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ABSTRACT: Fabrication of poly(p-oxybenzoyl) (POB) nanowhiskers was examined by using reaction-induced

crystallization of oligomers during the polymerization of p-acetoxybenzoic acid in liquid paraffin. Width of the POB

whiskers was susceptible to polymerization temperature and it was efficiently controlled by a change in temperature

during the polymerization. Increase in polymerization temperature just after nucleation (Han) reduced the degree of

super saturation of oligomers (�) resulting in the depression of the width increase by the crystallization of oligomers

on side surface of the whiskers. Temperature drop just before nucleation (Cbn) enhanced the value of � resulting in the

generation of much more nuclei having the smaller width. On the basis of these results, the combination of these two

methods Han and Cbn afforded the whiskers having the smallest width, and the POB nanowhiskers were prepared of

which the width and the length were 190 nm and 18.6 mm, respectively. [DOI 10.1295/polymj.37.906]
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One-dimensional nanoscale materials such as nano-
whiskers, nanofibers, nanotubes and nanobelts are at-
tracting attention because of their intriguing chemical
and physical properties, and actively studied to create
novel devices.1–3 Among them, nanowhiskers of in-
organic compounds are recently developed for elec-
tronic/optoelectronic devices and sensors.4,5 Polymer
nanowhiskers and nanofibers have also been received
much attention as very interesting one-dimensional
materials.6–8 The polymer nanofibers are usually fab-
ricated by the polymer nano-processing technologies
represented by electrospinning9–15 or the self-assem-
bling of polymer molecules.16–18 Template syntheses
have been developed involving the introduction of
the materials within channels of templates.19–25 In
contrast to this, the fabrication of polymer nanowhisk-
ers is more difficult, and to our knowledge C60 whisk-
er is the only nanowhisker prepared by a liquid–liquid
interfacial precipitation under light illumination.26

Rigid-rod aromatic polymers are characterized by
the unique combination of thermal and mechanical
properties, which makes them useful candidates for
high performance materials.27 Although the nano-
whiskers and nanofibers of rigid aromatic polymers
have a bright prospect of valuable industrial materials,
they show usually neither solubility nor feasibility and
hence it is difficult to process them by the previous
fabrication procedures. The fabrication method of
them has not been reported so far.
Poly(p-oxybenzoyl) (POB) which is a wholly aro-

matic polyester possesses the aforesaid antagonistic
problem between properties and processability. In or-
der to overcome this problem, we have been studying

the morphology control of POB by using crystalliza-
tion of oligomers during polymerization, and succeed-
ed in obtaining POB whiskers by the polymerization
of p-acetoxybenzoic acid (ABA) in liquid paraffin
(LPF) with the elimination of acetic acid without stir-
ring.28 The POB whisker was a microscale single
crystal in which the extended polymer chains were
aligned along the long axis of the whiskers. This prep-
aration technique stipulated a useful method for mor-
phology control of intractable polymers and many
other polymer whiskers have been prepared.29–37

Length control of the whiskers was of great impor-
tance in industrial application and the method to
lengthen the POB whiskers was developed by the con-
tinuous addition of oligomers.38 If width of the POB
whiskers can be controlled and shortened to nano-
scale, it will provide a new methodology for fabrica-
tion of nanowhiskers of intractable rigid polymers.
This article examines the influence of the polymer-

ization temperature on the size of the POB whiskers,
in particular the width, and describes the new finding
on fabrication of the POB nanowhiskers.

EXPERIMENTAL

Materials
ABA was purchased from Tokyo Kasei Co. Ltd. and

purified by recrystallization from ethyl acetate. LPF
was purchased from Nacalai Tesque Co. Ltd. and puri-
fied by vacuum distillation (220–240 �C/0.2 mmHg).

Polymerization Method
The polymerization methods in which the tempera-
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ture was dropped down to lower temperature just be-
fore and after the solution became turbid due to the
nucleation were named as ‘‘Cooling before nucleation
(Cbn)’’ and ‘‘Cooling after nucleation (Can),’’ respec-
tively. On the other hand, the polymerization method
in which the temperature was jumped up to higher
temperature just after the solution became turbid
was named as ‘‘Heating after nucleation (Han).’’ The
heating rate was 5 �C�min�1 and the cooling rate
was 2 �C�min�1. The polymerization method in which
the polymerization temperature was constantly kept
was abbreviated as ‘‘Const.’’ The temperature pro-
files of these methods are presented in Figure 1. �T

describes the value of temperature change as shown
in Figure 1. The monomer concentration was 1.5%.
The polymerization procedure by the combination of
Cbn and Han was typically described as follows.

Preparation of Whiskers by Cbn and Han (T ¼ 320
�C, �Tbn ¼ �60 �C, �Tan ¼ þ90 �C). ABA (0.9 g,
5.0mmol) and 60mL of LPF were placed into a cylin-
drical polymerization reactor equipped with a ther-
mometer, a mechanical stirrer, and gas inlet and outlet
tubes. This reaction mixture was heated with stirring.
When ABA was entirely dissolved, the stirring was
stopped. Then the mixture was heated up to 320 �C
and maintained at this temperature under a slow
stream of nitrogen. After one minute, the reaction so-
lution was allowed to cool at 260 �C with the rate of
2 �C�min�1. The solution became turbid after 5min at
260 �C due to the nucleation and then the reaction
temperature was raised to 350 �C with the rate of 5
�C�min�1. The reaction was continued at 350 �C for
6 h. The whiskers were collected by filtration at 350 �C
in the nitrogen atmosphere, washed several times with
n-hexane and acetone, and then dried in a vacuum
oven at 50 �C for overnight. The whiskers were ob-
tained with the yield of 42%. FT-IR (KBr) (cm�1):
3074, 2923, 1739, 1597, 1508, 1415, 1255, 1199,
1155, 1049, 1011, 885, 758, 673. Anal. Calcd for
C7H4O2: C, 70.00; H, 3.36. Found: C, 70.21; H, 3.19.

Measurements
Morphological observation was performed by a

Hitachi S-2150 scanning electron microscopy. Sam-
ples for the observation were dried, sputtered with
gold and observed at 20 kV. Average shape parame-
ters of the whiskers were determined by taking the
average of over 80 observation values. The POB
whiskers exhibited hexagonal cross section. From
the shape parameters obtained, the number of the
whiskers (N) was estimated by using the following
equation.

V ¼ ð
ffiffiffi

3
p

=8ÞW2ðLþ 2lÞ
N ¼ Y=�V ¼ 8Y=f

ffiffiffi

3
p

�W2ð3L� 2W= tanð�=2Þg
Trunk length (l)

Length (L)

Width (W)

Tip angle (θ)

Whisker

where V: the volume of the whisker, W: width of whiskers, L: length of whiskers, l: trunk length of whiskers, �: tip
angle of whiskers, Y: yield of whiskers, �: density of whiskers.

� of the whiskers was 1.52 g cm�3 measured by the
floatation method using bromoform and toluene at
25 �C.

RESULTS AND DISCUSSION

Concept for Width Control of POB Whiskers
The width control in the present study is conceptu-

ally simple. As previously reported,28,39 the oligomers
are formed in the solution by the condensation reac-
tion of ABA with eliminating acetic acids. LPF is a
poor solvent to POB, and therefore the oligomers
are precipitated through the super-saturated state
when the degree of polymerization exceeds critical
value of 8. The resulting oligomers are crystallized
in the form of lamellae and the lamellae stack up to
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Figure 1. Polymerization temperature profiles.
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the long axis of the whisker with spiral growth caused
by the screw dislocation. The whiskers are finally ac-
complished with the increase in the degree of poly-
merization by solid-state polymerization in the crys-
tals. This formation mechanism of the whiskers is
the nucleation and growth mechanism. In order to fab-
ricate the POB nanowhiskers, two approaches are con-
sidered, which are the control of the nucleation proc-
ess and the control of the growth process.
With respect to the control of the nucleation proc-

ess, it is well known that critical radius of nucleus
(r�) and nucleation rate (J) depend on the degree of

super saturation (�) as follows.40,41

�� ¼ kT lnð1þ �Þ � ¼ ðC � CeÞ=Ce
r� ¼ 2v�=��

J ¼ vþq expð�16��3v2=3��2kTÞ

where �: chemical potential, �: degree of super
saturation, C: concentration of solute, Ce: equi-
librium concentration, r�: critical radius of nu-
cleus, v: volume of molecule, �: density of sur-
face energy, J: nucleation rate, vþ: rate of crys-
tallization of one molecule into critical nucleus,
q: density of free molecule.
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Figure 2. Plots of (a) average length, (b) width and (c) number of POB whiskers (N) prepared in Run No. 1 ( ) and 2 ( ) as a function

of time.

Table I. Results of polymerization

Run
Polymerization conditions Polymer Whisker sized

Ne

No. Methoda
Ti

b

(�C)
�Tbn

c

(�C)
�Tan

c

(�C)

yield
(%)

Length
(mm)

Width
(nm)

Tip angle
(degree)

(108 mL�1)

1 Const 320 0 0 40 17.6 (24%) 730 (25%) 12 4.4

2 Han 320 0 þ30 33 21.4 (22%) 500 (33%) 8 5.6

3 Can 320 0 �30 24 13.2 (38%) 1150 (51%) —f —f

4 Cbn 320 �60 0 31 8.8 (21%) 270 (45%) 9 50

5 Const 260 0 0 18 5.9 (22%) 440 (32%) —f —f

6 Cbn & Han 320 �60 þ60 36 16.0 (23%) 220 (40%) 7 46

7 Cbn & Han 320 �60 þ90 42 18.6 (26%) 190 (36%) 6 55

aConst: Temperature kept constant at Ti. Cbn: Cooling before nucleation. Han: Heating after nucleation. bInitial polymeriza-

tion temperature. c�Tbn and �Tan are described in Figure 1. dNumbers in parenthesis are coefficients of variation (cv). eNumber

of whiskers. fnot measured and calculated because the whiskers were fibrillated.

K. KIMURA et al.

908 Polym. J., Vol. 37, No. 12, 2005



When the value of � increases, �� which is a driving
force for nucleation becomes larger. This larger ��
leads to smaller r� and larger J meaning that the much
more nuclei having the smaller radius are formed. The
value of � is determined by the miscibility between
oligomer and solvent, and several parameters influ-
ence the miscibility such as the solvent property, tem-
perature and so on. The influence of the solvent prop-
erty on the size of the POB whiskers was clarified that
the poorer solvent made the width smaller.29,42 LPF
was a suitable solvent for the fabrication of the POB
nanowhiskers. �� is a function of � which is highly
correlated with the degree of supercooling in this
polymerization. Self-nucleation or self-seeding is well
known procedure to control the nucleation from the
polymer solution, describing nucleation of a polymer
melt or solution by its own crystals grown previous-
ly.43 On the basis of this consideration, the tempera-
ture drop just before the nucleation (Cbn) is likely
to be workable to increase the value of �.
With respect to the control of the growth process,

previous study reveals that the step at the spiral
growth is energetically favorable for the crystalliza-
tion of oligomers compared with the crystallization
on the side surface of the whiskers due to the advant-
age of the surface energy, and the oligomers are pre-
dominantly crystallized on the spiral growth step lead-
ing to the increase in the length.39 However, the
oligomers start to crystallize on the side surface lead-
ing to the increase in the width when the value of � is
quite high. It is necessary to keep the value of � in the
suitable range for the depression of the width increase.
On the basis of this discussion, the temperature in-
crease just after the nucleation (Han) is likely to be
workable to keep the value of �.

Control of Growth Process and Nucleation Process
Firstly, the changes in the average length and width

of the POB whiskers were examined in the course of
polymerization at 320 �C (Run No. 1). The results
were shown in Figures 2, 3 and Table I. The length
increased rapidly up to 80min and then gradually to
180min. The length was finally 17.6 mm after 6 h.
The width of the whiskers also increased slightly up
to 60min and afterward it became constant at
730 nm. It is understandable that the value of � of
the oligomer is quite high at the initial stage of poly-
merization and this high value of � results in the in-
crease in not only the length but also the width. The
polymerization temperature was raised up from 320
to 350 �C just after the nucleation (Run No. 2) to de-
press the crystallization of oligomers on the side sur-
face. The values of coefficient of variation (cv) of the
length and the width of Run No. 2 were 22 and 33%,
respectively. These values were almost the same as

those of Run No. 1. The changes in the length, width
and the numbers of the whiskers (N) prepared in Run
No. 2 were examined in the course of the polymeriza-
tion. The results were also plotted in Figure 2, and the
distribution diagrams of the length and the width were
presented in Figure 4. The length increased with time
having unimodal distribution, whereas the width was
constant at 500 nm maintaining unimodal distribution
during polymerization. The initial increase in the
width was not observed. The value of N was also con-
stant at ca 5� 108 mL�1 through the polymerization.
The nuclei were not extinguished by the Ostwald rip-
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Figure 3. Morphology of POB whiskers prepared in (a) Run

No. 1, (b) Run No. 3 and (c) Run No. 7.
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ening type dissolution and also they were not newly
generated in this polymerization. The nuclei served
as the whiskers were formed at the same time and
the oligomers precipitated after the nucleation were
consumed only for the crystal growth even in this
Han process. The value of N after 6 h in Run No. 2
was almost the same as that of Run No. 1 and the de-
crease in the width of Run No. 2 can be mainly attrib-
uted to the depression of the crystallization on the side
surface due to the decrease in � by the increase in the
polymerization temperature. In contrast to Run No. 2,
the average width was 1.15 mm when the polymeriza-
tion temperature was changed from 320 to 290 �C
after the solution became turbid (Run No. 3). The
whiskers obtained in Run No. 3 tended to be fibrillated
as shown in Figure 3. The temperature drop after the
nucleation enhanced the value of � leading to the

increase in the width. The increase in the width during
polymerization was depressed by means of the tem-
perature increase after the nucleation.
The polymerization temperature was dropped down

from 320 to 260 �C just before the solution became
turbid to enhance the value of � leading to the de-
crease in the critical radius of nucleus (Run No. 4).
The results are also presented in Table I. The width
of the POB whiskers prepared for 6 h was 270 nm.
The widths of the whiskers prepared at 320 �C (Run
No. 1) and 260 �C (Run No. 5) are 730 and 440 nm,
respectively. Although the value of cv of the width
of Run No. 4 is slightly larger, the average width
was much smaller. The value of N of Run No. 4
was 50� 108mL�1 and this is one order magnitude
over that of Run No. 1. This larger value of N clearly
indicates the increase in the value of �. It is clear that
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Figure 4. Distribution diagrams of (a) length and (b) width of whiskers prepared for various times in Run No. 2.
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the temperature drop before the nucleation is more ef-
fective to enhance the value of � for the nucleation
compared with that of the polymerization at 260 �C.
The above discussion suggests that the most effec-

tive temperature profile to lower the width is the com-
bination of Cbn and Han. The temperature was drop-
ped down from 320 to 260 �C before the nucleation,
heated up to 320 �C after the nucleation and then kept
at 320 �C for 6 h (Run No. 6). The POB whiskers of
which the width was 220 nm and the length was
16.0 mm were obtained with the yield of 36%. The val-
ue of N in Run No. 6 was 46� 108 mL�1 which was
in good agreement with that of Run No. 4. In order to
depress the increase in the width completely, the tem-
perature was dropped down from 320 to 260 �C before
the nucleation and then jumped up to 350 �C after the
nucleation (Run No. 7). The width and the length
of the obtained whisker were 190 nm and 18.6 mm,
respectively as shown in Figure 3. In Figure 5 were
shown the distribution diagrams of the length and
the width of the whiskers prepared in Run No. 4, 6
and 7. They exhibited the unimodal distribution with
the similar cv values. The length became longer and
the width became smaller with the increase in �Tan.
The value of N in Run No. 7 was comparable to those
in Run No. 4 and 6, which was determined by �Tbn.
The obtained whiskers were very symmetrical and
the aspect ratio was 98.

CONCLUSIONS

The width of the POB whiskers was very suscepti-
ble to the polymerization temperature and the change
in the polymerization temperature was very efficient
to control the width. Han reduced the value of � re-
sulting in the depression of the increase in the width
by the crystallization of oligomers on the side surface
of the whiskers. Cbn enhanced the value of � resulting
in the generation of much more nuclei having smaller
width. The combination of these two methods Han
and Cbn afforded the whiskers having the smallest
width, and the POB nanowhiskers of which the width
and the length were 190 nm and 18.6 mm were pre-
pared. The width control method by using temperature
jump is surly the fundamental technology to fabricate
the nanofibers of the intractable polymers.
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