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INTRODUCTION AND THE AIM OF THIS STUDY

INTRODUCTION

Polymeric materials in nature are prepared with simultaneously and concertedly forming
the primary structure by polymerization reaction and creating the morphology by
self-assembling process as shown in FIGURE 1. At the early stage of polymerization, the
oligomers having wide variety of the primary structure were formed in the homogeneous state,
and then phase separation is thermodynamically induced to form the suitable high-order
structure via the self-assembling procedure. The oligomers having desirable primary structure
are picked up in the solution by self-assembling procedure. The polymerization occurs
continuously in the precipitates, leading to the formation of polymeric materials having
well-organized structure from primary structure to high-order structure. The chemical reaction
leads at early stage of polymerization and the physical phenomenon leads at the late stage of
polymerization, which are connected by phase separation.
Reaction-induced phase separation during solution polymerization has been studied to
control the morphology of polymers. [1-13] The solution polymerization can induced 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 created by building up oligomers during phase separation and further
polymerization occurs in the precipitates to increase molecular weight with maintaining the
morphology. This morphology formation by reaction-induced phase separation is not limited
by intractability of polymers at all, and hence it is a suitable method for intractable and poorly
processable polymers like rigid aromatic polymers.
Rigid aromatic polymers which possess many conjugated  electrons have been receiving
1
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FIGURE 1 Conceptual illustration of the polycondensation in nature.

FIGURE 2 Scanning electron micrograph of POB whiskers
attention as hopeful candidates for the high performance and excellent functional materials.
[14-16] However, many of them are infusible and insoluble due to rigid structures, and many
rigid aromatic polymers which are expected to possess excellent properties cannot be used
owing to their poor processability. In order to overcome the antagonistic problem between
properties and tractability, the reaction-induced crystallization of oligomers during solution
polymerization was applied to rigid aromatic polymers, and highly crystalline polymer
crystals having unique morphology have been prepared so far. Whisker-like crystals of
poly(p-oxybenzoyl) (POB) were prepared by the polymerization of p-acetoxybenzoic acid
(ABA) as shown in FIGURE 2 and they possess quite high crystallinity and good thermal
stability. [1,12,17-30] The molecular chains aligned along the long axis of these crystals.
Morphology of polymers with molecule orientation is of great importance to create new high
performance materials having essential properties predicted from the molecular structure and
a one-dimensional structure such as needles, fibers and ribbons is the ideal structure. Further,
whisker-like

crystals

of

poly(2-oxy-6-naphthoyl)

(PON)

[3,17,26,31-33]

and

poly(p-mercaprobenzoyl) (PMB), [34,35] bundle-like aggregates of fibrillar crystals of
poly(4’-oxy-4-biphenylcarbonyl)

(POBP)

Poly[2,2’-(p-phenylene)-5,5’-bibenzimidazole]
3

(PPBB),

[36,37]
[38]

fiber-like

and
crystals

of

FIGURE 3 Rigid aromatic polymers giving crystals by reaction-induced crystallization of
oligomers during polymerization
poly[4-(4-oxybenzylideneamino)benzoyl]

(POAB)

[39]

and

poly[2,2’-(2,6-naphthalene)-5,5’-bibenzimidazole] (PNBB), [40] needle-like crystals of
poly(p-phenylene pyromelliteimide) (PPPI) [41-44] and poly(azomethine) (PAZM), [45] and
ribbon-like crystals of poly(4-phthalimide) (PPI) [46] were prepared by reaction-induced
crystallization

of

oligomers

during

polymerization.

Beside

the

crystals

having

one-dimensional structure such as fibers and needles, plate-like crystals of PPPI [47,48] and
poly(p-benzamide) (PBA), [49] and highly crystalline particles of PPPI [50,51] were
prepared.
Among of rigid aromatic polymers, rigid aromatic poly(ester-imide)s (PEsIs) comprised
4

of the ester and the imide linkages are one of the high performance polymers combining many
remarkable properties such as thermal stability, chemical resistance, mechanical strength,
electrical properties, low water absorption and liquid crystallinity. [52-59] By using the
reaction-induced crystallization of oligomers during polymerization, whisker-like crystals of
poly[4-(5-oxy-1,3-dioxoisoindoline-2-yl)benzoyl] (PODB) were previously prepared by the
polymerization of N-(4-carboxyphenyl)-4-acetoxyphthalimide (CAP) at 350oC in aromatic
solvents. [53] The PODB crystals possess high crystallinity and good thermal stability.
However, the morphology of the PODB crystals has not been investigated in detail.
The author paid attention to the reaction-induced crystallization of oligomers during
polymerization to control the morphology of PODB, especially the formation of helical
morphology because the helical ribbon of rigid aromatic polymer was prepared from achiral
monomer for the first time as described in Chapter 1 and this phenomenon is very interesting.
In nature, the helical morphology is one of the universal morphology from microscopic to
macroscopic of view such as tendril of plants, spiral shells, DNA, proteins and so on. The
origin of helical morphology is variously, and it is not only chiral molecules but also achiral
molecules in nature. The beginning of the field of synthetic helical polymers was the finding
of the stereoregular isotactic polypropylene having helical structure in the crystalline state by
Natta in 1955. [60] Recently, the study on the synthesis of helical polymer and the control of
helical morphology have been developed, [61-63] and the helical polymers such as
poly(triphenylmethyl methacrylate), [64-73] polyphenylacetylene, [74-80] polyisocyanide,
[81-88] polyisocyanate, [89-93] poly(quinoxaline) [94-98] and polyguanidine [99-102] have
been prepared so far. The helical polymers is paid attention to use as asymmetric field, and the
excellent functionality of helical morphology is very interesting. On the other hand, even
though the helical morphology is the universal morphology in nature, the preparation of rigid
aromatic polymers having helical morphology from achiral monomer has not been reported
yet. However, the helical ribbons could be prepared by using reaction-induced crystallization
5

of oligomers during polymerization and they are the first helical ribbon of rigid aromatic
polymer prepared from achiral monomer as described in Chapter 1. Therefore, the author
examined the reaction-induced crystallization of oligomers during polymerization to control
the helical morphology of PODB, in the purpose of the establishment of the novel method to
control the morphology of not only PODB but also intractable polymers.

AIM AND STRUTEGY OF THIS THESIS

On the basis of the above discussion, the aim of this thesis is a development of new
methodology to control the morphology of PODB, especially the helical morphology, by
means of reaction-induced crystallization of oligomers during polymerization. The
combination of polymerization reaction and physical phenomenon is necessary for the
development of morphology control as nature performs. As described above, the rigid
aromatic polymer crystals having unique morphology such as needles, fibers and ribbons
were formed by reaction-induced crystallization of oligomers in poor solvents.
Reaction-induced crystallization of oligomers in poor solvent is describable on the analogous
concentration-temperature (C-T) phase diagram to that of partially miscible polymer-solvent
system [103,104]. 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 of oligomers
(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. As schematically diagram in FIGURE 5, if the supersaturated oligomers are precipitated
across the freezing point curve, they are precipitated by crystallization to form the oligomer
crystals. Then, further polymerization occurs in the oligomer crystals with maintaining the
6
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FIGURE 4 Schematic C-T phase diagram for partially miscible oligomers and solvent
system. L: liquid phase, L-L: two immiscible liquids phase, L-S: liquid and solid phase.

morphology, and the polymer crystals are eventually formed. On the other hand, if they are
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. This morphology formation by reaction-induced phase separation is not limited by
intractability of polymers at all, and it is suitable method for rigid aromatic polymers.
Based on above strategy, the new concept of the morphology control of PODB by using
the reaction-induced crystallization of oligomers during polymerization was investigated in
this thesis, especially the formation of helical morphology. This thesis consists of three
chapters. In Chapter 1, the preparation of the helical ribbon of PODB and the helical
morphology control of PODB was examined by reaction-induced crystallization of oligomers
7
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FIGURE 5 Schematic diagram of reaction-induced phase separation of oligomers during polymerization

during polymerization, focusing the influence of polymerization conditions on the
morphology of PODB crystals, and it was newly found that helical ribbons of PODB were
formed. Further, the switching of the helical morphology and the non-helical morphology was
developed to prepare the ribbons comprised of the helical and the non-helical block. In
Chapter 2, the copolymerization of CAP and ABA was examined to change the helical
morphology. The influence of copolymerization with ABA on the helical morphology of
PODB was investigated, focusing on the structure of precipitated oligomers. It was found that
the PODB ribbons comprised of the helical and the non-helical block were formed by the
stepwise addition of ABA during polymerization of CAP. The CAP is self-condensable
monomer to afford polyester between acetoxy group and carboxyl group in which the imide
moiety is already contained, and it is synthesized from 4-acetoxyphthalic anhydride (APA)
and 4-aminobenzoic acid (AmBA). Therefore, the one-pod preparation of PODB crystals was
examined by reaction-induced crystallization of oligomers during polymerization of APA and
AmBA in Chapter 3.
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CHAPTER 1

PREPARATION OF HELICAL CRYSTALS OF AROMATIC POLY(ESTER-IMIDE)
BY CRYSTALLIZATION DURING POLYMERIZATION

1-1

INTRODUCTION

Morphology of polymers with molecular orientation is of great importance to create
materials having essential properties predicted from the molecular structure [1,2] and the ideal
morphology must be a one-dimensional structure such as needles, fibers and ribbons. In the
case of rigid aromatic polymers, it is usually difficult to prepare needles and fibers with
molecular orientation by conventional processing techniques, because rigid aromatic
polymers exhibit neither solubility nor fusibility. This intractability makes them inaccessible.
In order to overcome this intractability, reaction-induced phase separation during solution
polymerization has been studied. [3-15] The phase separation such as crystallization and
liquid-liquid phase separation is determined by the miscibility between oligomers and
solvents, being related to decrease in the solution mixing entropy caused by polymerization,
and the phase separation is induced during solution polymerization. Morphology is created by
building up oligomers during phase separation and further polymerization occurs in the
precipitates to increase molecular weight with maintaining the morphology. This method is
suitable for morphology control of intractable and poorly processable polymers like rigid
aromatic polymers, and it is not limited by intractability of polymers at all. By using
reaction-induced crystallization of oligomers during polymerization, we have been
successfully prepared whisker-like crystals of poly(p-oxybenzoyl) (POB), [3,14,16-24]
needle-like crystals of poly(p-phenylene pyromelliteimide) [25-27] and ribbon-like crystals of
poly(4-phthalimide). [28] The molecular chains aligned along the long axis of these crystals.
16

Among of rigid aromatic polymers, rigid aromatic poly(ester-imide)s (PEsIs) are one of
the high performance polymers combining many remarkable properties such as thermal
stability, chemical resistance, mechanical strength, electrical properties, low water absorption
and liquid crystallinity. [29-36] Some of the PEsI have been prepared for applications to base
film materials in flexible printed circuit boards. [36] As for the morphology of PEsI,
whisker-like crystals of poly[4-(5-oxy-1,3-dioxoisoindoline-2-yl)benzoyl] (PODB) were
previously prepared by the polymerization of N-(4-carboxyphenyl)-4-acetoxyphthalimide
(CAP) at 350oC in aromatic solvents. [30] The PODB crystals possessed high crystallinity and
good thermal stability. However, the morphology of the PODB crystals has not been
investigated in detail.
In this chapter, the polymerization of CAP was examined by reaction-induced
crystallization of oligomers during polymerization to control the morphology of PODB,
focusing on the influence of polymerization conditions on the morphology of PODB crystals,
and it was newly found that helical ribbons of PODB were formed. Further, the switching of
the helical morphology and the non-helical morphology was developed to prepare the ribbons
comprised of the helical and the non-helical block.

SCHEME 1-1 Synthesis of poly(ester-imide)s
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1-2

EXPERIMENTAL

1-2-1 Materials

CAP and N-(4-acetoxyphenyl)-4-carboxyphthalimide (ACP) were synthesized according
to the previously reported procedures. [30,37] Dibenzyltoluene mixture (DBT) was purchased
from Matsumura Oil Co. Ltd. and used after vacuum distillation (140-150oC / 0.4 mmHg).

1-2-2 Measurements

Chemical structure of polymers was measured on a JASCO FT/IR-410 spectrometer.
Thermogravimetric analysis (TGA) was performed on a Perkin-Elmer TGA-7 with a scanning
rate of 10oC・min-1 in nitrogen atmosphere. Morphology of polymer precipitates 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. Shape parameters of
helical ribbons including length, width and pitch of helix were determined by the average of
over 60 observations. Selected-area electron diffraction (SAED) was taken by a JEOL
2000EX transmission electron microscope (TEM) at 200 kV. Wide angle X-ray scattering
(WAXS) was conducted on a Rigaku Geigerflex with nickel-filtered CuK radiation (35 kV,
20 mA). Matrix assisted laser desorption ionization time-of-flight (MALDI-TOF) mass
spectrometry was performed on a Bruker Daltonics Auto FLEX MALDI-TOF MS system
operating with a 337-nm N2 laser. Spectra were obtained in the linear positive mode with an
accelerating potential of 20 kV. Mass calibration was performed with angiotensin I (MW
1296.69) and insulin B (MW 3496.96) from a Sequazyme peptide mass standard kit. Samples
were then prepared by the evaporation-grinding method [38,39] and ran in dithranol as a
matrix doped with potassium trifluoroacetate.
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1-2-3

Polymerization

Polymerization of CAP was presented as a representative as follows; CAP (61.3 mg, 0.19
mmol) and DBT (10 mL) were placed into a cylindrical vessel equipped with gas inlet and
outlet tubes and a thermometer, and then heated up to polymerization temperature with
stirring under nitrogen atmosphere. The stirring was stopped when CAP was entirely
dissolved. Concentration of the polymerization, defined as (theoretically yielded polymer
weight / solvent volume) × 100 in this study, was 0.5%. The solution became turbid and then
crystals were formed with time. After the polymerization, the crystals were collected by
vacuum filtration at the polymerization temperature to avoid the precipitation of oligomers
during cooling, washed with n-hexane and acetone, and then dried at 50oC under vacuum for
12 h. Oligomers dissolved in the solution were collected by pouring the filtrate into n-hexane.
The polymerizations under other conditions were also carried out in the similar manner.

1-3 RESULTS AND DISCUSSION

1-3-1

Preparation of helical ribbon

The polymerizations of CAP were carried out at a concentration of 0.5% in DBT at
260-330oC for 4 h. The CAP was not dissolved in the DBT, but it became dissolved during
heating. Within several minutes after the temperature reached to the polymerization
temperature, the solution became turbid and then the polymers were formed as precipitates.
Results of the polymerization were presented in TABLE 1-1-1. PODB precipitates were
obtained with the yields of 16-42%, depending on the temperature. The chemical structure of
PODB was analyzed by FT-IR as shown in FIGURE 1-1-1. The ester C=O stretching band
appeared at 1744 cm-1, and the imide C=O stretching bands appeared at 1774 and 1720 cm-1.
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TABLE 1-1-1 Results of polymerization a
Polymerization condition
Run
No. Monomer

a

Conc.

Temp.

(%)

(oC)

Yield

T10 b

(%)

(oC)

Morphology

1

CAP

0.5

260

16

265

Slab, Sphere

2

CAP

0.5

280

27

525

Helical ribbon

3

CAP

0.5

300

42

549

Helical ribbon

4

CAP

0.5

330

30

542

Helical ribbon

5

CAP

1.0

280

65

505

Helical ribbon

6

CAP

3.0

280

85

516

Helical ribbon, HN c

7

CAP

5.0

280

60

528

Helical ribbon, HN

8

ACP

0.5

280

40

408

SP d

Polymerizations were carried out in DBT for 4 h.

b

Temperature at which 10%

weight loss recorded on a TGA at heating rate of 10oC/min in nitrogen

c

HN

stands for the crystals comprised of the helical and the non-helical block.

d

SP

stands for the spheres having plate-like crystals on surface.

The imide C-N stretching band also appeared at 1370 cm-1. The bands of the carboxylic acid
characterized as the end group were not visualized in the spectrum of the precipitates,
indicating the formation of high molecular weight polymers. Thermal decomposition
temperatures of 10 wt% loss in nitrogen were quite high in the rage of 525-549oC, but for the
precipitates prepared at 260oC. Precipitates prepared at 260oC did not exhibit clear
morphology as shown in FIGURE 1-1-2 (a). The precipitates prepared at 330oC shown in
FIGURE 1-1-2 (b) were seemed to be whisker-like crystals as previously reported. [33]
However, the precipitated crystals prepared at 300oC and 280oC exhibited helical morphology
clearly as shown in FIGURE 1-1-2 (c) and (d). It is noticed that the pitch of the helix
increased with the polymerization temperature. The detail observation of the crystals prepared
at 330oC revealed that they were also the helical ribbons with the longer pitch. To our
knowledge, they are the first helical ribbons of rigid aromatic polymer prepared from an
20

Abs. (a.u.)

(a)

(b)

(c)

(d)
4000

3000

2000

1500

1000

500

Wavenumber (cm-1)

FIGURE 1-1-1 IR spectra of (a) CAP, (b) PODB prepared at a concentration of 0.5% at
280oC for 4 h, (c) ACP and (d) POCD prepared at a concentration of 0.5% at 280oC for 4 h
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(a)

(b)

22

(c)

(d)

23

(e)
Right
Left

2 m

(f)

24

(g)

(h)

25

(i)

(j)

26

(k)

(l)

FIGURE 1-1-2 PODB prepared at a concentration of 0.5% for 4 h at (a) 260oC, (b) 330oC,
(c) 300oC, (d, e) 280oC, those prepared at a concentration of 0.5% at 280oC for (f) 1 h, (g)
2 h, (h) 3 h, those prepared at a concentration of 5.0% at 280oC for (i) 4 h, (j) 20 min, (k)
40 min and (l) POCD prepared at a concentration of 0.5% at 280oC for 4 h
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achiral monomer. As shown in FIGURE 1-1-2 (e), the right-handed and left-handed helices
were present in approximately equal quantities and the direction of helices was not controlled
in these polymerizations. The average width, length and pitch of the helical ribbons were
plotted as a function of the polymerization temperature in FIGURE 1-1-3. The helical ribbons
prepared at 280oC were averagely 240 nm in width and 3.6 m in length. Although the width
was constant, the length increased with the polymerization temperature owing to the increase
in the yield, and it reached to 4.9 m at 330oC. The pitch of the helix was 320 nm at 280oC. It
also increased with the polymerization temperature and reached to 1.3 m at 330oC. WAXS
intensity profiles of the precipitates showed that four sharp diffraction peaks were observed at
2 of 14.8° (d-spacing=0.600 nm), 23.6° (d-spacing=0.377 nm), 28.0° (d-spacing=0.319 nm)
and 30.6° (d-spacing=0.292 nm) even though diffuse halo derived from amorphous parts were
seen as shown in FIGURE 1-1-4, indicating that the precipitates possessed high crystallinity.
These diffraction peaks were indexed by the previously reported orthorhombic unit cell. [30]

7.0
1400
6.0

1000
800

5.0

600
400

Length (m)

Width, Pitch (nm)

1200

4.0

200
0
280

290

310

300

320

3.0
330

Temperature (oC)
FIGURE 1-1-3 Plots of (○) length, (●) width and (△) pitch of helix of helical ribbons as a
function of polymerization temperature
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FIGURE 1-1-4 WAXS intensity profiles of PODB prepared at a concentration of 0.5% for 4
h at (a) 280oC, (b) 300oC and (c) 330oC, and those prepared at a concentration of 0.5% at
280oC for (d) 1 h, (e) 2 h and (f) 3 h
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In order to examine the molecular alignment in the helical ribbon, TEM and SAED of the
helical ribbons prepared at 300oC was taken as shown in FIGURE 1-1-5 (a). A diffraction
pattern was not a true fiber pattern of cylindrical symmetry and it looks like a single crystal
pattern. These refractions could be also assigned according to the orthorhombic unit cell
described above and the c axis was identical with the direction of the long axis of the helical
ribbon. This result reveals that the molecules align regularly along the long axis of the helical
ribbon. Dark field images taken by the 200 reflection and the 00 reflections were shown in
FIGURE 1-1-5. Bright streaks were clearly observed at regular intervals perpendicular to the
direction of the molecular orientation in FIGURE 1-1-5 (b), and a bright streak was observed
in the center part along the direction of the molecular orientation in FIGURE 1-1-5 (c). These
results strongly revealed the formation of helical morphology and the molecular orientation.
Morphology development was examined in the course of the polymerization at 280oC at a
concentration of 0.5%. The yields of polymer precipitates increased with polymerization time
until 3 h, and then it became constant. Correspondingly, the yields of oligomers recovered in
the solution decreased. The polymer precipitates were not helical ribbons at the initial stage of
the polymerization as shown in FIGURE 1-1-2 (f). After 2 h, helical ribbons were formed and
the length of helical ribbons increased with polymerization time as shown in FIGURE 1-1-2
(g) and (h). The peak intensity of the WAXS profile of polymer precipitates was weak at the
initial stage of the polymerization and then it became stronger with polymerization time as
shown in FIGURE 1-1-4, suggesting that the crystallinity increased with the growth of the
helical ribbon.
In order to clarify the influence of concentration on the morphology, the polymerizations
were next carried out at 280oC for 4 h with varying the concentrations from 1.0 to 5.0%. The
results of polymerization were also presented in TABLE 1-1-1. Polymer precipitates were
obtained with the yields of 60-85%. Precipitates prepared at a concentration of 1.0% were
helical ribbons. The average width of them was 202 nm and the pitch of the helix was 326 nm.
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(a)

200

(b)
002
004
006

500 nm

100 nm

(d)

(c)
200

002
004
006

500 nm
100 nm
FIGURE 1-1-5 TEM image of helical ribbon of PODB prepared at a concentration of 0.5%
with a SAED pattern (a), dark-field images taken by using (b) 200 and (c) 00, and TEM
image of the part of fibrillar crystal of those prepared at a concentration of 5.0% with a SAED
pattern (d)
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These values were almost the same as those prepared at a concentration of 0.5%. However, it
is noteworthy that the fibrillar crystals having morphological sequence of the non-helical and
the helical block were formed at higher concentration of 3.0 and 5.0% together with the
helical ribbons, of which the width and the pitch were almost the same as those prepared at a
concentration of 0.5%, as shown in FIGURE 1-1-2 (i). SAED of the part of fibrillar crystals
prepared at a concentration of 5.0% was taken to clarify the molecular alignment, and the
result shown in FIGURE 1-1-5 (d) revealed that the molecules aligned regularly along the
long axis of the fibrillar crystal as well as the helical crystal. The change in the morphology of
the precipitates was followed in the course of the polymerization at higher concentration to
investigate the morphological development of the unique ribbons comprised of the
non-helical and the helical block. The fibrillar crystals comprised of the stacking lamellae
were observed until 20 min as shown in FIGURE 1-1-2 (j). These crystals resemble with the
POB whisker formed at the early stage of the polymerization. [14] This morphological
resemblance indicates that the fibrillar PODB crystals were formed by the spiral growth of
lamellae via screw dislocation. [14] Afterward, the fibrillar crystals having morphological
sequence of the non-helical and the helical block were formed at 40 min as shown in FIGURE
1-1-2 (k). Oligomers recovered from the solution were analyzed by MALDI-TOF mass
spectrometry to estimate the molecular weight of the precipitated oligomers. The spectra were
shown in FIGURE 1-1-6 and the assignments were presented in TABLE 1-1-2. The oligomer
having the highest molecular weight in the solution was a dimer at 20 min, and then it was a
trimer at 40 min. The molecular weight of oligomers to be precipitated increased with time
because the concentration of oligomers in the solution became lower by the precipitation of
oligomers to form the crystals. Based on these results, it was suggested that trimers were
mainly precipitated until 20 min, and afterward tetramers were mainly precipitated.
Oligomers recovered from the solution in the polymerization at a concentration of 0.5% were
also analyzed as shown in FIGURE 1-1-6. The helical ribbons were formed as aforesaid. The
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FIGURE 1-1-6 MALDI-TOF MS spectra of oligomers in solution prepared from CAP at
280oC at a concentration of 5.0% for (a) 20 min and (b) 40 min, and (c) at a concentration
of 0.5% for 4 h. That from ACP at a concentration of 0.5% at 280oC for 4 h (d).
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TABLE 1-1-2 Structure assignment of peaks in the MALDI-TOF
mass spectra of CAP and ACP oligomers recovered from solution
Peak
code

Structure

n

Mass (m/z)
Calc.

Obs.

a

2

591.49

591.54

b

3

856.71

856.88

c

2

629.58

629.51

d

3

894.80

894.53

e

1

402.46

401.40

f

2

667.68

667.65

g

1

368.31

367.78

h

2

633.53

633.64

i

3

898.74

898.58

j

2

671.62

671.62

k

3

936.84

936.71

a’

1

326.28

326.00

b’

2

591.49

591.91

c’

1

364.37

363.62

d’

2

629.58

629.90

e’

1

402.46

401.55

f’

2

667.68

666.83

g’

1

368.31

368.04

h’

2

633.53

633.95

i’

3

898.74

898.99

j’

2

671.62

671.98

k’

3

936.84

936.99
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oligomer having the highest molecular weight in the solution was a trimer. The origin of the
helices does not become clear yet, but these results imply that the precipitation of the tetramer
might be strongly related to the formation of the helical morphology. The trimers were
precipitated to form needle-like crystals, and then tetramers were precipitated to crystallize on
the growth step of the needle-like crystals to form helical morphology, bringing about the
formation of the fibrillar crystals having morphological sequence of the non-helical and the
helical block.
Next, the polymerization of ACP was examined in order to clarify the nature of helical
morphology in more detail. ACP was also the monomer of PEsI as well as CAP, but the
direction of the imide linkage of ACP was opposite to that of CAP as illustrated in SCHEME
1-1. It had been previously reported that the polymerization of ACP did not yield the
whisker-like crystals. [30] ACP was polymerized at 280oC at a concentration of 0.5% in DBT,
which was desirable condition for the helical ribbons of PODB. Although the precipitates of
poly[1-oxy-4-(carbonyl-1,3-dioxoisoindoline-2-yl)benzene] (POCD) were obtained with the
yields of 40% as also presented in TABLE 1-1-1, they were aggregates of plate-like crystals
as shown in FIGURE 1-1-2 (l) and helical ribbon crystals were not formed at all. The
chemical structure of POCD was analyzed by FT-IR as shown in FIGURE 1-1-1 and POCD
was high molecular weight polymers. The oligomers dissolved in the solution were recovered
and analyzed by the MALDI-TOF mass spectrometry. The results were also shown in
FIGURE 1-1-6 and TABLE 1-1-2, and the oligomer having the highest molecular weight in
the solution was a trimer. This fact suggested that tetramers were mainly precipitated to form
crystals at a concentration of 0.5% as well as the polymerization of CAP. The tetramers
prepared from CAP formed the helical ribbons, but they prepared from ACP nevertheless did
the plate-like crystals. The direction of the imide linkage to the ester linkage is different
between the tetramer prepared from CAP and ACP, causing the difference on the dipole along
the molecular chain. This might be one of the possibilities of the origin of the helical
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morphology. The other possibility might be the shape of the tetramer. Although the shape of
the tetramer might be different at high temperature, the shape of the tetramer prepared from
CAP estimated by ChemDraw Bio 3D was a bent-core structure. In contrast to this, the
tetramer prepared from ACP was not a bent-core structure. Helical or twisted morphology
often appeared in the case of existing chiral center in the molecules or chiral factor in the
reaction system. For example, chiral Schiff-based rod-coil amphiphiles, alanine-based
amphiphiles and bola-form amphiphiles induced the helical or twisted morphology. [40-44]
Recently, it have been reported that achiral bent-core molecules induced helical morphology
in liquid crystal phase, and right-handed and left-handed helices presented in equal quantities.
[45,46] In achiral bent-core molecules, the twisting conformation, the tilting of molecules in a
smectic layer, and the escape from the ferroelectric ordering within a layer have been
considered as origins of the phase chirality and helicity. [47] Even though the true nature of
the helical morphology remained unclear, the bent-core structure of the precipitated oligomers
might be probably origin of the helical morphology via the phase chirality.

1-3-2 Control of helical morphology

The results discussed above indicated that the helical morphology appeared when the
tetramers of CAP were precipitated during polymerization. If the molecular weight of the
precipitated oligomers would be changed during polymerization on purpose, it is expect that
the helicity could be controlled, leading to the switching of the helical morphology and the
non-helical morphology. The polymerizations were carried out with changing the temperature
and the concentration during polymerization. At first, the polymerization was carried out at a
concentration of 0.5% with changing the temperature during polymerization. The initial
temperature was 280oC, and then the temperature was raised to 300, 330 and 350oC. The
precipitates were obtained with the yields of 31-56% as presented in TABLE 1-2. Although
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TABLE 1-2 Polymerization with changing the polymerization condition during
polymerization of CAP a
Run

Change of conditions

Total

Polymer

conc.

Temp.

add b

Time

time

yield

(%)

(oC)

(mol%)

(h)

(h)

(%)

9

0.5

300

0

2

4

31

Helical ribbon

10

0.5

330

0

2

4

47

Helical ribbon

11

0.5

330

0

2

6

56

Helical ribbon

12

0.5

350

0

2

6

47

HN c, Helical ribbon

13

3.0

280

70

3

5

79

HN, Helical ribbon

14

3.0

280

90

3

5

78

HN, Helical ribbon

15

3.0

280

120

3

5

82

HN, Helical ribbon

No.

a

Initial

Morphology

Polymerization were carried out in DBT at 280oC. b add is the concentration of added

CAP to the initial concentration of CAP c HN stands for the crystals comprised of the
helical and the non-helical block.

helical ribbons were obtained which were almost the same as those prepared at a
concentration of 0.5%, the ribbons having the helical and the non-helical block were not
formed by changing the temperature to 300 and 330oC. After increasing the temperature to
330oC, the pitch of helix of the helical ribbons increased from 320 nm to 475 nm. It is
noteworthy as shown in FIGURE 1-2 (a) that the ribbons comprised of the helical and the
non-helical block were formed together with the helical ribbons after increasing the
temperature to 350oC. The morphological change in the precipitates was observed in the
course of the polymerization with changing the temperature from 280 to 350oC. The helical
ribbons were only formed until 1 h at 350oC, but the helical block was gradually changed to
the non-helical block after 2 h at 350oC as shown in FIGURE 1-2 (b).
Next, the polymerization was carried out at 280oC at an initial concentration of 3.0% with
changing the concentration during polymerization by the addition of CAP. The concentrations
of added CAP were 70, 90 and 120 mol% to the initial concentration of CAP (add). The
precipitates were obtained with the yields of 78-82% as also presented in TABLE 1-2. When
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(a)

(b)

38

(c)

Left

Right

(d)

FIGURE 1-2 PODB prepared by changing the temperature from 280oC to 350oC for (a) 4
h and (b) 2 h, and those prepared by adding CAP with the add of (c) 90 and (d) 120 mol%
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the add was 70 mol%, the fibrillar crystals having morphological sequence of the non-helical
and the helical block were obtained which were almost the same as those prepared at a
concentration of 3.0%. However, when the add was 90 and 120 mol%, the switching of the
helical morphology and the non-helical morphology occurred. Before adding CAP, the
crystals were almost the same as those prepared at a concentration of 3.0% and the top of
them was the helical block. After adding CAP with the add of 90 and 120 mol%, the helical
block changed to the non-helical block and then the non-helical block did to the helical block
once again as shown in FIGURE 1-2 (c) and (d). The molecular weight of precipitated
oligomers decreased by the addition of CAP because the concentration of oligomers and CAP
in the solution became higher, resulting in changing to the non-helical block. And then, the
concentration of oligomers in the solution decreased after several hours and the molecular
weight of precipitated oligomers increased, bringing about changing to the helical block. The
sense of helix after adding CAP was reversed in approximately equal quantities as well as
helical ribbons prepared at a concentration of 0.5% as shown in FIGURE 1-2 (c). Therefore, it
was found that the helical morphology and the non-helical morphology were switched by
changing the temperature and the concentration during polymerization.

1-4 CONCLUSION

Helical ribbons of PODB were prepared by the crystallization of oligomers during
solution polymerization. Molecules aligned along the long axis of the helical ribbon. The
pitch of the helix increased with polymerization temperature and it could be controlled from
320 nm to 1.3 m. At higher concentration of 3.0 and 5.0%, the fibrillar crystals having the
morphological sequence of the helical and the non-helical block were formed. Although the
true nature of helical morphology have not been clarified, but it was conceivable that the
bent-core structure of the precipitated oligomers might induce the helical morphology via the
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formation of phase chirality. The switching of the helical morphology and the non-helical
morphology could be performed by changing the temperature and the concentration during
polymerization of CAP. This study provided the novel method not only to create the helical
morphology but also to control the helical morphology, resulting in the preparation of the
ribbons comprised of the helical and the non-helical block by reaction-induced crystallization
of oligomers prepared from achiral monomers.
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CHAPTER 2

PREPARATION OF POLY(ESTER-IMIDE) RIBBONS COMPRISED OF
HELICAL AND NON-HELICAL BLOCK BY CRYSTALLIZATION
DURING COPOLYMERIZATION

2-1

INTRODUCTION

Rigid aromatic poly(ester-imide)s are high performance polymers combining many
remarkable properties such as thermal stability, chemical resistance, mechanical strength,
electrical properties, low water absorption and liquid crystallinity. [1-8] However, they are
unfortunately infusible and insoluble due to their rigid structures. In order to overcome the
antagonistic problem between properties and tractability, the reaction-induced crystallization
of oligomers during polymerization was applied to rigid aromatic poly(ester-imide)s, and
whisker-like crystals of poly[4-(5-oxy-1,3-dioxoisoindoline-2-yl)benzoyl] (PODB) were
prepared by the polymerization of N-(4-carboxyphenyl)-4-acetoxyphthalimide (CAP) in
aromatic solvents. [2] It was described in Chapter 1 that highly crystalline helical ribbons of
PODB were prepared at 280oC at a concentration of 0.5-1.0%. The formation of helical
ribbons from achiral monomer was morphologically interesting. Further, morphological
change from helix to non-helix had been found by tuning the molecular weight of the
precipitated oligomers depending on the polymerization conditions such as temperature and
concentration. It is conceivable that the formation of helical morphology of PODB was likely
related to the structure of the precipitated oligomers, especially the shape of oligomers. If the
structure of the precipitated oligomers would be changed by copolymerization during
polymerization of CAP on purpose, the switching of the helical morphology and the
non-helical morphology would be conducted, resulting in the formation of the PODB ribbons
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comprised of the helical and the non-helical block.
In this chapter, the copolymerization of CAP and p-acetoxybenzoic acid (ABA) was
examined to change the helical morphology, and it was found that the PODB ribbons
comprised of the helical and the non-helical block were formed by the stepwise addition of
ABA to the polymerization of CAP.

SHEME 2-1 Copolymerization of CAP & ABA

2-2

EXPERIMENTAL

2-2-1 Materials

CAP was synthesized as described in Chapter 1. ABA was purchased from TCI Co. Ltd
and purified by recrystallization from ethyl acetate. Dibenzyltoluene mixture (DBT) was
purchased from Matsumura Oil Co. Ltd and used as a solvent after vacuum distillation
(140-150oC / 0.4 mmHg).

2-2-2 Measurements

Chemical structure of polymer precipitates was measured on a JASCO FT/IR-410
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spectrometer. Content of p-oxybenzoyl moiety in the polymer precipitates (p) was estimated
from peak intensity ratio of ester-imide and ester measured by FT-IR.
p (mol%) = IesterC=O /( IesterC=O + Iester-imideC=O)
where IesterC=O and Iester-imideC=O were absorbances of the ester C=O stretching band and the
ester-imide C=O stretching band at 1738 and 1744 cm-1, respectivery.
Morphology of polymer precipitates was observed on a Hitachi S-3500N scanning
electron microscope (SEM) and a JEOL 2000EX transmission electron microscope (TEM).
Samples for SEM observation were dried, sputtered with platinum/palladium and observed at
20 kV. The shape parameters of the length and the width were determined by the average of
over 60 observations. TEM was performed at 200 kV. Wide angle X-ray scattering (WAXS)
measurement was conducted on a Rigaku Geigerflex with nickel-filtered CuK radiation (35
kV, 20 mA).

2-2-3

2-2-3-1

Polymerization

Random copolymerization of CAP and ABA

CAP (120 mg, 0.37 mmol), ABA (4 mg, 0.02 mmol) and DBT (10 mL) were placed into
a cylindrical vessel equipped with gas inlet and outlet tubes and a thermometer. The mixture
was heated at 280oC with stirring under nitrogen atmosphere. Stirring was stopped when the
monomers were entirely dissolved. The concentration of the polymerization, defined as
(calculated polymer weight / solvent volume) × 100 in this study, was 1.0%. The molar ratio
of ABA in feed (f) was 5 mol%. The solution became turbid and then crystals were formed
with time. After the polymerization, the crystals were collected by vacuum filtration at 280oC
to avoid the precipitation of oligomers during cooling, washed with n-hexane and acetone,
and then dried at 50oC under vacuum for 12 h. The copolymerizations under other conditions
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were carried out in the similar manner.

2-2-3-2

Polymerization of CAP with the addition of ABA

CAP (61.3 mg, 0.19 mmol) and DBT (10 mL) were placed into a cylindrical vassel
descrived above and the mixture was heated at 280oC with stirring under nitrogen atmosphere.
Stirring was stopped when CAP was entirely dissolved. The initial concentration of the
polymerization was 0.5%. After 2 h, ABA (3 mg, 0.02 mmol) was added to the mixture. The
concentration of added ABA was 0.02 %. Then, the mixture was heated at 280oC for 2h. In the
case of the polymerization with the stepwise addition of ABA, ABA was added twice or three
times at the interval of 2 h. After the polymerization, the crystals were collected and dried in
the similar manner of random copolymerization. The polymerizations under other conditions
were also carried out in the similar manner.

2-3

RESULTS AND DISCUSSION

2-3-1 Random copolymerization of CAP and ABA

It had been reported that the polymerization of ABA in aromatic solvent afforded
poly(p-oxybenzoyl) (POB) whiskers via the crystallization of oligomers. [9] This previous
result reveals that the p-oxybenzoyl (OB) oligomers have a potential to form the needle-like
crystals. Therefore, the random copolymerizations of CAP and ABA were first examined to
clarify the influence of the copolymerization on the helical morphology. The
copolymerizations were carried out at a concentration of 1.0% in DBT at 280oC for 4 h, which
was the desirable condition for the formation of the helical ribbons of PODB described in
Chapter 1. The molar ratio of ABA in feed (f) was changed from 5 mol% to 70 mol%. The
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CAP and ABA were not dissolved in the DBT at room temperature, but it became dissolved
during heating. Within several minutes after the temperature reached to 280oC, the solution
became turbid and then the copolymers were formed as precipitates. Results of the
copolymerization were presented in TABLE 2-1 (Run No. 2-6). In the FT-IR spectrum of the
precipitates prepared at f of 5 mol% (Run No. 2), the ester C=O stretching band derived from
PODB appeared at 1744 cm-1, and the imide C=O stretching bands appeared at 1774 and 1720
cm-1 as shown in FIGURE 2-1-1. The imide C-N stretching band also appeared at 1370 cm-1.
The ester C=O stretching band derived from POB also appeared at 1738 cm-1. The bands of
the carboxylic acid characterized as the end group were not visualized in the spectrum of the
precipitates, indicating the formation of high molecular weight copolymers (PODB-co-POB).
The p value estimated from the absorbance intensity ratio of ester C=O band in FT-IR spectra
increased with the f value. At f of 10-30 mol%, the p value were higher than the f value,
and oppositely they became lower at f of 50-70 mol%. It was very noteworthy that the
morphology changed dractically with the copolymerization. As described above, helical
TABLE 2-1 Results of random copolymerization of CAP and ABA a

a

Run

f b

Yield

p c

No.

(mol%)

(%)

(mol%)

1

0

65

0

Helical ribbon

2

5

54

12

Needle

3

10

58

23

Needle

4

30

42

43

Ribbon

5

50

35

42

Ribbon

6

70

29

68

Ribbon

7

100

16

100

Needle

Morphology

Polymerizations were carried out at 280oC at a concentration of

1.0% in DBT for 4 h.

b

Molar ratio of ABA in feed

p-oxybenzoyl moiety in precipitates
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c

Molar ratio of

Abs. (a.u.)
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Wavenumber (cm-1)
FIGURE 2-1-1 IR spectrum of PODB-co-POB prepared by random copolymerization at f of 5 mol%
(Run No. 2)

ribbons were formed by the homo-polymerization of CAP (Run No. 1) as shown in FIGURE
2-1-2 (a). However, the helical ribbons were not formed at all and non-helical needle-like
crystals were only obtained even at f of 5 mol% (Run No. 2) as shown in FIGURE 2-1-2 (b).
The length and the width of the needle-like crystals prepared at f of 5 mol% were 3.3 m and
154 nm, respectively.

The homo-polymerization of CAP afforded the helical ribbons of

PODB under these conditions as aforesaid, but the helical morphology nevertheless
disappeared completely by the copolymerization of a small amount of ABA. Based on the
previous discussion, the helical morphology was possibly generated by the phase chirality
related to structure and the shape of the precipitated oligomers, and hence the oligomers
containing a small amount of OB moiety might not be suitable to form the helical morphology.
The crystals obtained at f of 10 mol% were also needle-like crystals (Run No. 3), and the
length and the width were 3.6 m and 214 nm, respectively. The crystals prepared at f of 30,
50 and 70 mol% were ribbon-like crystals as shown in FIGURE 2-1-2 (c) and the helical
ribbons were not formed at all (Run No. 4-6). The length and the width of ribbon-like crystals
were almost the same at f of 30, 50 and 70 mol%, and they were averagely 2.7 m and 263
nm, respectively. In the random copolymerization, the crystal habit extinguished usually in the
middle of copolymerization ratio. [10] However, it was interesting that the crystals having
clear habits were formed in the random copolymerization of CAP and ABA. WAXS intensity
50

(a)

(b)

51

(c)

FIGURE 2-1-2 Precipitates prepared at f of (a) 0 mol% (Run No. 1), (b) 5 mol% (Run No. 2)
and (c) 30 mol% (Run No. 4)

52

(a)

Intensity (a.u.)

(b)

(c)

(d)

(e)

10

20

30

40

50

2 (degree)
FIGURE 2-1-3 WAXS intensity profiles of PODB-co-CAP prepared at f of (a) 5 (Run No. 2), (b)
10 (Run No. 3), (c) 30 (Run No. 4), (d) 50 (Run No. 5) and (e) 70 mol% (Run No. 6). Diffraction

peaks marked by (●) and (○) are attributed to orthorhombic unit cell of PODB and PODB-co-POB,
respectively.
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profiles of the precipitates were shown in FIGURE 2-1-3. Although diffuse halo derived from
amorphous parts was seen, four diffraction peaks were observed at 2 of 7.3°
(d-spacing=1.203 nm), 14.9° (d-spacing=0.596 nm), 18.7° (d-spacing=0.474 nm) and 23.4°
(d-spacing=0.380 nm) in the profile of the precipitates prepared at f of 5 mol% (Run No. 2).
These diffraction peaks were indexed by the previously reported orthorhombic unit cell of
PODB. [2] The diffraction peak was also observed at 2 of 28.6° (d-spacing=0.312 nm) and
this diffraction peak was indexed by the previously reported orthorhombic unit cell of
PODB-co-POB. [2] The diffraction peaks derived from PODB-co-POB increased relatively
with the p value and then the diffraction peaks derived from PODB were not detected at f of
70 mol% (Run No. 6). These profiles indicate that the precipitates possessed high
crystallinity.

2-3-2

Polymerization of CAP with the addition of ABA

The results of the random copolymerization revealed that the helical morphology of
PODB crystals disappeared completely by the incorporation of a small amount of the OB
moiety in the oligomers. If ABA would be added during the polymerization of CAP, it is
expect to form the crystals comprised of the helical and the non-helical block. The conditions
of the ABA addition were examined. In the polymerization of CAP, the yield of polymer
precipitates increased until 3 h, and then it became constant. The length of the helical ribbons
of PODB increased correspondingly until 3 h. The degree of the super-saturation of the
oligomers was not enough high for the crystallization after 3 h, and hence ABA was added at
2 h of the polymerization of CAP. The concentrations of added ABA were 0.02, 0.08 and
0.18%. Results of the polymerization were also presented in TABLE 2-2 (Run No. 8-12).
Precipitates were obtained with the yields of 27-30%. The chemical structure of precipitates
was analyzed by FT-IR. The spectra of them were similar to those prepared by random
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TABLE 2-2 Results of the addition of ABA during polymerization of CAP a

Addition condition
Run f b
No. (mol%) Conc.
(%)

a

c
Number Time Yield p
(h) (%) (mol%)
of

Morphology

addition

8

8

0.02

1

4

30

16

Helical ribbon

9

25

0.08

1

4

27

28

HN d, Helical ribbon, Needle

10

44

0.18

1

4

27

31

HN, Helical ribbon, Needle, Ribbon

11

44

0.16

2

6

23

42

HN, Helical ribbon, Needle

12

51

0.24

3

8

27

46

HN, Helical ribbon, Needle

Polymerizations were carried out at 280oC at an initial concentration of 0.5% in DBT.

Molar ratio of ABA in feed

c

Molar ratio of p-oxybenzoyl moiety in precipitates

d

b

HN

Abs. (a.u.)

stands for the crystals comprised of the helical block and the non-helical block.

4000

3000

2000

1500

1000

500

Wavenumber (cm-1)
FIGURE 2-2-1 IR spectrum of PODB-co-POB prepared by the addition of ABA with the concentration
of 0.08% (Run No. 9)

copolymerization as shown in FIGURE 2-2-1, indicating the formation of high molecular
weight polymers. When the concentration of the added ABA was 0.02%, the helical ribbons
were only obtained (Run No. 8). When the concentrations of the added ABA increased to 0.08
and 0.18%, the crystals comprised of the helical and the non-helical block were slightly
formed with the helical ribbons and the needle-like crystals (Run No. 9, 10). However, some
of the ribbon-like crystals existed when the ABA was added with the concentration of 0.18%.
They were similar to those prepared by the random copolymerization, suggesting that the
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nucleation was newly occurred when the ABA was added. This concentration was exceeded
the amount to the compensated oligomers used for crystal growth until adding ABA.
Therefore, the degree of super-saturation increased by adding ABA and then the nucleation
was occurred. The polymerizations were next carried out by the stepwise addition of ABA.
ABA whose concentration was 0.08% was added three times at the interval of 2 h. The
precipitates were the crystals comprised of the helical and the non-helical block as shown in
FIGURE 2-2-2 (Run No. 12). WAXS intensity profiles of the precipitates were shown in
FIGURE 2-2-3. Although diffuse halo derived from amorphous parts was seen, four
diffraction peaks were observed at 2 of 7.4° (d-spacing=1.201 nm), 14.7° (d-spacing=0.604
nm), 18.6° (d-spacing=0.476 nm) and 23.3° (d-spacing=0.381 nm) in the profile of the
precipitates prepared in Run No. 12. These diffraction peaks were indexed by the
orthorhombic unit cell of PODB as aforesaid. The diffraction peak indexed by the
orthorhombic unit cell of PODB-co-POB was also observed at 2 of 28.2° (d-spacing=0.316
nm). Therefore, it is speculated that the non-helical block was comprised of PODB-co-POB
on the helical ribbons comprised of highly crystalline PODB. In order to investigate the
growth feature, the length and the width of the non-helical block and the content of OB
moiety in the non-helical block were plotted as a function of the number of addition in
FIGURE 2-2-4. The width of the non-helical block was constant at 60 nm. The length
increased from 260 nm to 600 nm with the addition of ABA. Correspondingly, the content of
the OB moiety increased with the number of the adddition of ABA. It is conceivable that the
non-helical block was formed by the crystallization of the co-oligomers on the helical block
comprised of the homo-oligomers of CAP.
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helical

non-helical
1 m

FIGURE 2-2-2 Precipitates prepared by the addition of ABA with the concentration of 0.24%

57

Intensity (a.u.)

10

20

30

40

50

2 (degree)
FIGURE 2-2-3 WAXS intensity profiles of PODB-co-CAP prepared by the addition of ABA with
the concentration of 0.24% (Run No. 12). Diffraction peaks marked by (●) and (○) are attributed to
orthorhombic unit cell of PODB and PODB-co-POB, respectively.
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FIGURE 2-2-4 Plots of (●) the length, (▲) the width of non-helical block and (○) the content of
p-oxybenzoyl (OB) moiety in the non-helical block as a function of number of ABA addition
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2-4

CONCLUSION

The helical morphology was extinguished by the copolymerization of a small amount of
ABA. When ABA was added stepwise during the polymerization of CAP, the PODB crystals
comprised of the helical and the non-helical block were formed. It was conceivable that this
switching phenomenon of the helical morphology and the non-helical morphology was
induced by the structural change of the precipitated oligomers by the copolymerization. This
result provides a novel method to control the helical morphology.

2-5
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CHAPTER 3

ONE-POT PREPARATION OF AROMATIC POLY(ESTER-IMIDE) CRYSTALS
BY CRYSTALLIZATION DURING POLYMERIZATION

3-1 INTRODUCTION

Rigid aromatic polymers are attractive candidates for high-performance materials. [1-3]
Morphology of polymers is of great importance to create materials having essential properties
predicted from the molecular structure [4,5] and the ideal morphology must be a
one-dimensional structure such as needles, fibers and ribbons. However, in the case of rigid
aromatic polymers, it is usually difficult to control the morphology, because many of the rigid
aromatic polymers exhibit neither solubility nor fusibility. This intractability makes them
inaccessible. Rigid aromatic polymers are usually synthesized by the step growth
polymerization like polycondensation. Hence, in order to overcome this intractability, the
reaction-induced crystallization of oligomers during solution polymerization was applied to
rigid aromatic polymers. Polymer crystals are built by crystallization of oligomers and the
following polymerization in them. This method is not limited by intractability of polymers at
all, and it is a suitable method for intractable and poorly processable polymers. By using this
method, highly crystalline polymer crystals having unique morphology have been prepared so
far, such as poly(p-oxybenzoyl) whiskers [6-21],
poly(p-oxycinnamoyl)

rod.

[23]

Besides

poly(4-phthalimide) ribbons [22] and
them,

the

fibrillar

crystals

of

poly[4-(4-oxybenzylideneamino)benzoyl] (POAB) have been prepared by the polymerization
of self-condensable 4-(4-acetoxybenzylideneamino)benzoic acid. The fibrillar POAB crystals
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have been also prepared by the one-pot preparation from 4-acetoxybenzaldehyde and
4-aminobenzoic acid (AmBA) with a small amount of ribbon-like crystals. [24] As for rigid
aromatic poly(ester-imide), whiskers of poly[4-(5-oxy-1,3-dioxoisoindolin-2-yl)benzoyl]
(PODB)

were

previously

prepared

by

the

polymerization

of

N-(4-carboxyphenyl)-4-acetoxyphthalimide (CAP) at in aromatic solvents with the
elimination of acetic acids. [25] It was described in chapter 1 that highly crystalline helical
ribbons of PODB were prepared at 280oC at a concentration of 0.5-1.0%. The whiskers and
helical ribbon of PODB crystals possessed high crystallinity and good thermal stability. CAP
is a self-condensable monomer to afford polyester between acetoxy group and carboxyl group
in which the imide moiety is already contained, and it is synthesized from 4-acetoxyphthalic
anhydride (APA) and AmBA. If the CAP will be synthesized during polymerization of APA
and AmBA, the one-pot preparation of the PODB crystals will be provided.
In this chapter, the one-pot preparation of the PODB crystals was examined by the
reaction-induced crystallization during polymerization of APA and AmBA as shown in
SCHEME 3-1.

SCHEME 3-1 Synthesis of PODB from APA and AmBA

3-2 EXPERIMENTAL

3-2-1 Materials

APA was synthesized according to the previously reported procedure. [25] AmBA was
purchased from TCI Co. Ltd. and purified by recrystallization from ethyl acetate.
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Dibenzyltoluene mixture (DBT) was purchased from Matsumura Oil Co. Ltd. and used as a
solvent after vacuum distillation (140-150oC / 0.4 mmHg).

3-2-2 Measurements

Chemical structure of polymer precipitates was measured on a JASCO FT/IR-410
spectrometer. Morphology of polymer precipitates 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. Wide angle X-ray scattering (WAXS)
measurement was conducted on a Rigaku Geigerflex with nickel-filtered CuK radiation (35
kV, 20 mA).

3-2-3

Polymerizations

APA (0.16 g, 0.78 mmol) and DBT (10 mL) were placed into a cylindrical vessel
equipped with gas inlet and outlet tubes and a thermometer. The mixture was heated up to
150oC with stirring under nitrogen atmosphere. AmBA (0.10 g, 0.78 mmol) was added to the
mixture and kept with stirring for 3 h. Then the reaction mixture was heated up to
polymerization temperature without stirring. Concentration of the polymerization, defined as
(calculated polymer weight / solvent volume) × 100 in this study, was 2.0%. The solution
became turbid and then crystals were formed with time. After the polymerization, the crystals
were collected by vacuum filtration at the polymerization temperature to avoid the
precipitation of oligomers during cooling, washed with n-hexane and acetone, and then dried
at 50oC under vacuum for 12 h.
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3-3 RESULTS AND DISCUSSION

The polymerizations were first carried out at 280oC at a concentration of 0.5% for 4h and
12 h in DBT. These conditions were suitable for the preparation of helical ribbons of PEsI
described in chapter 1. Polymerization results were presented in TABLE 3-1. APA and AMBA
were not dissolved in DBT at room temperature, but they were dissolved entirely during
heating. The solution became turbid, and then the polymer precipitates were formed during
polymerization. The yield of the precipitates increased with time, but it was only 7% after 12
h. Many oligomers which could not be precipitated remained in the solution, leading to the
low yield of the precipitates. The polymerization of CAP under these conditions afforded the
helical ribbons as aforesaid, but the precipitates were plate-like crystals and spherical
aggregates of needle-like crystals as shown in FIGURE 3-1 (a). The yield was very low and
TABLE 3-1 Results of polymerization of APA and AmBA a
Heating program
1st step

Run
No.

Temp.
o

2nd step

Time

Temp.
o

Conc. Yield

Time

(%)

(%)

Morphology b

( C)

(h)

( C)

(h)

1

280

4

-

-

0.5

2

SN, Plate

2

280

12

-

-

0.5

7

SN, Plate

3

150

1

280

3

2.0

7

FE

4

150

3

280

2

2.0

11

FE

5

150

3

300

2

2.0

15

FE, Rod

6

150

3

330

2

2.0

10

FE, Rod, Ribbon, SP

7

150

3

350

2

2.0

23

SP

a Polymerizations were carried out in DBT. b SN: Spherical aggregates of needle-like
crystals. FE: Fibrillar crystals with enations on the surface. SP: Spherical aggregates of
plate-like crystals.
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(a)

(b)

64

(c)

(d)

FIGURE 3-1 Precipitates prepared in (a) Run No. 2, (b) Run No. 4, (c) Run. No. 6 and (d) Run No. 7
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the morphology of the precipitates was different from that prepared from CAP. In the
polymerization of APA and AmBA, AmBA was self-condensed to give poly(p-benzamide)
(PBA) with elimination water. [26] In order to avoid this self-polycondensation of AmBA and
to synthesize CAP during polymerization, the reaction of APA and AmBA was examined in
detail. The reaction was carried out at a concentration of 2.0% at 150oC. The concentration
was changed from 0.5 to 2.0%. Higher concentration increased the degree of super-saturation
of oligomers, resulting in the increase in the yield of the precipitates. The precipitation
occurred at 150oC and the precipitates were collected by filtration. The yield of the
precipitates after 1 h and 3 h were 34 and 57%, respectively, and it increased with time. The
FT-IR spectrum of the precipitates was shown in FIGURE 3-2. The ester C=O stretching band
appeared at 1744 cm-1, and the imide C=O stretching bands appeared at 1774 and 1720 cm-1.
The imide C-N stretching band also appeared at 1370 cm-1. Furthermore, the amide C=O
stretching band appeared as a shoulder at 1658 cm-1. The OH and C=O bands of the carboxyl
group characterized as the end group was strongly observed at 3000-3500 and 1689 cm-1,
respectively. These results indicated that the precipitates were low molecular weight
compounds including imide moiety formed by the reaction of anhydride group of APA and
amino group of AmBA, and a few amide linkage formed by the self-condensation of AmBA
1689 cm-1
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FIGURE 3-2 FT-IR spectrum of precipitates prepared from APA and AmBA at 150oC for 3 h
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SCHEME 3-2 Mechanism of reaction of APA and AmBA with two-step heating program
as shown in SCHEME 3-2. Even though the amide linkage was slightly formed, the imide
formation reaction proceeded more rapidly and selectively than the amide formation reaction
owing to the difference in the reactivity of the amino group to the anhydride group and that to
the carboxyl group.
Based on these results, the polymerizations were next carried out by the two-step heating
program as shown in TABLE 3-1. The mixture was heated at 150oC for 1-3 h and then
elevated to 280-350oC for 2-3 h. During polymerization, the precipitation occurred at 150oC
and then the precipitates were dissolved during heating over 150oC. The precipitation
occurred again at the polymerization temperature and the polymer precipitates were gradually
formed. The yield of the precipitates increased to 23% at 350oC. FT-IR spectra of the polymer
precipitates were shown in FIGURE 3-3. The imide bands and the ester band were clearly
observed at 1774, 1720 and 1744 cm-1 respectively, and the carboxyl group was negligible,
indicating the formation of high molecular weight fully imidized PODB. However, the amide
C=O stretching band appeared as a shoulder at 1667 cm-1 in the polymer precipitates (marked
by an arrow). The relative intensity ratio of the imide C=O and the amide C=O increased with
the polymerization temperature. This result reveals that the p-benzamide moiety was
incorporated into the PODB by the self-condensation of AmBA as shown in SCHEME 3-2.
This self-condensation of AmBA broke the stoichiometric balance between the acetoxy group
and the carboxyl group, leading to the termination of the polymerization. Owing to this
termination, the yields of the precipitates were not so high. With respect to the morphology as
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FIGURE 3-3 FT-IR spectra of precipitates prepared in (a) Run No. 2, (b) Run No. 4, (c)
Run No. 5, (d) Run No. 6 and (e) Run No. 7
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shown in FIGURE 3-1, the precipitates prepared at 280oC were fibrillar crystals with enations
on the surface as shown in FIGURE 3-1 (b), and the width and the length of them were
averagely 300 nm and 3 m, respectively. Rod-like crystals were formed as shown in
FIGURE 3-1 (c) with fibrillar crystals with enations on the surface at more than 300oC and
the width of them was averagely 500 nm. A small amount of ribbon-like crystals were also
formed at 330oC. Spherical aggregates of plate-like crystals were also formed at 330 and
350oC as shown in FIGURE 3-1 (d) and the width of them prepared at 350oC was averagely 1
m. At higher temperature, the content of the p-benzamide moiety became higher, and the
plate-like crystals were only formed at 350oC of which the crystal habit was similar to that of
PBA. [26] Due to the strong hydrogen-bonding between the p-benzamide moieties, fibrillar
crystals were hardly formed at 350oC. WAXS intensity profiles of the precipitates were shown
in FIGURE 3-4. Four sharp diffraction peaks marked with solid circles were observed at 2 of
18.9° (d-spacing=0.470 nm), 20.2° (d-spacing=0.439 nm), 22.8° (d-spacing=0.390 nm) and
28.6° (d-spacing=0.312 nm), even though diffuse halo derived from amorphous parts was seen.
These profiles exhibited that the precipitates possessed high crystallinity. These characteristic
diffraction peaks could not be indexed by the previously reported orthorhombic unit cell of
PODB [25], and they were diffractions from the crystal of PBA [26], being identical with the
discussion with the FT-IR analysis. CAP was formed from APA and AmBA in the 1st step of
heating program at 150oC. However, unreacted AmBA existed in the solution and then it
self-condensed in the 2nd step of heating program at 280-350oC. It is speculated that the
sequence of PBA was incorporated in the molecular chains and then the crystals comprised of
p-benzamide moiety were formed, resulting in the appearance of the diffraction peaks
identified as the PBA crystals.
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FIGURE 3-4 WAXS intensity profiles of precipitates of precipitates prepared in (a) Run No.
4, (b) Run No. 5, (c) Run No. 6 and (d) Run No. 7
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3-4 CONCLUSION

Two-step heating program was suitable for the one-pot preparation of the PODB crystals
by means of the reaction-induced crystallization during polymerization of APA and AmBA.
The reaction of APA and AmBA at 150oC, which was much lower than the polymerization
temperature, was of importance to synthesize CAP. Even though the amide moiety was
incorporated, the PODB crystals were formed as precipitates by heating at 150oC and then at
280-350oC. Morphology of PODB depended on the polymerization conditions and fibrillar
crystals, rod-like crystals and ribbon-like crystals were obtained. This result provided a novel
one-pot procedure for the control of the PODB morphology.
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CONCLUDING REMARKS

In nature, polymeric materials were formed by precision condensation reaction and they
possess well-organized structure from primary to high-order structure. Therefore, they exhibit
high performance and excellent functionality. In order to prepare polymeric materials having
high performance and excellent functionality equal to natural polymers, precise control of
polycondensation reaction has been investigated. However, it has not been achieved yet
because the polycondensation is a step-growth reaction governed by the probability. There
remained still unsolved problems in polycondensation to control molecular weight,
composition, sequence regularity, morphology, crystal structure, polymer molecule orientation
and so on. Among them, morphology of polymers with molecule orientation is of importance
to create new high performance materials having essential properties predicted from the
molecular structure. The ideal morphology must be a one-dimensional structure such as
needles, fibers and ribbons. Rigid aromatic polymers are attractive candidates for high
performance materials. However, many of them are infusible and insoluble due to rigid
structures, and many rigid aromatic polymers which are expected to possess excellent
properties cannot be used owing to their poor processability. It had been found that
whisker-like crystals of poly(p-oxybenzoyl), needle-like crystals of poly(p-phenylene
pyromelliteimide) and ribbon-like crystals of poly(4-phthalimide) were successfully prepared
as precipitates in poor solvents by reaction-induced crystallization of oligomers during
polymerization and the further polymerization in the precipitates. These crystals possess high
crystallinity and good thermal stability. Molecular chains aligned along the long axis of the
crystals. This morphology formation by reaction-induced crystallization of oligomers during
polymerization is not limited by intractability of polymers at all, and hence it is suitable
method for intractable and poorly processable polymers like rigid aromatic polymers. Rigid
aromatic poly(ester-imide)s (PEsIs) comprised of the ester and the imide linkages are also one
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of the high performance polymers combining many remarkable properties such as thermal
stability, chemical resistance, mechanical strength, electrical properties, low water absorption
and liquid crystallinity. By using reaction-induced crystallization of oligomers during
polymerization, whisker-like crystals of poly[4-(5-oxy-1,3-dioxoisoindoline-2-yl)benzoyl]
(PODB)

were

previously

prepared

by

the

polymerization

of

N-(4-carboxyphenyl)-4-acetoxyphthalimide (CAP) at 350oC in aromatic solvents. The PODB
crystals possess high crystallinity and good thermal stability. However, the morphology of the
PODB crystals has not been investigated in detail.
In this thesis, the morphology control of PODB was examined by using reaction-induced
crystallization of oligomers during polymerization, and the helical morphology was controlled
by the change of the polymerization condition and the copolymerization, focusing on the
structure of precipitated oligomers. Further, the one-pod preparation is provided for
morphology control of PODB crystals.
In Chapter 1, morphology control of PODB was examined by reaction-induced
crystallization of oligomers during polymerization. Highly crystalline helical ribbons of
PODB were formed by the polymerization of CAP in dibenzyltoluene mixture (DBT) at
280-330oC at a concentration of 0.5-1.0%. To our knowledge, they are the first helical ribbon
of rigid aromatic polymer prepared from achiral monomer. Molecular chains aligned along
the long axis of the helical ribbon. The pitch of the helix increased with polymerization
temperature and it could be controlled from 320 nm to 1.3 m. In contrast to this, the fibrillar
crystals having morphological sequence of the non-helical and the helical block were formed
at higher concentration of 3.0-5.0%. In this polymerization condition, the molecular weight of
precipitated oligomers changed at the initial stage and the middle stage of polymerization
because the concentration of oligomers and CAP in the solution decreased with
polymerization time, and the helical morphology appeared when the tetramer was precipitated.
The polymerization of N-(4-acetoxyphenyl)-4-carboxyphthalimide (ACP) was carried out at
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280oC at a concentration of 0.5% in DBT, which was desirable condition for the helical
ribbons of PODB. However, the aggregates of plate-like crystals were formed and helical
ribbons were not did at all. The tetramers were precipitated to form crystals as well as the
polymerization of CAP at a concentration of 0.5%. The tetramers prepared from CAP formed
the helical ribbons, but they prepared from ACP nevertheless did the plate-like crystals. The
direction of the imide linkage to the ester linkage is different between the tetramer prepared
from CAP and ACP, causing the difference on the dipole along molecular chain. Moreover,
the shape of tetramer is also different between prepared from CAP and ACP, the tetramer
prepared from CAP is a bent-core structure. Even though the true nature of helical
morphology remained unclear, the bent-core structure of the precipitated oligomers might be
probably the origin of the helical morphology via the phase chirality. Further, the switching of
the helical morphology and the non-helical morphology could be performed by changing the
polymerization condition such as the temperature and the concentration during polymerization
of CAP, resulting in the formation of the fibrillar crystals comprised of the helical and the
non-helical block.
In Chapter 2, the copolymerization of CAP and p-acetoxybenzoic acid (ABA) was
examined to change the helical morphology. At first, the influence of copolymerization with
ABA on the helical morphology of PODB was investigated, focusing on the structure of
precipitated oligomers. The needle-like crystals were formed by the random copolymerization
of CAP and ABA in DBT at 280oC at a concentration of 1.0% at the molar ratio of ABA in
feed (f) of 5 and 10 mol%. At thef of 30-70 mol%, the ribbon-like crystals were formed.
The helical morphology disappeared by the random copolymerization with a small amount of
ABA. In the random copolymerization, the crystal habit extinguished usually in the middle of
copolymerization ratio. However, it is interestingly that the crystals prepared by random
copolymerization of CAP and ABA exhibited the clear crystal habit and possess high
crystallinity. Therefore, ABA was added to the polymerization of CAP to change the helical
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morphology to the non-helical morphology. The PODB crystals comprised of the helical and
the non-helical block were formed by the stepwise addition of ABA during the polymerization
of CAP. The non-helical block was formed by the crystallization of the co-oligomers on the
helical block comprised of the homo-oligomers of CAP, and this switching phenomenon of
the helical morphology and the non-helical morphology was induced by the structure change
of the precipitated oligomers by copolymerization. This result provides a novel method to
control of the helical and the non-helical morphology of PODB by copolymerization.
In Chapter 3, the one-pot preparation of PODB crystals was examined by means of
reaction-induced crystallization of oligomers during polymerization of 4-acetoxyphthalic
anhydride (APA) and 4-aminobenzoic acid (AmBA). The precipitates were plate-like crystals
and spherical aggregates of needle-like crystals were obtained at 280oC at a concentration of
0.5%, and the morphology of the precipitates was different from that prepared from CAP at a
concentration of 0.5%. The yield of precipitates was very low because AmBA was
self-condensed to give poly(p-benzamide) and this self-condensation broke the stoichiometric
balance between the acetoxy group and the carboxyl group, leading to the termination of the
polymerization. In order to avoid this self-condensation of AmBA and to synthesize CAP
during polymerization, the polymerization with two-step heating program was carried out.
The temperature was 150oC, which was much lower than the polymerization temperature, in
the first heating program and then it was raised to 280-350oC in the second heating program.
The first heating program was of importance to synthesize CAP. Even though the amide
moiety was incorporated, the PODB crystals were formed as precipitates by the two-step
heating program. Therefore, the two-step heating program is suitable for the formation of
PODB crystals. Morphology of PODB depended on the polymerization conditions and
fibrillar crystals, rod-like crystals and ribbon-like crystals were obtained. This result provided
a novel one-pot procedure for morphology control of the PODB crystals.
The present research provided the novel method to prepare the highly crystalline helical
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ribbons of PODB by means of reaction-induced crystallization of oligomers during
polymerization and to control the helical morphology by changing the temperature and the
concentration during polymerization of CAP, and by the addition of ABA during
polymerization of CAP. Further, the morphology of PODB crystals could be controlled by a
novel one-pod procedure. And further, these results give a possibility for the new
methodology of the morphology control of not only the PEsI but also intractable polymers by
reaction-induced crystallization of oligomers during polymerization.
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