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SILYLATION METHOD 
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ABSTRACT 

A series of aliphatic polybenzoxazoles of high molecular weights 
was prepared in three steps by the low-temperature solution polyconden- 
sation of tetrakis(trimethylsily1)-substituted 4,4’diamino-3,3’-dihydroxy- 
biphenyl with aliphatic diacid chlorides with 7 to 12 methylene units 
yielding trimethylsilyl-substituted poly(o-hydroxyamide) precursor poly- 
mers, which were subjected to desilylation with methanol giving the 
poly(o-hydroxyamide)s, followed by thermal cyclodehydration. The ali- 
phatic polybenzoxazoles had melting points in the 172 to 246OC range 
with glass transition temperatures of 55-97OC. They were stable in the 
melt state up to 40O0C in nitrogen. These polybenzoxazoles and the 
corresponding bisbenzoxazole model compounds exhibited no liquid 
cryst allinit y . 

81 7 

Copyright 0 1994 by Marcel Dekker, Inc. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



81 8 ITOYA ET AL. 

INTRODUCTION 

Since the early 1960s, high performance thermally stable polymers have be- 
come of major interest to many scientists and industrial technologists [l]. Polyben- 
zoxazoles form a class of such polymers. Although first synthesized three decades 
ago, aromatic polybenzoxazoles with high rigidity have received relatively little 
attention until recently [2-51. Poor solubility and difficult processibility limited 
these materials as choices for new materials developments. In addition, no system- 
atic studies have been reported on the synthesis and properties of more flexible 
aliphatic polybenzoxazoles, although there is brief information on them [6]. 

Polybenzoxazoles were classically synthesized by a two-step method which 
included the polycondensation of bis(o-aminopheno1)s with aromatic dicarboxylic 
acid chlorides giving poly(o-hydroxyamide) precursor polymers followed by thermal 
cyclodehydration [7], and by a one-step process that involved both the melt polycon- 
densation of bis(o-aminopheno1)s with aromatic diacid diphenyl esters [8] and the 
solution polycondensation of the bisaminophenol monomers with aromatic dicar- 
boxylic acids in polyphosphoric acid [2, 61. Recently, a mixture of phosphorus 
pentoxide and methanesulfonic acid [9] and a mixture of trimethylsilyl polyphos- 
phate and chlorobenzene [lo], which acted as both condensing agent and polymeri- 
zation medium, were used to effect the one-step solution polycondensation. We 
have developed a new two-step route, silylation method, where trimethylsilyl-substi- 
tuted bis(o-aminopheno1)s were employed as monomers in place of the parent bis- 
aminophenol monomers [ 111. 

The purpose of the present investigation is to elucidate the utility of the ali- 
phatic polybenzoxazoles obtained by the two-step procedure from trimethylsilyl-sub- 
stituted 4,4 '-diamino-3,3 '-dihydroxybiphenyl and various aliphatic diacid chlo- 
rides. There is a report on the synthesis of aliphatic benzobisoxazole compounds, 
some of which exhibited liquid crystallinity [12]. Hence, a series of aliphatic bisben- 
zoxazoles were also studied as model compounds for the aliphatic polybenzoxazoles 
for comparison. 

EXPERIMENTAL 

Materials 
4,4 '-Diamino-3,3 ' -dihydroxybiphenyl (AHB) was obtained from Wakayama 

Seika Co., Japan, and used without further purification. 4,4'-Bis(trimethylsily1a- 
mino)-3,3 '-bis(trimethylsily1oxy)biphenyl (SAHB) was synthesized according to the 
literature [ l l ]  by the reaction of AHB with hexamethyldisilazane and a small 
amount of trimethylchlorosilane in refluxing toluene. Two distillations under vac- 
uum gave pale yellow solids; bp 195OWO.5 torr, mp 157OC (literature mp [ l l ]  157- 
1 59 "C) . 

Aliphatic carboxylic acids having 7 to 12 alkyl carbon numbers were used as 
received. Aliphatic dicarboxylic acid chlorides having 7 to 12 methylene units were 
prepared by the conventional chlorination of the corresponding dicarboxylic acids 
with thionyl chloride, followed by distillation. 

Polyphosphoric acid (PPA) was employed as received. N,N-Dimethylaceta- 
mide (DMAc) was purified by distillation under reduced pressure over calcium 
hydride. 
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Synthesis of Model Compounds 

In a representative reaction, a flask was charged with 2.16 g (10 mmol) AHB, 
2.88 g (20 mmol) octanoic acid, and 30 g PPA. The mixture was heated with stirring 
at 120OC for 10 hours under a nitrogen atmosphere. The resultant solution was 
poured into 600 mL water. The precipitate formed was collected, washed succes- 
sively with aqueous sodium bicarbonate and water, followed by drying under vac- 
uum. The product was further purified by recrystallization from hexane, giving 
white needles; mp 107OC (by DSC). The yield was 2.25 g (52%). The IR spectrum 
(KBr) exhibited an absorption band at 1620 cm-' (C=N). 

Polymerization 

A typical example is as follows: In a flask, 2.53 g (5.0 mmol) SAHB was 
dissolved in 20 mL DMAc with stirring under nitrogen. The solution was solidified 
with a dry ice-acetone bath, and to this was added 1.27 g (5.0 mmol) liquid unde- 
canedioyl chloride in one portion. The cooling bath was changed to an ice-water 
bath, and the mixture was stirred at 0-5OC for 6 hours under nitrogen, giving a 
viscous solution. Then the polymer solution was poured into methanol. The poly- 
mer flakes that precipitated were collected, washed thoroughly with methanol, and 
dried at room temperature for 12 hours under vacuum. The inherent viscosity of 
the polymer was 0.43 dL/g, measured at a concentration of 0.5 g/dL in DMAc at 
3OOC. The IR spectrum (film) showed absorptions at 3400 (N-H and O-H) and 
1650 cm-' (C=O). 

The polymer flakes were placed on a Teflon sheet in a glass oven and heated 
at 24OOC for 30 minutes under vacuum, yielding polybenzoxazole. The IR spectrum 
(film) exhibited an absorption at 1620 cm-I (C=N). 

Analysis. Calculated for (C23H24N202),: C, 76.64; H, 6.71; N, 7.77%. Found: 
C, 76.36; H, 6.49; N, 7.84%. 

The other polybenzoxazoles were synthesized by a similar procedure. 

Measurements 

IR spectra were recorded on a JASCO FT/IR-5000 spectrophotometer. Differ- 
ential scanning calorimetry (DSC) and thermogravimetry (TG) were performed with 
Shimadzu thermal analyzers DSC-41M and TGA-40M, respectively. Dynamic ther- 
momechanical analysis (DMA) was carried out with a Toyoseki Reolograph-Solid 
apparatus. 

RESULTS AND DISCUSSION 

Model Compound Study 

Prior to elucidating the thermal behavior of aliphatic polybenzoxazoles, a 
series of aliphatic bisbenzoxazoles were synthesized and thermally characterized as 
the model compounds. The synthesis was effectively carried out by the one-step 
procedure using PPA from AHB and various aliphatic carboxylic acids (Eq. 1). 
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m : 7-12 

Table 1 summarizes the results of synthesis of the model bisbenzoxazoles; 
the yield, melting point (mp), freezing point (fp), and elemental analysis. The IR 
spectroscopy and elemental analysis supported the formation of the bisbenzoxazoles 
with the proposed structures. 

Figure 1 shows two examples of the DSC curves of first heating and cooling 
cycles for the model bisbenzoxazoles MBO-10 and MBO-11 having 10 and 11 alkyl 
carbon numbers, respectively. All the model bisbenzoxazoles except MBO-11 exhib- 
ited one endothermic peak on heating due to the melting point and one exothermic 
peak on cooling based on the freezing point, whereas two endothermic peaks on 
heating were observed for MBO-11 and one sharp exothermic peak on cooling. In 

0 
X w 

I 
I 
5 

0 
-0 c 
W 

0 100 200 300 

Temperature (OC) 

FIG. 1. DSC curves of model bisbenzoxazoles, (A) MBO-10 and (B) MBO-11, at a 
heating and cooling rate of 10°C/min in air. 
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the latter case, no obvious liquid crystalline behavior was observed between the 
temperatures of the two endothermic peaks. Therefore, all the bisbenzoxazoles, 
including MBO-11, did not exhibit liquid crystallinity. 

As shown in Table 1, the melting points of the model bisbenzoxazoles de- 
creased with increasing carbon numbers of the alkyl group. In addition, the melting 
points exhibited a well-known odd-even effect. The bisbenzoxazoles having an 
odd-numbered alkyl group showed higher melting points than those having an even- 
numbered one. 

Polymer Synthesis 
Aliphatic polybenzoxazoles could be synthesized by one-step solution polycon- 

densation using PPA. However, removal of the last trace amounts of contaminated 
phosphate ion in the polymers is rather difficult, and hence the three-step silylation 
method previously developed [9] was employed here for the preparation of a series 
of aliphatic polybenzoxazoles. The low-temperature solution polycondensation of 
SAHB with aliphatic diacid chlorides was carried out in DMAc, yielding the tri- 
methylsilyl-substituted poly(o-hydroxyamide) precursor polymers which were sub- 
jected to desilylation with methanol, giving the poly(o-hydroxyamide)s, followed 
by thermal cyclodehydration (Eq. 2). 

3 1  
H 

- Me3SiCl - 
in DMAc 

MeOH - 
A 

- H 2 0  
- 

0 0 
II n + CI-C-(CH2)m-C-CI 

SiMe3-0 

SiMe, -N 
H 

SAHB 

r 1 

I A OSi Me3 
n 

I ,  H O  L H  

m : 7-12 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
3
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



822 ITOYA ET AL. 

TABLE 1. Synthesis and Properties of Model Bisbenzoxazoles 

Elemental analysis, Yo 

m Yield, Yo mp, OC" fp, OCa C H N 

7 52 107 95 Calcd 
Found 

8 48 93 74 Calcd 
Found 

9 59 98 89 Calcd 
Found 

10 43 93 83 Calcd 
Found 

11 64 78, 94 86 Calcd 
Found 

12 89 96 89 Calcd 
Found 

77.74 
77.63 
78.22 
78.09 
78.65 
78.98 
79.03 
78.91 
79.37 
79.64 
79.67 
79.59 

8.39 
8.74 
8.75 
8.79 
9.07 
9.37 
9.36 
9.63 
9.62 
9.89 
9.85 

10.18 

6.48 
6.42 
6.08 
6.02 
5.73 
5.41 
5.42 
5.41 
5.14 
5.14 
4.89 
4.94 

"Measured by DSC at heating and cooling rates of 10°C/min in nitrogen. 

In the first and second steps, the poly(o-hydroxyamide)s having moderate to 
high inherent viscosities of 0.4-1.1 dL/g were readily obtained in quantitative yields 
(Table 2). In the next stage the poly(o-hydroxyamide)s in the form of flakes were 
subjected to thermal cyclodehydration at 24OOC under vacuum, affording the corre- 
sponding aliphatic polybenzoxazoles. 

The formation of such polybenzoxazoles was confirmed by means of IR spec- 
troscopy, with the disappearance of absorption bands at 3400 cm-' due to both 

TABLE 2. Synthesis and Properties of Aliphatic 
Polybenzoxazoles 

7 0.92 85 242 455 
8 0.93 97 246 460 
9 0.43 64 193 460 

10 0.87 64 209 460 
11 1.12 62 162, 172 465 
12 0.86 55 185 460 

"Measured in poly(o-hydroxyamide) at a concentration of 

bMeasured by DMA at 10 Hz frequency and a heating rate 

'Measured by DSC at a heating rate of 10°C/min in ni- 

dTemperature of 10% weight loss measured by TG at a heat- 

0.5 g/dL in DMAc at 3OOC. 

of 2OC/min in air. 

trogen. 

ing rate of 20°C/min in nitrogen. 
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amide N-H and hydroxyl groups and at 1650 cm-' of amide carbonyl for the 
poly(o-hydroxyamide)s, and the appearance of an absorption at 1620 cm-' based 
on benzoxazole C=N moiety. The elemental analysis also supported the formation 
of polybenzoxazoles. 

Polymer Characterization 

All the precursor poly(o-hydroxyamide)s were readily soluble in DMAc, and 
their films could be cast from the DMAc solutions. On the other hand, the aliphatic 
polybenzoxazoles obtained through thermal cyclodehydration partially dissolved in 
concentrated sulfuric acid and methanesulfonic acid, and were insoluble in organic 
solvents. 

The thermal behavior of the precursor poly(o-hydroxyamide)s and polyben- 
zoxazoles was studied by using DSC, TG, and DMA techniques. Figure 2 shows a 
typical TG curve for polybenzoxazole PBO-10 having 10 methylene units in nitro- 
gen. This polybenzoxazole, as well as all the other polybenzoxazoles, did not lose 
weight up to 400OC in nitrogen in the melt state, with a 10% weight loss being 
recorded at around 460OC. 

Figure 3 depicts representative DMA curves, dynamic storage modulus and 
loss modulus curves, for the polymer film PBO-10. The dynamic loss modulus 
curve of the polymer exhibited a peak based on the glass transition temperature (T,) 
at 64OC, which corresponded well with an inflection point on the dynamic storage 
modulus curve. 

Figure 4 shows two examples of the DSC traces of second heating and cooling 
cycles for polymers PBO-10 and PBO-11 (having 11 methylene units). In the case of 
PBO-10, one endothermic peak on heating due to the melting point (T,) and one 

0 200 400 600 800 

Temperature ("C ) 

FIG. 2. TG curve of PBO-10 at a heating rate of 20°C/min in nitrogen. 
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Temperature ("C ) 

FIG. 3. Temperature dependence curves of dynamic storage modulus E' and dynamic 
loss modulus curve E" for PBO-10 film at a frequency of 10 Hz and a heating rate of 2 T /  
min in air. 
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, +* 
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FIG. 4. DSC curves of polybenzoxazoles, (A) PBO-10 and (B) PBO-11, at a heating 
and cooling rate of 10°C/min in nitrogen. 
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300 I----- 
250 

200 

150 
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6 7 8 9 10 11 12 13 

Number of methylene units ( m ) 

Effect of number of methylene units on melting point T, and glass transition FIG. 5 .  
temperature T, of aliphatic polybenzoxazoles. 

exothermic peak based on the freezing point were observed, whereas PBO-11 exhib- 
ited two endothermic peaks on heating and one exothermic peak on cooling. The 
two endothermic peaks of PBO-11 were probably due to recrystallization of meta- 
stable crystals, according to the hot-stage polarized microscopic observation. No 
liquid crystallinity was seen. 

Table 2 summarizes the thermal properties of the aliphatic polybenzoxazoles: 
the Tg, T,, and decomposition temperature (TI,,). Figure 5 shows the effect of the 
number of methylene units on the T, and Tg values of the aliphatic polybenzoxa- 
zoles. The T, values exhibited a pronounced odd-even effect, while the Tg values 
did not do so. The polybenzoxazoles having even-numbered methylene units exhib- 
ited higher T, values than the polymers with odd-numbered units. Both of the 
transition temperatures decrease with an increasing number of methylene units. The 
decomposition temperatures of the aliphatic polybenzoxazoles were around 46OOC 
in air, indicative of high thermal stability in the melt state. 

CONCLUSIONS 

A series of aliphatic polybenzoxazoles composed of bisbenzoxazole rings and 
7 to 12 methylene units had melting points in the 172 to 246OC temperature range 
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with Tgs of 55-97OC. These polymers were stable in the melt state up to 400OC in 
nitrogen. Although the aliphatic polybenzoxazoles and the corresponding bisben- 
zoxazole model compounds exhibited no liquid crystallinity, these polymers might 
find some applications as new melt processible plastic materials. 
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