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INTRODUCTION

Precise control of polycondensation is of academic and indusfrial importance to create new polymer materials.
Many attractive reactions have been recently developed. such as synthesis of sequence-defined polymers’,
condensative chain polymerization”. solid-state polycondensation’. nucleation-elongation polymerization®, and
fractional polycondensation®’. Fractional polycondensation may be defined as a polymerization in which certain
monomers are selectively incorporated nto the HOCO0, . COH

copolymerization system. Copolymers rich in a mﬁﬁcﬁa@gw RS Ub

p-oxybenzoyl moiety were synthesized from the = p-Acetoxybenzoic acid m-Acetoxybenzoic acid

copolymerization of p-acetoxybenzoic acid Qymﬁ, \ A

{p-ABA) and m-acetoxybenzoic acid (m-ABA) R ’§0%7” ,', * {7(0@%} f{fO\@/Eﬂ
by using selective crystallization of oligomers precipitated POBC:,};?;}E \ - "
during polymerization as depicted in Scheme. Scheme Copolymerization of p-ABA with m-ABA

Numerous studies have been reported on phase separation of polymer solution under shear flow from the
1960s. Many researchers were particularly attracted by the long string-like structures of flexible polymers, called
the “shish-kebab” structure, obtained from the stitred solution®™’. It had been pointed out that the molecular
otientation was induced by shear flow, and it was crucial for formation of the fibrous crystals". With respect to
rigid-rod polymers, studies on shear-induced polymer chain orientation and morphology have been done on
poly(ether ether ketone)” and liquid crystalline polymers'. Rigid-rod polymers easily align with the shear flow
direction depending on the axial aspect ratio. Polymer molecules elongated by the shear flow coagulated easily to
form the nuclei due to the entropic advantage. and then polymer molecules aligned by the shear flow crystallized
effectively to form the crystals™®.

Orientation of the molecules plays an important role for the reaction rate in solution polyinerization as well.
Previous kinetic studies for solution polymerization of rigid-rod polymers showed that the rate constant decreased
by an order of magnitude after an initial period. and the molecular weight increased very slowly with time™*°.
The decrease in the reaction rate was attributed to rotational diffusion limitations when the molecules became
long enough™ ", In the semidilute solution, the rofational diffusivity decreased sharply with molecular length, and
the rate of generation of molecular pairs. which satisfied the criteria for reaction, became very slow.

These previous studies imply that the selectivity of the p-oxybenzoyvl moiety prepared by fractional
polycondensation is likely influenced by shear flow. and the composition of aromatic copolymers can be
consequently controlled by hydrodynamically induced phase separation. In this study, we examined the mfluence
of shear flow on the selective preparation of poly(p-oxybenzoyl) (POB) and the composition control of
copolymers in the polvinerization of p-ABA and m-ABA by means of controlling shear flow.

EXPERIMENTAL

Materials

The p-ABA and m-ABA were purchased from TCI Co. Lid. and Aldrich Co. Ltd.. respectively. They were
purified by recrystallization from ethyl acetate. Liquid paraffin (LPF) was purchased from Nacalai Tesque. Co.
Lid., and purified by vacuum distillation (220-240°C/0.3 mmHg). Phenyl 4-[4-(benzoyloxy)benzoyloxyl-
benzoate (PPPP) and phenyld-[3-(benzoyloxy)benzoyloxylbenzoate (PMPP) were synthesized as oligomer

model compounds according to the previous procedures™®".
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Meastuvements

Morphology of the polymer crystals was observed on a Hitachi S-3500N scanning electron microscope (SEM).
Samples for SEM observation were dried, sputtered with gold, and observed at 20 kV. Infrared (IR) spectra were
measired on a JASCO FT/IR-410 spectrometer. A wide-angle X-ray scattering (WAXS) pattern was measured
on a Rigaku Gaiger Flex with nickel-filtered Cu Ko, radiation (35 KV, 20 mA). NMR spectra were recorded on a
JEOL AL300 SC-NMR at 300 MHz ('H).

Pohmerization :

Typical polymerization method under shear flow is as follows. p-ABA (0.45g, 2.5 muol), m-ABA(D.45g, 2.5
mmol) and LPF (60 mL) where y,was 50 mol% were placed into a cylindrical vessel equipped with a
mechanical stirrer and a gas inlet tube. The stir bar was a rod type. of which the diameter was 2.8 cm and the
clearance between the inner wall of the cylindrical vessel and stir bar was 0.3 cm. The reaction mixture was
heated vnder a slow stream of nitrogen up to 330°C with stirring speed of 1000 rpm. The temperature was
maintained at 330°C for 6 h. The precipitates were collected by vacuum filtration at 330°C and washed with
n-hexane and acetone.

Determination of the Content of m-Oxybenzoy! Moiety in Precipitates
A polymer sample (10 mg} and 1mL of 0.7 wt % KOH in methanol solution were placed in a test tube and kept at
25°C for 24 huntil the sample was completely hydrolyzed. The solution was neutralized with dilute hydrochloric
acid and then analyzed by using a Shimadzu GC-14B gas clwomatograph with FID equipped with a
Thermon-3000 (60-80 mesh) packed column. The content of m-oxybenzoly moiety was calculated as the molar
ratio of p-hydroxybenzoic acid and rm-hydroxybenzoic acid. The values of y-and y, were calculated as follows:

%, (mol %) = [m-oxybenzoyl moiety] / {[p-oxybenzoyl moiety] + [m-oxybenzoyl moiety]}
where ¥, and y, stand for the content of m-ABA in feed and that of m-oxybenzoyl moiety in the precipitate,
respectively.

Kinetic Study

The p-ABA and m-ABA (0.90 g, 5.00 nunol) and LPF (60 mL) were placed info a cylindrical vessel equipped
with a gas inlet and outlet tubes and a mechanical stirer, which was the same apparatus used for the
polymerization. The mixture was heated in an oil bath to 330°C with stiring under a slow stream of nitrogen.
Acetic acid produced by the polymerization was trapped in the water. The amount of acetic acid produced. at a
given time, was defermined by titration with 0.1 M NaOH. The reactions obeyed second-order kinetics. The rate
constants (k») were estimated from a extent of reaction plot (p) of evolved acetic acid as a function of
polymerization time.

Preparation of Concentration-Temperature Phase Diagrams of Oligimer Model Compounds

Oligomer model compound PPPP and LPF were put into a cylindrical vessel equipped with a mechanical stirrer
at different concentrations. They were placed ito an oil bath and heated until the oligomer model was entirely
dissolved with stiring. Then temperature was gradually lowered at a cooling rate of 5°C/h under stirnng with a
rod-type bar. The cloud point temperature was determined to prepare concentration—temperature phase diagrams.

RESULTS AND DISCUSSION

Polymerizations of p-ABA or m-ABA were carried out at 330°C in LPF for 6 h at 1.0% concentration. In this
study, the polymerization concentration was described as the ratio of the theoretical polymer weight and the
solvent volume. The reaction solution was stirred at speed of 300 and 1000 rpim, corresponding to shear rate (y) of
147 and 498 s, Both p-ABA and m-ABA were not insoluble in LPF at room temperature, but they dissolved
during reaction at heating up to 330°C. The solution became turbid within 20 min after the temperature reached
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330°C due to the precipitation of oligomers followed by polymer precipitation after 6 b,

The shear flow and y significantly influenced the morphology of the precipitated polymers as shown in
Figure 1. The needlelike crystals were formed even by the copolymerization without shearing, when y,was up to
30 mol %", Although the fibrillated needlelike crystals were formed in the polymerization of p-ABA at y of 147
s'. lathlike crystals or precipitates showing unclear morphology were observed under shear flow.

(b

Figure 1. Morphology of the precipitated polviners prepared for 6 h: (a

#7= 0 mol
s, (¢) 7= 50 mol %.7 =489 5. (d) 7= 50 mol %. 7 =147 5.

The precipitated polymers did not uniformly cover the surface of @
the stir bar or the inner wall of the cylindrical reaction vessel. The
deposition preferentially occurred at specific places. and the ¢
concentric rotating rings of the precipitated polymers appeared |
periodically as shown in Figure 2. The appearance of striations
ndicates the secondary flow pattemn present in the stirved solution.
which are generated by Taylor vortices i the solution. The
polymers deposited on the sites on the stirring bar and the vessel [
wall where the two vortices collide. This means that the striations §
from two Taylor vortices rotating in opposite directions settled at
the same Place on }‘he stnrmg t?ar and inner veSSt?l wall The Figure 2. Photographs of (a) a reaction vessel and
purely laminar flow in the cylindrical vessel at low stirring speeds 1", stirving bar showing preferential deposition
changed the Taylor vortices. bringing about a huge concentiation of polymer crystals polymerized for 6 h at 7 of
of oligomers along the circular flow. Taylor vortices prevent the 4895,

crystal growth. leading to the damage of the morphology of the precipitates.

WAXS intensity profiles of the precipitates prepared under various conditions are shown in Figure 3. The
diffraction peaks of POB prepared at 489 s were quite sharp and assigned according to the POB crystal unit
cell™, With the increase in yy. the diffraction peaks attributed to the POB crystal became broader and relative
intensity of the broad halo from the amorphous region increased. It is well-known that the copolymerized moiety
lowers the crystallinity due to the iregular sequence. The crystallinity was also influenced by shear flow, and it
became lower with the increase of y. The precipitated polymers prepared polymers prepared at y,of 50 mol %
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and y of 489 s were almost amorphous.

These precipitates were insoluble in solvents, and .3‘11@1‘
thereby polymer structures could not be investigated by
'H and “C NMR. They were confimed by IR
spectroscopy. Figure 4 shows IR spectra of the precipitates
prepared under various conditions. In all spectra, a @)
carbonyl band from the ester linkage appeared at 1739
e, and the characteristic bands from the carboxyl group
and acetoxy group in monomers completely disappeared.
These results confirm the formation of a high molecular
weight polyester. The bands comesponding to the @
1.3-phenylene moiety were observed at 1485 and 1415
e’ in the spectra of the precipitates prepared at 7, of 20 ©
and 50 mol %. The intensity of these bands increases with

(2003, (103
X

004).210)

Intensity (a.u.)

i i 3 i

7z and the m-oxybenzoyl molety is slightly 5 10 20 30 40 50
copolymerized. 26(degree)
The yields and y, of the precipitated polymers are  Figure 3. WAXS intensity profiles of the precipitates

polymerized for 6 : (a) 1,0 mol %, =489 5™; (b) 3,=2¢
ol %, 7 =489 5™ (c) =20 mol %, =147 5™ (d) 1,=5¢
mol %, 7 =489 5 and (e) 1r=50mol%, 1 =147 st

plotted as a function of ¥, as shown in Figure 5. The
polymers were obtained as precipitates at ¥, of 0-30
mol % with the vield of 39.0-44.5% without shear flow.

The polymerization at y,0f 40 mol % did not afford any oy
precipitates. Aty of 147 s the polymers were precipitated f ‘;{!i! f%%

at 7, of 0-50 mol % with the vield of 26.3-40.2%, At @ % f\ | i ﬁ 5
higher y of 489 5™ the polymers were formed at y;0f 0-50 . | 3 E&j% }Lg ! “\j?\j‘}d
mol % with the yield of 29.1-37.0%. Precipitation did not e e EEVE -
occur at 7rof 60 mol % at v of 147 and 489 5. The vield % ? "i 215 511{!;

of the precipitated polymers is inclined fo become lower ® 5\,& g %’% ;Uf Y g‘xf\v fi,
with the increase in y. With respect to y,. those prepared at g e v VU » N !ﬂ"@l
%0f 20 and 30 mol % were 5.3 and 12.3 mol % without 3 ﬁ il i

shear flow. At yof 14757 the values of y, of he 3| @ 31\ Y w 5
precipitates prepared at y, of 20, 40. and 50 mol % were '§ e UVU ! ‘»WVMM
3.1,13.3, and 31.6 mol %, respectively. At higher y of 489 < i My

s the values of ¥ of the precipitates prepared at y-of 20, @ ii l f I %i !

40, and 50 mol % were 23, 89, and 10.8 mol % Al m A ""'»\‘j%%
respectively. The critical y,to induce the precipitation wﬂwﬂ“‘ww‘w-»j & A ; W,
becomes higher by shear flow. The values of ¥, are much f i {ﬁﬁfi %{l ?
lower than those of yx and they decrease with the increase © | %U%l % | [RW ﬁ )

i y. The m-oxybenzoyl moiety was hardly contained in A j U'f"y‘n”\w
the precipitates under shear flow. and the obtained 0 2000 w0 10 10w 500
poijlﬂnf:ﬁ wete mainly composed of a p-oxybenzoy] Figure 4. IR spectra ﬁagg?gﬁiagnpghmmﬂ for 6
moiety. b (a) 7,=0 mol %, 7 =489 5™; (b) 7,=20 mol %, y =489

Reaction-induced phase separation of oligomersina 1. 7=20mol %, y =147 5 (d) =50 mol %, 7 =489
poor solvent can be described on the analogous s and(e) %,=50 mol%,7=147s".
concentration-temperature phase diagram to that of
partially miscible polymer solvent™. The phase separation curve in the repulsive system in which there is no
attractive interaction between oligomers and solvents is written as the combination of the freezing point curve of
oligmers and the upper critical solution temperature (UCST) type dissolution curve. The mechanism of the
fractional polycondensation between p-ABA and m-ABA has been revealed on the basis of this phase diagram as
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Figure 5. Plots of (a) yield and (b) ,of precipitated polymers as a function of 1sat 7 of 0, 147, and 489 s,

follows®: p-Oxybenzoyl homo-oligomers are more rapidly formed in the solution than co-oligomers due to the
difference in the reactivity of monomers. When the DPn of the p-oxybenzoyl homo-oligomers exceeds a critical
value, they are precipitated via crystallization to form the crystals at the early stage in the polymerization
Co-oligomers are gradually formed. and then they are also phase-separated. While co-oligomers containing a few
ni-oxybenzoyl moieties are precipitated via crystallization. they are excluded from the crystal by the segregatior
effect. and the m-oxybenzoyl moiety is not present in the crystals. At the middle stage of the polvmerization
co-oligomers containing more m-oxybenzoyl moiety are formed in the solution, but they are unable to precipitate
due to higher miscibility. Further polycondensation proceeds between oligomers in the precipitated crystals, anc
the POB crystals are finally formed. The fractional polycondensation is caused by the difference in the reactivity
of monomers and in the phase separation behavior of the oligomer.

1.3 1.04
)
103}
12
= Shear rate () ;,1 02
1‘1 0 : 0 S-‘
A 14747 1.01
@ 4395
1 4 1 ¥ | 1 N N M N
0 5 10 15 20 0 1 2 3 4 5
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© . @

. . 1
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Polymerization time (inin) Polyinerization time (min)

Figure 6. Kinetics of polymerization (2, b) p-ABA and {c, d) m-ABA m LPF at 7 of ({0} 0. (&) 147, and (@) 489 st

Initial concentration was 8.33 % 107 mol L,
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First, the influence of shear flow on the reactivity of p-ABA and m-ABA was kinetically investigated.
Figure 6 shows the plots of 1{1-p) as a fimction of polymerization time under shear flow. Here, p is the extent of
reaction. The reaction rate oppositely increases with time frespective of shear rate as shown in Figuze 6a, c. The
rotational diffusivity, depending on the low molecular weight length, was not significantly influenced in the low
molecular weight region. and it may be attributed fo the concentration fluctuation. In a poor solvent, the phase
separation is induced by the progress of polymerization, and the phase separation can be recognized as a process
to enhance the local concentration of oligomers. The reaction rate might increase with time because of the
increase in the concentration fluctuation caused by phase separation. With respect to shear rate, the reaction rate
increases with an increase in the shear rate in both polymerization systems. At the very mifial stage of
polymerization, self-condensation reactions of p-ABA and m-ABA obeyed secondary ordered kinetics as shown
Figure 6b, d, and the reaction constants (k) at 330°C in LPF under shear flow were estimated as summarized in
Table 1. Relative reactivity ratios of p-ABA to m-ABA were 3.3, 2.8, and 1.2 at y of 0, 147. and 489 s™,

respectively. Although the values of &, for Table 1. Second-order kinetic constants under various shear rates

both monomers increase with shear rate, the " k
, M Shear rate ? DPn®  Ratioofk®

difference in the reactivity between p-ABA O™ 1 (Lol min] ' on

and m-ABA becaine sinaller with the increase 0 0.10 1.28 33

m y. The increase in k> of m-ABA with shear ~ 7-ABA 147 0.14 1.23 28

rate was larger than that of p-ABA. Therefore, _.___........._. 489 ... 016 ... R 12 .

this might be dug to the enhancement of the 0 003 ) B
m-ABA 147 0.05 - -

concentration in the collision nside the Taylor

. i \ 489 0.13 - -
vortices rather than the orentation of

. ? Initial concentration of p-ABA and m-ABA was 833107 mol-L™.
molecules. Shear flow reduces the difference » DPx of aligomers when the solution curbid.

in the reactivity being undesirable to form the <, (p-ABA) /ka (n-ABA)
p-oxybenzoyl homo-oligomers. * Not precipitated

Miscibility between the oligomer and the solvent as an effective parameter, and the influence of shear flow
on the miscibility was examined. The phase-separated oligomers could not be isolated from the polymerization
solution. The consolution cwrve and the freezing point curve of the phase-separated oligomer could not be
accurately determined. In this study. relative locations of these curves are discussed on the basis of the miscibility
of oligomer model compounds and LPF. Two kinds of compounds, PPPP and PMPP, were synthesized as the
model compounds for homo-oligomer and co-oligomet, respectively. These compounds were end-capped by a
phenyl group to avoid the further polymerization during the preparation of phase diagrams. The
concentration-temperature phase diagrams of these oligomer model compounds and LPF were prepared aty of 0,
147. and 489 s™ by cloud-point measurements. In the diagrams as shown in Figure 7. the phase separation curves
appeared as the combination of the freezing point curve and the UCST-type consolution curve as predicted. The
phase separation curves of PMPP shifted toward lower temperature than that of PPPP. This result reveals that
homo-oligomers of p-oxybenzoyl moiety possess the lowest critical concentration and critical molecular weight
for phase separation. The freezing point curve of PPPP at >> 5 mol % concentration where y were 147 and 489 s™
is located at lower temperature with respect to the influence of shear flow. However. it shifts toward higher
temperature at a very low concentration (< 1.0%), which is close to the real polymerization concentration of 1.0%.
It 1s well-known that the solutions become twbid because of the shear-induced liquid-liquid phase separation or
the enhancement of concentration fluctuations when semidihute polymer solutions are subjected to shear flow™ .
The shear-induced phase separation is theoretically explained on the basis of the relaxation of elastic free energy
of polymer chains under shear flow”**, When the shear rate is larger than maximum relaxation rate, the excess
clastic free energy built up in the solution by the deformation of the entangled polyiner chains cannot be relaxed
by disentanglements but can be released only by squeezing solvent. This solvent squeezing process results in the
enhancement of concentration fluctuation and phase separation under shear flow. The theory suggests that the
dynamical asymmetry between LPF chains and oligomers is crucial for the shear-induced phenomenon in the
present study. LPF chain has mobility much smaller than the oligomer so that the latter relaxes nmuich faster. As a
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Figure 7. Concentratiotr—temperature phase diagrams of (a) PPPP and (b) PMPP in LPF under shear flow at'y of () 0 and
(@) 489 5. L = homogeneous liquid phase, L-L = two immmisible phases. and LS = liquid and solid phases.
consequence. stress developed in the system under shear flow is bome only by LPF chains. The relaxation
process then causes the shear-induced phase separation. The oligomers are squeezed by shear flow bringing about
demixing due to the enhancement in the concentration fluctuation. In contrast to the system of PPPP, the system
of PMPP exhibits opposite phenomena. The freezing point curve of PMPP at y of 147 and 489 s™ shifts slightly
toward lower temperature at a low concentration of < 2.0%. and shear flow does not significantly influence the
miscibility in the case of PMPP due to the higher miscibility than PPPP. Further. if molecular orientation might be
mduced by the shear, PPPP aligned toward the shear flow coagulated rapidly to form the nuclei due to the
entropic advantage, making the activation energy for nucleation lower. These shear effects make the
homo-oligomers precipitate more rapidly than the co-oligomers. and the difference m the miscibility is amplified
by the shear. As shown in Table 1. DPn of the oligomers when the solution became turbid in the polymerization
of p-ABA decreased gradually with the increase in v, and this result supports the above discussion.
Shear flow influences both reactivity of monomers and miscibility. Shear flow reduces the difference in the
reactivity between p-ABA and m-ABA. bringing about the unfavorable condition for the formation of
p-oxybenzoyl homo-oligomers. On the contrary. shear flow enhances the difference in the miscibility between
homo-oligomers and co-oligomers, leading to more rapid precipitation of homo-oligomers than co-oligomers.
Thus. the enhancement of fractionability was examined by funing the application time of the shear flow. The
difference in the reactivity between p-ABA and m-ABA became larger at v of O s than at higher y. Further,

p-oxybenzoyl homo-oligomers WEIE  Table 2. Results of copolymerization of 7 ABA with s-ABA" at );fb

precipitated more rapid under shear flow.
Based on these. the polymerization was
carried out without shear flow until 35 min
when the precipitation started. and then the
shear flow at v of 147 5™ was applied after 35
min. The results are presented in Table 2 with
the results with 147 s* shear for 6 h and
without shear flow for comparison. The yield
was slightly decreased, but the value of v,
became lower as shown in mun no. 1. This
indicates that the factionability enhanced
with the shear rate and the application period.

CONCLUSIONS

of 30 mol%s

Run Shear flow sequence Polymer To ¢
10. Shear rate [s] x time yield [2%]  [mol%e]
1 0 x 0-35min, 147 x 35min-6h 25.0 52
2 0x6h 445 12.3
3 147 x 6h 29.3 8.5

“ Polymerizations were carried out in LPF at 330°C at a concentration
of 1.0% for6 h

b ¥rstands for the content of m-oxybenzoyl moiety in feed.

¢ Shearing was applied from the beginning of polymerization.

1y (pstands for the content of m-oxybenzoyl moiety in the products.

The polymers containing few m-oxybenzoyl moieties were obtained as precipitates even at high y, in the
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polymerization system of p-ABA and m-ABA under shear flow. The vield of precipitated polymers became
lower with the increase in y, but the fractionability was enhanced. Higher y gave lower y,. The values of y, were
controlled by y. The shear flow reduced the difference on the reactivity between p-ABA and m-ABA, but made
homo-oligomers more inmumniscible and co-oligomers slightly miscible, leading to the enhancement of the
difference on the miscibility between homo-oligomers and co-oligomers. Furthermore, composition control was
enabled by means of controlling shear rate and the time when introducing shear flow. This result provides a new
methodology to control the composition of copolymers.
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