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ABSTRACT Polycondensations of various aprotic derivatives of 4-hydroxybenzoic acid were conducted in 
Marlotherm-S at 350 or 400 OC. The following potential monomers were studied: phenyl 4-(trimethylsiloxy)- 
benzoate; trimethylsilyl4-(trimethylsiloxy) benzoate; ethyl 4-acetoxybenzoate; phenyl 4-acetoxybenzoate; tri- 
methylsilyl 4-acetoxybenzoate. Only the latter monomer gave acceptable yields (up to 60%) of poly(4- 
hydroxybenzoate). When concentration, reaction time, and temperature were varied, a whiskerlike morphology 
was found under most circumstances. Slablike crystals were never found even at a high monomer concentrations 
(0.4 mol/L). Hydrolysis, DSC, and WAXS measurementaprove that the whiskers prepared at 400 O C  represent 
chemically and physically rather perfect crystals of poly(4-hydroxybenzoate), whereas those obtained at 350 
O C  are physically less perfect. At 400 O C  fibrous whiskers with lengths above 100 pm and aspect ratios up 
to 1OO:l can be synthesized. 

Introduction 
The standard method for the synthesis of high molec- 

ular weight poly(4-hydroxybenzoate) (polyHBA) is the 
polycondensation of 4-acetoxybenzoic acid in an inert 
liquid reaction medium at temperatures in the range 300- 
400 "C.l-8 It was recently demonstrated? that this poly- 
condensation process involves several types of side reac- 
tions, such as formation of diphenyl ether groups, Fries 
rearrangement, evolution of ketene, etc. Some of these 
side reaction are most likely catalyzed by acidic protons. 
4-Acetoxybenzoic acid and acetic acid are weak acids when 
measured in water at room temperature, but they are 
certainly much more acidic above 300 O C  in a nonbasic 
solvent. 

It was also found that difunctional byproducts of the 
polycondensation process may poison the crystal growth 
of whiskerlike crystals, which represent the chemically 
and physically most perfect crystals of ~ O ~ ~ H B A . ? - ~  
Therefore, it was purpose of the present work to look for 
a synthesis of polyHBA that proceeds in the absence of 
acidic protons and to study its usefulness for the prep- 
aration of long thin whiskers (length/diameter ratios 1 
501). Such whiskers may be of interest as reinforcing 
fibers for other matrix polymers. The synthesis of short 
needlelike polyHBA crystals with a length of a few 
micrometers was first reported by Tsay et  al.1° Thick 
columnar whiskers with lengths in the range 10-40 pm 
were later described by a research group of Toyobo CO.~~* 

Experimental Section 
Materials. 4-Hydroxybenzoic acid and ethyl and phenyl 4-hy- 

droxybenzoate were gifts of Bayer AG (Krefeld-Uerdingen,FRG). 
They were derivatized without further purification. Acetyla- 
tion was achieved with an excess of acetic anhydride and a 
catalytic amount of pyridine in refluxing toluene. Silylation was 
conducted with trimethylchlorosilane and triethylamine in re- 
fluxing toluene. synthesis and properties of trimethylsilyl4-(tri- 
methylsi1oxy)benzoate were reported." Marlotherm-S, a mixture 
of isomeric dibenzylbenzenes, was a gift of Huels AG. It was 
distilled in vacuo. 

Trimet hylsilyl4- Acetoxybenzoate. 4-Acetoxybenzoic acid 
(0.5 mol) was suspended in dry toluene (800 mL) and trieth- 
ylamine (1.05 mol) was added. This mixture was heated with 
stirring and trimethylchloroeilane (1.05 mol) was added drop- 
wise. Finally the reaction mixture was refluxed for 2 h, cooled 
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with ice, and filtered under exclusion of moisture. The product 
was isolated by distillation in vacuo. Yield, 85%; $OD, 1:4921; 
bp 104-106 "C (0.05 mbar). Anal. Calcd for ClzHleO,Si (252.34): 
C, 57.12; H, 6.39. Found: C, 56.71; H, 6.37. 

Polycondensations. Trimethylsilyl 4-acetoxybenzoate (10, 
20, or 40 mmol) was dissolved in 95 mL of dry Marlotherm-S, 
and this mixture was immersed into a metal bath preheated to 
280-300 OC (using a two- or three-necked glass vessel). The tem- 
perature was then rapidly raised to 350 or 400 O C .  Finally the 
reaction mixture was cooled and diluted with acetone and the 
precipitated polyHBA was isolated by filtration and washed 
several times with hot acetone. 

Measurements. DSC traces were measured at a heating rate 
of 20 OC/min with a Perkin-Elmer DSC-4 in aluminum pans 
under nitrogen. WAXS powder patterns were obtained from a 
Siemens D-500 powder refractometer using Ni-filtered Cu Ka 
radiation. SEM micrographs were obtained on a Leitz AMR 
1600 T instrument with an acceleration potential of 10 kV. All 
samples were coated with gold on a Balzers SC-040 instrument. 

Results and Discussion 
Syntheses. The following five aprotic derivatives of 

4-hydroxybenzoic acid were subjected to polycondensa- 
tion: ethyl 4-acetoxybenzoate (la), phenyl 4-acetoxyben- 
zoate (lb), trimethylsilyl4-acetoxybenzoate (IC), phenyl 
44 trimethylsiloxy) benzoate (2a), and trimethylsilyl4- (tri- 
methylsi1oxy)benzoate (2b). It has been previously dem- 
onstrated7J2 chemically and physically almost perfect 
whiskers of polyHBA may be prepared at high reaction 
temperatures (e.g., 350 or 400 "C) provided that the 
reaction time is optimized. Since the reactivity of the 
aprotic monomers la-c and 2a,b is lower than that of 
4-acetoxybenzoic acid, polycondensations were only con- 
ducted at 350 and 400 "C. 

The reaction conditions used for polycondensation of 
la,b and 2a,b are listed in Table I. The results clearly 
indicate that these nmonomersn are not reactive enough 
to give satisfactory yield and molecular weights of poly- 
HBA. Significantly better results were obtained from si- 
lylated 4-acetoxybenzoic acid (eq 1). The data listed in 
Table I1 show that yields up to 60% may be obtained, but 
in most cases yields were below 50%. From this point of 
view polycondensations of the free acid (eq 2) are more 
successful because yields in the range of 70-80% may be 
obtained.' However, the morphology of polyHBA resulting 
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Table I 
Polycondensations of Various Aprotic Derivatives of 

4-Hydroxybenzoic Acid 
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When 5 mol '7% of 4-acetoxybenzoic acid is added to the 
reaction mixture, reaction rate and yield slightly increase. 
This result is obvious, because the 4-acetoxyenzoic acid 
is considerably more reactive and because the liberated 
acetic acid may generate additional 4-acetoxybenzoic acid 
by desilylations of IC (eq 3). However, this result does 

concn, temp, time, yield, 
no. monomer M T h %  
1 
2 
3 
4 
5 
6 
I 
8 
9 
10 

11 

12 

13 

14 

16 

17 

18 

19 

20 

ethyl 4-acetoxybenzoate 
ethyl 4-acetoxybenzoate 
ethyl 4-acetoxybenzoate 
phenyl 4-acetoxybenzoate 
phenyl 4-acetoxybenzoate 
phenyl 4-acetoxybenzoate 
phenyl 4-acetoxybenzoate 
phenyl 4-acetoxybenzoate 
phenyl 4-acetoxybenzoate 
phenyl 4-(trimethylsiloxy)- 

phenyl 4-(trimethylsiloxy)- 

phenyl 4-(trimethylsi1oxy)- 

phenyl 4-(trimethylsiloxy)- 

phenyl 4-(trimethylsiloxy)- 

phenyl 4-(trimethylsiloxy)- 

trimethylsilyl 4-(trimethyl- 

trimethylsilyl 4-(trimethyl- 

trimethylsilyl rl-(trimethyl- 

trimethylsilyl 4-(trimethyl- 

benzoate 

benzoate 

benzoate 

benzoate 

benzoate 

benzoate 

si1oxy)benzoate 

siloxy ) benzoate 

siloxy ) benzoate 

siloxy) benzoate 

Table 

0.1 
0.1 
0.1 
0.1 
0.1 
0.2 
0.2 
0.4 
0.4 
0.1 

0.1 

0.2 

0.2 

0.4 

0.4 

0.1 

0.1 

0.2 

0.2 

I1 

350 
400 
400 
350 
400 
350 
400 
350 
400 
350 

400 

350 

400 

350 

400 

350 

400 

350 

400 

16 
4 
8 

16 
8 

16 
8 
16 
8 
16 

8 

16 

8 

16 

8 

16 

8 

16 

8 

0 
0 
0 
0 
0 
0 
0 
0 
3 
0 

0 

0 

0 

6 

7 

0 

0 

0 

0 

Polycondensations of Trimethylsilyl 4-Acetoxybenzoate in 
Marlotherm-S 

monomer temp, time, yield, 
no. concn, M "C h % morphology 
1 0.05 350 16 35 needlelike whiskers 
2 0.1 350 16 38O fibrous whisker 
3 0.1 400 2 32 needlelike whiskers 
4 0.1 400 4 39 needlelike 
5 0.1 400 8 42b needlelike whiskers 
6 0.2 350 4 33 leaflike 
7 0.2 350 8 46 seaweedlike 
8 0.2 350 16 59 seaweedlike 
9 0.2 400 2 48 fibrous whiskers 

10 0.2 400 4 35 fibrous whiskers 
11 0.2 400 8 37 fibrous whiskers 
12 0.4 350 4 36 leaflike 
13 0.4 350 16 53' seaweedlike 
14 0.4 400 2 39 fibrous whiskers 
15 0.4 400 4 44 fibrous whiskers 
16 0.4 400 6 38 fibrous whiskers 

a DP = 110 by end-group analysis. * DP = 105 by end-group anal- 
ysis. e DP = 130 bp end-group analysis. 

11: R = C2H5 
b: R = C& 
c: R = Si(CH& 

21: R = C d 5  
b: R = Si(CH& 

from the polycondensation of I-acetoxybenzoic acid at  
concentrations 10.1 M is different from that obtained by 
condensation of IC. 

A c 0 a C O O S i M e 3  - + A d H  A c O e C O 2 H  (3) 

-AdSiMea 

not give any information on the reaction mechanism that 
is operating when pure trimethylsilyl4-acetoxybenzoate 
is condensed at temperatures 1350 "C. A direct interaction 
of silyl ester and acetoxy groups via a cyclic or ionic 
transition state may be involved. 

For a proper understanding of this new polyconden- 
sation method the following observations are important. 
Rigorous exclusion of OH groups by silanization of the 
glass walls and distillation of Marlotherm-S under nitrogen 
did not show a significant effect. Chloride ions (1 mol 9% 
relative to monomer) added in the form of benzyltrieth- 
ylammonium chloride did not show a catalytic effect. When 
dibutyltin dimethoxide or titanium(1V) butoxide were 
added to a polycondensation of IC at  350 "C (16 h, 1 M), 
the reaction mixture turned black and a low yield of deeply 
colored material was isolated. When 4-acetoxybenmic acid 
was condensed at  350 or 400 "C, various additives had a 
negative influence on the crystal growth of whiskers.' For 
all these reasons the synthesis of the whiskers described 
below was conducted with pure IC. 

Further results that may help to characterize the poly- 
condensation process of IC were obtained from polycon- 
densations of silylated terephthalic acid. When this 
monomer was heated with 4,4'-dihydroxybiphenyl or si- 
lylated 4,4,'-dihydroxybiphenyl (concentration 0.2 M) in 
Marolotherm-S at  400 "C for 4 h no polyester was formed. 
In contrast, crystalline poly(bipheny1ene terephtha- 
late) was isolated in a yield of 71 96,  when 4,4'-diacetox- 
ybiphenyl was used as reaction partner under the same 
conditions. 

These results and those of Tables I and I1 clearly indicate 
that a successful polycondensation of monomers with si- 
lylated carboxyl group requires an acetylated phenol group 
as reaction partner. Further studies on the synthesis of 
polyarylates from silylated carboxylic acids will be de- 
scribed in a future part of this series. 

Characterization. Several samples of polyHBA iso- 
lated from the polycondensation of IC were subjected to 
'H NMR end-group analyses. This method, described 
previously,3 provides a crude estimation of the average 
degree of polymerization (m). The results listed in 
footnotes of Table I1 indicate that polycondensations of 
IC indeed yield polyHBA with DP's above 100. 

Optical microscopy and scanning electron microscopy 
(SEM) revealed the most interesting result of this work 
whiskerlike crystals were formed under most reaction 
condition, in particular a t  high conversions (e.g., after 8-16 
h at  350 "C or after 2 h a t  400 "C). At 400 "C reaction 
times longer than 8 h were not taken into consideration 
to avoid thermal degradation. The formation of whiskers 
a t  monomer concentrations of 0.4 mol/mL (approximately 
10 wt %) indicates that the silylation of the monomer 
reduced side reactions. Polycondensations of the free acid 
never gave whiskers a t  concentrations >0.3 M-J2 and 
long fibrous whiskers were only obtained at  concentrations 
50.05 MS7 

A closer inspection of the crystals isolated from the 
condensations listed in Table I1 revealed the following 
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Figure 1. SEM micrograph of polyHBA isolated from conden- 
sation of IC (0.4 mol/L) at 350 "C for 16 h (no. 13, Table 11). 

Figure 2. SEM micrograph of polyHBA isolated from conden- 
sation of IC (0.1 mol/L) at 400 "C for 4 h (no. 4, Table 11). 

Figure 3. SEM micrograph of polyHBA isolated from conden- 
sation of IC (0.4 mol/L) at 400 "C for 4 h (no. 15, Table 11). 

tendencies. When the polycondensation of IC was con- 
ducted at  350 "C, needlelike crystals were formed at the 
lowest concentrations of 0.05 M and long reaction times 
(16 h). A t  0.1 M and higher concentrations needles are 
replaced by fibrous whiskers and/or a "seaweedlike" 
morphology (Figure 1). A t  short reaction times (14 h) a 
leaflike or lamellar morphology is observable. When the 
polycondensation of IC was conducted at 400 "C, again 
long needlelike crystals were formed at the lowest con- 
centration (0.1 M, see Figure 2). These needles may have 
lengths of around 20-40 pm and a thickness of ca. 1 pm. 
At  higher concentrations long, thin fibers are formed with 
lengths above 100 pm and diameters of 1-3 pm (Figure 3). 
The reaction time does not have a significant influence on 
the morphology, when times of 28 h at 350 "C and 1 2  h 
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TEMPERATURE I 'C 1 
Figure 4. DSC heating traces (second heating, heating rate 20 
OC/min) of polyHBA (A) condensation 4 h/3M°C/0.2 M (no. 
6, Table 11); (B) condensation 8 h/350 "C/0.2 M (no. 7, Table 
11); (c) condensation 2 h/400 "C/O.l N (no. 3, Table 11); (D) 
condensation 8 h/400 OC/O.l M (no. 5, Table 11). 
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Figure 5. DSC heating traces (second heating, heating rate 20 
"C/min) of polyHBA (A) condensation 16 h/350 OC/O.O5 M 
(no. 1, Table 11); (B) condensation 16 h/350 O C / O . O l  M (no. 2, 
Table 11); (C) condensation 16 h/350 OC/O.O4 M (no. 13, Table 
11). 

at 400 "C are considered. 
Most samples were also characterized by DSC mea- 

surements conducted at a heating rate of 20 "C/min. As 
demonstrated for the polycondensation of 4-acetoxyben- 
zoic acid,7-12 the shape and temperature of the first en- 
dotherm (a-transition) are sensitive to the perfection of 
the crystallites and, thus, to the reaction conditions. The 
second endotherm at 440 "C is not useful for analytical 
purposes, because it is too weak and because repeated 
heating (and cooling) to 470-480 "C causes partial de- 
composition of the sample. 

The DSC measurements revealed that nearly perfect 
crystallites with one sharp endotherm at 356 f 2 "C (Figure 
4C,D) were only obtainable by polycondensations at 400 
"C. Reaction times 2 2  hand variation of the concentration 
(0.1-0.4 M) do not show a significant influence on the 
DSC traces. Due to the lower reactivity of the trimeth- 
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the formation of rather perfect whiskers. However, it  is 
worth noting that changes of the morphology not directly 
parallel the physical perfection of crystallites. The present 
work and previous results obtained with I-acetoxyben- 
zoic acid demonstrate that the successful growth of 
whiskers also depends on the absence of reactive impurities 
and byproducts. 

Conclusions 
The above discussed results indicate that the polycon- 

densation of trimethylsilyl 4-acetoxybenzoate deviates 
from that of the free acid in three points. First, the 
reactivity is significantly lower, the yields of polyHBA are 
lower, and higher reaction temperatures (1350 "C) are 
required. Second, the slablike crystals typical of the poly- 
condensation of 4-acetoxybenzoic acid in concentrated 
solutions P0 .2  M) were never formed. Third, long thin 
fibers (aspect ratios up to 100:1), never reported before, 
can be obtained from polycondensations a t  400 "C with 
high monomer concentrations. Such whiskers are of 
particular interest as reinforcing fibers in other matrix 
polymers. 

References and Notes 

0' 50 io  15 * 2oe 
T H E T A  e 

Figure 6. WAXS powder pattern of polyHBA: (A) condensation 
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