperature. This tendency suggests that the oligomers 

containing more 3,5-dioxybenzoyl moiety are formed at higher temperature in the initial stage 

of polymerization. To induce the liquid-liquid phase separation, the formation of the 

oligomers containing 3,5-dioxybenzoyl moiety is needed because the 3,5-dioxybenzoyl 

moiety shifts the freezing point of the oligomers toward lower temperature, and the higher 

temperature is likely desirable from the view point of the reaction rate. However, the χp value 

of the precipitates prepared at 360 oC was less than 0.1 mol% and the precipitates exhibited 

very clear crystal habits, indicating clearly that the oligomers containing 3,5-dioxybenzoyl 

moiety could not be phase-separated because of their higher solubility. The temperature of 

360 oC was too high to induce the liquid-liquid phase separation. The structural homogeneity 
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of the network prepared at χf of 15 mol% at 320 oC is the highest among the networks 

prepared under various conditions. 

 

3-3-3  Control of Network Structure 

 

Monomer concentration is also an important factor to influence the morphology. The 

polymerizations of ABA with DABA were carried out at χf of 15 mol% in DBT at 320 oC for 

6 h with varying the concentration from 1.0 to 2.0 % to clarify the influence of the 

concentration on the network structure. The morphologies of prepared networks are shown in 

Figure 3-4. 

As-polymerized networks contained DBT. The network was composed of the fibrillar 

crystals connected together at nodal points. The average diameters of the fibrillar crystals 

prepared at concentrations of 1.0, 1.5, and 2.0 % were 129, 90, and 108 nm, respectively. The 

diameter was not influenced by the concentration. The obtained nanofiber networks resemble 

the texture of nonwoven fabrics prepared by the conventional methods. Although the 

fibrillated bundle crystals were hardly formed at a concentration of 1.0 %, they were done in 

the networks prepared at concentrations of 1.5 and 2.0 %. The average length and width of the 

bundle crystals prepared at a concentration of 1.5 % were 7 and 2 μm, respectively. Those at a 

concentration of 2.0 % were 12 and 4.5 μm, respectively. The size of the bundle crystals 
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FIGURE 3-4 Feature of as-prepared POB network and SEM micrographs of POB 
network prepared from ABA and DABA at a concentration of (a) 1.0 %, (b, c) 1.5 % 
and (d) 2.0 %. Polymerizations were carried out in DBT at χf of 15 mol%, and 320 oC 
for 6 h. 
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increased with the concentration. In order to characterize the networks, various parameters of 

the network structure are plotted as a function of the χp value in Figure 3-5. The χp value of 

the network depended on the concentration and it increased with the concentration as shown 

in Figure 3-5 (a). The number of fibers grown from one nodal point (Nf), the distance between 

connected nodal points (D) and average fiber length (L) decreased with the χp value, and the 

average number of connected nodal points (Npav) and the maximum value of the number of 

connected nodal points (Npmax) increased with the χp value. The nodal points were connected 

by several nanofibers at intervals of 3-7 μm in the network. It is reasonably understood that 

higher concentration made the size smaller and the number of the droplet larger because the 

nucleation occurred via the higher super-saturated state of oligomers.[29,30] According to the 

formation mechanism, the structure of connected droplets is an embryonic structure for the 

networks, and therefore smaller size of the droplets results in the smaller D and the larger 

number of connected nodal points (Np). 

In order to increase the Npav value and to decrease the diameter of the fiber, the stirring 

was applied to the polymerization of ABA with DABA at χf of 15 mol% at a concentration of 

1.5 % in DBT at 320 oC. It has been reported that the stirring accelerated the fibrillation of the 

POB whiskers to yield the fibrillated fine fibers.[31] The precipitates were obtained under 

stirring at γ was 147 s-1 with the yield of 12 %. The yield decreased by stirring. Fine fibers 

were locally observed on the surface of the fused spheres as shown in Figure 3-6, whereas the 
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FIGURE 3-5 Plots of various parameters of POB networks prepared from ABA and DABA 
in DBT for 6h at χf of 15 mol%, 320 oC, and concentrations of 1.0, 1.5 and 2.0 %; (a) 
concentration vs. χp, (b) χp vs. Nf, (c) χp vs. D, (d) χp vs. L, (e) χp vs. Npav and (f) χp vs. 
Npmax. 
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network did not developed in the polymerization under stirring. It has been reported 

previously that the stirring influenced the phase-separation behavior of the oligomers and the 

apparent reaction rate of monomers, bringing about the change in the morphology and the 

composition of copolymers.[31] The χp value under stirring was 7.3 mol% and it was almost 

the same as that without stirring of 7.9 mol%. The stirring disturbs to form and grow the 

microdroplets uniformly, leading to the formation of fused spheres and the inhabitation of the 

fibril formation. 

 

3-3-4  Characterization of Networks 

FIGURE 3-6 Morphology of precipitated polymers prepared from ABA and 
DABA in DBT at χf of 15 mol%, and 320 oC for 6 h under shearing. 
Concentration was 1.5 % and γ was 147 s-1.
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WAXS profiles of the networks prepared at χf of 15 mol% and a concentration of 1.5 % 

are shown in Figure 3-7. Sharp reflection peaks were visualized in the profile of the networks 

prepared at 320 oC, suggesting high crystallinity. All these peaks could be indexed by the 

orthorhombic unit cell of the POB crystal.[32] In contrast to this, the profile of the network 

prepared at 280 oC contained diffuse halo attributed to the amorphous region besides the 

peaks of the POB crystals. Additionally the reflection peaks were not so sharp compared with 

those prepared at 320 oC, suggesting that this networks prepared at lower temperature 

possessed lower crystallinity. The crystals developed more rapidly at higher temperature 

owing to the better mobility of the polymer molecules. Further, the higher polymerization 

 

 

 

 

 

 

 

 

 

FIGURE 3-7 WAXS intensity profiles of products prepared from ABA and 
DABA in DBT for 6 h at χf of 15 mol%, a concentration of 1.5 %, and at (a) 320 
oC and (b) 280 oC. 
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temperature made the χp value lower as aforesaid. These effects enhanced the crystallinity at 

320 oC. Molecular orientation in the fibers is of importance to gain the good mechanical 

properties and it was analyzed by SAED. The result is shown in Figure 3-8. The ED pattern 

was not a fiber pattern of the cylindrical symmetry, and sharp spots were clearly appeared. 

These reflections were assigned as the POB orthorhombic crystal structure and the reflections 

of 002 corresponding to the c axis were observed along the long axis of the fibers. This result 

reveals that the POB molecules are aligned along the long direction of the fibers and this 

molecular orientation is desirable from the view point of fabric properties. 

Thermal stability of the network prepared at χf of 15 mol% and a concentration of 1.5 % 

at 320 oC for 6 h was evaluated by a TGA measured in nitrogen atmosphere. The temperatures 

 

 

 

 

 

 

 

 

 

FIGURE 3-8 TEM image and SAED pattern of a fiber in POB networks 
prepared from ABA and DABA in DBT at χf of 15 mol%, 320 oC, and a 
concentration of 1.5 % for 6 h. 
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of 5 and 10 % weight loss were 455 and 528 oC, respectively and the POB nanofiber networks 

possessed excellent thermal stability. 

 

3-4  CONCLUSION 

 

Four different trifunctional comonomers were copolymerized with ABA. The 

morphology of the POB precipitates was significantly influenced by the structure of the 

trifunctional comonomer and the solvent. The POB precipitates having various morphologies 

such as fibrils, needles, slabs, spindles, and spheres were formed by tuning the polymerization 

conditions. Among them, the three dimensional nanofiber networks were obtained only by the 

polymerization with DABA at a concentration of 1.0-2.0 % at 280-320 oC in DBT. The χf 

value was of importance to prepare the networks, and that of 15-20 mol% was desirable for 

the polymerization at 280 oC and that of 10-20 mol% for 320 oC. The network structure was 

comprised of fibrillar crystals connected each other at spherical nodal points. The diameters 

of the fibrillar crystals were 90-129 nm. This network possessed high crystallinity and the 

molecules were aligned along the long direction of the fibrils. The number of fibers grown 

from one nodal point, the distance between connected nodal points, the average fiber length 

and the average number of connected nodal points which characterized the network structure 

could be controlled by the polymerization concentration. 
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CONCLUDING REMARKS 

 

Precise control of polycondensation reaction is quite difficult, because the 

polycondensation is a step-type reaction obeying the stochastic process. Further, exchange 

reactions occur rapidly, leading to the reshuffling of the sequences. There are still unsolved 

problems in polycondensation to control molecular weight, polydispersity, composition, and 

sequence regularity precisely. Among them, composition control is of importance to create 

new high-performance and functional polymers because the performance and functionality 

depends on not only the chemical structure but also their composition. Usually 

copolymerizations are carried out in the homogeneous state like solution and molten state, and 

the composition of copolymers is controlled by the molar ratio of monomers in feed. If the 

composition can be freely controlled by other polymerization conditions but for the molar 

ratio in feed, many varieties of copolymers will be prepared in spite of the molar ratio in feed 

and we will gain the useful tool for the designing of polymeric materials. Recently, while 

many kinds of precision polycondensation have been developed, the control of composition 

has not been proposed because the drawbacks mentioned above could not be overcome in the 

homogeneous system. It had been found that the poly(p-oxybenzoyl) (POB) whisker was 

successfully prepared as precipitates from the polymerization of p-acetoxybenzoic acid 

(p-ABA) in poor solvents by the crystallization of oligomers during polymerization and the 
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subsequent solid-state polymerization in the needle-like oligomer crystals. Further, even in the 

copolymerization of p-ABA and m-acetoxybenzoic acid (m-ABA), the POB whiskers which 

contained a small amount of m-oxybenzoyl (m-OB) moiety were formed. These results 

strongly indicate that the polymers with the certain composition can be obtained as 

precipitates by using the reaction-induced phase separation of oligomers during 

polymerization. Heterogeneous polymerization in which the polymerization phase changed 

from solution to solid may possess high potentiality for the precise polycondensation and it is 

quite attractive. This fractional polycondensation was occurred both by the difference in the 

reactivity of monomers and in the phase separation behavior of oligomers depending on their 

composition. Therefore, the composition control of copolymers could be enhanced by 

controlling the difference in the reactivity of monomers and the difference in the phase 

separation behavior of oligomers. In this thesis, the composition control of aromatic 

copolymers was examined by using reaction induced phase separation of oligomers during 

polycondensation, and the knowledge of this composition control was applied to the 

morphology control of intractable polymers. 

 

In Chapter 1, the copolymerization of p-ABA and m-ABA was examined by the 

application of shearing as the external stimulation. The polymers containing a few m-OB 

moieties were obtained as precipitates even at high content of m-ABA in feed (χf) under 
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shearing. The yield of the precipitated polymers became lower with the increase in shear rate 

(γ), but the selectivity was enhanced. At χf of 20 mol% the values of the content of m-OB 

moiety in the precipitates (χp) of the polymers prepared at γ of 0, 147, and 489 s-1 were only 

5.3, 3.1, and 2.3 mol%, respectively. Higher γ gave lower χp. The values of χp were controlled 

by γ. The shear flow reduced the difference in the reactivity between p-ABA and m-ABA, 

resulting in the decrease in the selectivity with regard to the formation of homo-oligomer of 

p-oxybenzoyl (p-OB) moiety. However, the shear flow made homo-oligomers more 

immiscible and co-oligomers slightly miscible, leading to the enhancement of the difference 

in the miscibility between homo-oligomers and co-oligomers. This change in the miscibility 

by shear flow brought about the more rapid precipitation of homo-oligomers than 

co-oligomers, and therefore the selectivity was amplified by shearing. This result provides a 

new methodology to control the composition of copolymers. 

Further, the copolymerization of 4-(4-acetoxybenzoyloxy)benzoic acid (p-ABAD) and 

m-ABA was examined for the purpose of enhancement of selectivity by controlling γ and the 

timing of application of the shearing. The polymers containing few m-OB moieties were 

obtained as precipitates even at high χf. At χf of 60 mol%, the values of χp of the precipitates 

prepared under shearing throughout the polymerization at γ of 147 and 489 s-1 were 18.6 and 

6.3 mol%, respectively. Especially, the POB was obtained as the precipitates at χf of less than 

50 mol% at γ of 489 s-1. The shear flow reduced the difference in the reactivity between 



115 
 

p-ABAD and m-ABA. However, the shear flow enhanced the difference in the miscibility 

between homo-oligomers and co-oligomers, leading to the more rapid precipitation of 

homo-oligomers resulting in the enhancement of the selectivity. The timing of the application 

of the shearing significantly influenced the selectivity, and the shearing just after the 

precipitation of the oligomers started was quite efficient to enhance the selectivity more. The 

χp of the precipitates prepared with shearing at γ of 489 s-1 just after the precipitation was only 

3.9 mol% even at χf of 60 mol%. The high molecular weight polymers were formed by the 

polymerization in the precipitates. This result provides a new methodology to synthesize the 

POB selectively by hydrodynamically induced phase separation during solution 

polymerization. 

 

In Chapter 2, the copolymerization of S-acetyl-4-mercaptobenzoic acid (AMBA) and 

p-acetamidobenzoic acid (AABA) was examined by the application of shearing. The 

poly(p-mercaptobenzoyl-co-p-benzamide) (PMB-co-PBA) was obtained as precipitates 

through the whole range of the content of AMBA in feed (χf) in spite of the shearing. The 

yields of the precipitates became lower at the middle range of the χf value. When the shearing 

was applied to the polymerization system, the yield was lower than that without shearing. In 

terms of the content of p-mercaptobenzoyl (MB) moiety in the precipitates (χp), they were in 

good agreement with the χf values in the polymerization without shearing. In contrast to this, 
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the χp values of the precipitates prepared at χf of 50-70 mol% under shearing were much 

lower than the corresponding χf values. The χp values of the precipitates prepared at χf of 50 

mol% without and under shearing were 55.6 and 27.1 mol%, respectively. Under shearing, the 

copolymers rich in p-benzamide (BA) moiety were selectively precipitated and the 

composition could be controlled by shearing. The shearing influenced both the apparent 

reaction rates of monomers and the solubility of oligomers. The apparent reaction rate of 

AMBA increased with shearing, whereas that of AABA was unchanged by shearing. This 

shearing effect on apparent reaction rates accelerated to form the homo-oligomers. 

Additionally, the solubility of MB oligomers enhanced by shearing, but that of BA oligomers 

did not owing to the strong interaction through hydrogen bonding. Therefore, only the MB 

oligomers were inhibited to be precipitated, resulting in the lower χp values than the χf values. 

The composition of PMB-co-PBA could be controlled by the application of the shearing to the 

heterogeneous polymerization. 

 

In Chapter 3, the copolymerization of p-ABA and four different trifunctional 

comonomers was examined. The morphology of the POB precipitates was significantly 

influenced by the structure of the trifunctional comonomer and the solvent. The POB 

precipitates having various morphologies such as fibrils, needles, slabs, spindles, and spheres 

were formed by tuning the polymerization conditions. Among them, the three dimensional 
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nanofiber networks were obtained only by the polymerization with 3,5-diacetoxybenzoic acid 

(DABA) at a concentration of 1.0-2.0 % at 280-320 oC in DBT. The content of DABA in feed 

(χf) was of importance to prepare the networks, and that of 15-20 mol% was desirable for the 

polymerization at 280oC and that of 10-20 mol% for 320oC. The network structure was 

comprised of fibrillar crystals connected each other at spherical nodal points. The diameters 

of the fibrillar crystals were 90-129 nm. This network possessed high crystallinity and the 

molecules were aligned along the long direction of the fibrils. The number of fibers grown 

from one nodal point, the distance between connected nodal points, the average fiber length 

and the average number of connected nodal points which characterized the network structure 

could be controlled by the polymerization concentration. 

 

The present research could propose the new methodology to control the composition of 

aromatic copolymers by the application of shearing to the heterogeneous polymerization 

system including phase separation of oligomers during polycondensation. This result provides 

new possibility for the precise polycondensation. Further, the fabrication of the 

three-dimensional network of the POB nanofibers provides the novel preparation method of 

nonwoven nanofiber fabrics of intractable polymers without spinning. 
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