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Aromatic poly(azomethine)s belong to a class of
high performance materials that are known because of
their excellent thermal stability, good mechanical prop-
erties and environmental resistance,1–4 but more partic-
ularly as promising materials with optoelectrical, pho-
tonic and magnetic application.5–8 Numerous types of
aromatic poly(azomethine)s have been synthesized by
the condensation between aromatic dialdehydes and di-
amines. However, their high melting points and low
solubility usually make them inaccessible for process-
ing by conventional techniques. In order to improve
their intractability, several approaches such as the in-
troduction into the main chain of flexible aliphatic seg-
ments, bulky lateral substituents or fluorine groups have
been attempted so far.9–12

We have been studying on the morphology control
of intractable polymers during solution polymerization,
and succeeded in preparing the whiskers of poly(p-
oxybenzoyl) and other aromatic polyesters by polymer-
ization in liquid paraffin (LPF).13–18 These whiskers
are formed by the reaction-induced crystallization of
oligomers during solution polymerization. The poly-
mer chains are aligned along the long axis of the
whiskers and they show single crystal nature. This mor-
phology and the chain alignment are desirable to endow
the essential properties for industrial materials such as
organic reinforcements. The formation mechanism of
these whiskers contains the following three steps: (1)
When the degree of polymerization of the oligomers
exceed a critical value, they are precipitated from the
solution to form lamellae. (2) The lamellae pile up
in the form of needle-like crystals with spiral growth.

(3) Post-polymerization occurs topochemically in the
needle-like crystals, and the whiskers consisting of high
molecular weight extended polymer chains are eventu-
ally formed.14 The preparation method of the whisker
can be recognized as the self-assembling polyconden-
sation accompanied by the reaction-induced crystal-
lization of oligomers, and it is a very valuable method
for the morphology control of intractable polymers to
overcome the antagonistic problem between intractabil-
ity and properties.

In many reports it has been very difficult to obtain
the high molecular weight poly(azomethine) (PAZM).
One of reasons is that aromatic poly(azomethine)s are
precipitated in the solution during polycondensation
because of the low solubility.12 Much effort was de-
voted recently to preparing soluble and fusible aro-
matic poly(azomethine)s in many different ways.19–21

However, the modification of polymer chain structures
sacrifices their essential properties derived from their
straight rigid-rod structures. Precipitation during poly-
merization is of advantage to control the morphol-
ogy by means of the reaction-induced crystallization of
oligomers as described before. In this study, we report
the morphology of PAZM crystals prepared by the self-
assembling polycondensation of 4-aminobenzaldehyde
(ABAH).
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Scheme 1.
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EXPERIMENTAL

Materials
ABAH was synthesized according to the previ-

ous study.22 LPF was purchased from Nacalai Tesque
Co. Ltd and purified by vacuum distillation (220–
240 ◦C/0.3 mmHg).

Polymer Synthesis
Into a cylindrical flask equipped with a mechani-

cal stirrer and a gas inlet tube were placed 0.218 g of
ABAH (1.80 mmol) and 60 mL of LPF. The reaction
mixture was heated up to 200◦C under a slow stream
of nitrogen with stirring. ABAH was completely dis-
solved at 160 ◦C and then the stirring was stopped. Re-
action temperature was maintained at 200◦C for 5 h.
The precipitated crystals were collected by vacuum fil-
tration at 200 ◦C, and washed with n-hexane and ace-
tone.

Characterization
Morphology of the products was observed on SEM

(Hitachi S-2150). The size of the crystal was deter-
mined by the average of over 80 observation values.
Wide angle X-ray scattering (WAXS) was conducted
on a diffractometer (Rigaku 4012K2) with nickel-
filtered CuKα radiation (35 kV, 20 mA). FT-IR mea-
surement was performed on IR spectrometer (JASCO
FT-IR 350). Thermal properties were evaluated by
DSC (PerkinElmer DSC-7) with a scanning rate of
10 ◦C min−1 in nitrogen atmosphere. Thermal stabil-
ity was measured on TGA (PerkinElmer TGA 7) at a
heating rate of 20 ◦C min−1 in nitrogen atmosphere.

RESULTS AND DISCUSSION

Polymerizations were carried out in LPF at 200◦C
with varying the polymerization concentration of
ABAH from 0.02 to 0.05 mol L−1. The polymeriza-
tion results are summarized in Table I. ABAH was not
dissolved into LPF at room temperature, but dissolved
at 160 ◦C on heating. When the polymerization was

Table I. Results of polymerizationa

Concentration ttb Yield
Morphology

Size of Cone-shaped crystals
(mol L−1) (min) (%) Length (µm) σc(µm)

0.02 5 2.0 —d — —
0.03 5 33.1 cone-shaped 0.45 0.07
0.04 4 29.4 cone-shaped 0.59 0.07
0.05 4 28.6 cone-shaped, not clear 0.63 0.12

aPolymerizations were carried out at 200 ◦C for 5 h. bTime when solution be-
comes turbid. cStandard deviation. dNot measured.

carried out at 0.02 mol L−1, the crystal was scarcely
precipitated. In contrast to this, when the polymer-
ization was carried out at higher concentration than
0.03 mol L−1, the solution became turbid after 5 min
at 200 ◦C due to the crystallization of oligomers and
the dark yellow crystals were obtained after 5 h with
the yield of ca. 30%. The oligomers were not left in
the solution after 5 h. ABAH was vigorously sub-
limed at the beginning of the polymerization, and
then the sublimation was stopped after 10 min because
ABAH was changed into the oligomers by the reac-
tion. Hence, the low yield of the crystals is due to the
sublimation of ABAH. In generally, aromatic rigid-rod
poly(azomethine)s are dissolved into only concentrated
sulfuric acid.1, 2 However, the obtained crystals were in-
soluble even in concentrated sulfuric acid, and therefore
the chemical structure of the crystals could not be ana-
lyzed by NMR. This insolubility must be derived from
the high crystallinity. FT-IR was measured to confirm
the formation of PAZM. N–H of amino groups at 3420–
3250 cm−1 and C=O of formyl groups at 1662 cm−1 in
ABAH decreased significantly, and N=CH of azome-
thine groups appeared newly at 1617 cm−1 in the spec-
trum of the crystals. This result confirms the forma-
tion of PAZM in the form of the crystals. Figure 1
shows the representative morphology of the crystals.
The crystals prepared for 5 h are the star-like aggre-
gates of the cone-shaped crystals, of which the average
length is 0.5–0.6 µm and tip angle is ca. 30◦. The aver-
age length increases with the concentration. But it tends
to be saturated at higher concentration, and the distribu-
tion of the length becomes broader with the concentra-
tion. Additionally, the crystals prepared at 0.05 mol L−1

are contaminated by the products exhibiting unclear
morphology. The concentration of 0.05 mol L−1 is too
high to obtain the crystals having clear habit. Figure 2
shows the WAXS profiles of the crystals prepared at
0.04 mol L−1 for different polymerization time. The
broad and low-intense halo attributed to the amorphous
region is hardly observed in the profile of the crystals
prepared for 5 h. The only one sharp Bragg-type re-
flection peak is observed at 2 θ of 22.5◦. This diffrac-
tion may correspond to the distance between the poly-
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mer chains, and it indicates that the crystalline struc-
ture may be described by a pseudohexagonal unit cell.
The crystals possess extremely high crystallinity. Ther-
mal stability of these crystals was measured on TGA
in nitrogen atmosphere. 5 wt% loss temperatures of the
crystals obtained at 0.03 and 0.04 mol L−1 are 494 ◦C
and 510 ◦C, respectively. These crystals did not show
the melting behavior under decomposition temperature
measured on DSC. PAZM crystals obtained here are in
the highest class of thermally stable polymers.

Figure 1. PAZM crystals prepared at 0.04 mol L−1 for (a) 5 h
and (b) 15 min.
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Figure 3. Plots of (a) yield and length, and (b) absorbance ratio of N=CH and C=O of the crystals prepared at 0.04 mol L−1 as a function
of polymerization time.

The changes in the yield, the morphology and the
length of the crystals are examined during the polymer-
ization to clarify the growth feature of the star-like ag-
gregates of the cone-shaped crystals. Polymerization
concentration was fixed at 0.04 mol L−1. The results are
plotted in Figure 3. The length of the cone-shaped crys-
tals increases with the yield, and they become constant
after 3 h. This good agreement between the length and
the yield implies that the crystals are grown by the con-
secutive supply of the oligomers from the solution. The
incipient precipitates obtained for 15 min exhibit many
protuberances on their surfaces of which the length is
0.1–0.2 µm, as shown in Figure 1. The WAXS pro-
files of these crystals shown in Figure 2 reveal that the
crystals prepared at the initial stage of polymerization

θ 

Figure 2. WAXS profile of the crystals prepared at
0.04 mol L−1 for 30 min, 60 min, 180 min, and 300 min.
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Figure 4. Distribution diagrams of length of cone-shaped crystals prepared at 0.04 mol L−1 for (a) 15 min, (b) 60 min, and (c) 300 min.

possess crystallinity as high as that prepared for 5 h.
This indicates that they are grown by the crystallization
of oligomers with maintaining high crystallinity. The
growth feature of the cone-shaped crystals is different
from that of the spherulites with fibrous substructures
as observed for other polymers.23 Figure 4 illustrates
the distribution diagrams of the length. The distribution
becomes broader with time, but it keeps unimordality.
This change in the distribution suggests that once the
nucleation occurs, the oligomer precipitated after nu-
cleation are only used to grow the crystals due to the
advantage of surface energy for crystallization.

As described before, these crystals are insoluble into
organic solvents, and therefore molecular weight can-
not be directly determined by the conventional methods
such as GPC, NMR, and viscosity measurement. FT-IR
was measured to get the information about the change
in molecular weight during polymerization. The ab-
sorbance ratio of N=CH of azomethine group and C=O
of formyl group is plotted as a function of polymeriza-
tion time, as shown in Figure 3. The ratio increases
with time, and this indicates the increment of molecu-
lar weight during the crystal growth. Interestingly the
ratio increases continuously after 3 h when the yield of
the crystals is leveled off, and this reveals that the solid-
state polymerization occurs between the oligomers in

the crystals.
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