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D-2000 Hamburg 13, Federal  Republic of Germany 
d e r  UniversitPt Hamburg 

A B S T R A C T  

Bulk condensations of bissilylated Bisphenol A and tetrachloro- 
hydroquinone with various a r y l  phosphorodichloridates (phosphoric 
acid arylester  dichlorides) w e r e  conducted a t  temperatures  be- 
tween 180 and about 300’C. Only when the pentachlorophenylester 
of phosphoric dichloride was condensed was partial  crosslinking 
observed. Yields in the range of 80-95%, and an of -12 000 were 
obtained. DSC measurements above 25°C show T in the range of 

65- 145”C, whereas melting endotherms were never found. Thermo- 
gravimetric analyses indicate that the thermal stability dec reases  
with an increasing number of chlorines in the aryloxy group. Con- 
sequently, the fully chlorinated polyphosphate possesses  the lowest 
thermal stability. 

g 

*For  P a r t  12, see H. R. Kriche--Jrf and R. Pakul 
Polym. Lett. Ed., - 23, 413 (1985). 
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1338 KRICHELDORF AND KOZIEL 

I N T R O D U C T I O N  

Phosphorus-containing polymers have found great interest  as 
flame-retardant engineering plastics o r  additives to other polymers. 
Most investigations on phosphorus-containing aromatic polyesters 
concentrate on polyphosphonates, whereas few papers deal with syn- 
theses and properties of polyphosphates [ 1-31. The lower interest  
in aromatic polyphosphates is mainly due to the r i s k  of crosslinking 
in the course of polycondensation and during thermal processing. 
Two synthetic methods have been described so f a r ,  namely, the inter- 
facial condensation of hydroquinone with a ry l e s t e r s  of the phosphoric 
acid dichloride [ l ]  (Eq. l), and the thermal condensation of a r y l  di- 
chlorophosphoridates with tetrabromobisphenol A [3] (Eq. 2). Be- 
cause high molecular weight aromatic polyesters are easily pre- 
pared in good yield from silylated monomers [4-61, i t  was the aim 
of the present work to study the synthesis of aromatic polyphosphates 
from silylated phenols (Eq. 3). 
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E X P E R I M E N T A L  

1339 

M a t e r i a l s  - --__ 

Phenylphosphorodichloridate ( IIIa) and p-chlorophenylphosphoro- 
dichloridate (IIIb), from Aldrich Chemical Co., were purified by 
vacuum distillation before use. Tetrachlorobenzoquinone ( Aldrich 
Chemical Co.) and pentachlorophenol (Bayer  AG) were used as re- 
ceived. 

P r o c e d u r e s  - 

Bis (trimethylsily1)bisphenol-A ( I )  171 

Two moles of Bisphenol A w a s  dissolved in 1 L of d r y  toluene, 
Under st irring, 1.1 mol of hexamethyldisilazane was added, and the 
reaction mixture was refluxed fo r  2 h. Evaporation of the solvent 
and distillation in vacuo (150-16O’C) yielded 98% of silylated Bis- 
phenol A (“71 : bp 173”C/2 mbar).  

8.7%. Found: C,  67.7; H, 8.6Ya 

- Bis ( trimethylsily1)tetrachlorohydroquinone (II) 
Tetrachlorobenzoquinone (1.2 mol) was suspended in 1.2 L of d r y  

toluene, and 0.75 mol d r y  hydrazine was added dropwise under stir- 
ring. Afterwards 1.4 mol of hexamethyldisilazane was added, and the 
reaction mixture was refluxed fo r  2 h, when the evolution of ammonia 
nearly ceased, The resulting toluene solution was concentrated in 
vacuo and stored at 0°C for  s eve ra l  hours. The crystall ized product 
was isolated by filtration under a blanket of d r y  argon, Washing with 
a small  amount of cold ligroin and drying in vacuo gave a yield of 61%; 
mp 71’C ( [8 ] :  mp 70-71°C). 

Analyses: Calculated for C12H18C1402Si2 (MW 392.3): C, 36.7; 

H, 4.6: C1, 36.2%. Found: C, 36.7; H ,  4.7; C1, 36.0%. 

(Dichloropheny1)- and (Trichloropheny1)phosphorodichloridate (IIIc, d )  

These monomers were prepared according to the procedure given 
by Owen e t  al. [9]. 

Pentachlorophenylphosphorodichloridate ( - IIIe ) 

S i 1 y 1 a t  i o n o f  P e n t  a c h 1 o r o p h e n o  1. Pentachlorophenol 
( 0.5 moll and hexamethyldisilazane ( 0.3 mol) were refluxed in 600 
mL of d r y  toluene fo r  3 h;  a clear solution was obtained. Finally, 
the mixture was concentrated in vacuo, and the product was isolated 
by distillation a t  13O-14O0C/0. 1 mbar. Yield: 93% of trimethylsilyl- 
pentachlorophenol; mp 43-44-C ( [  101 : mp 35-36’C). 

Analyses: Calculated f o r  C21H3202Si2 (MW 372.6): C, 67.7; H, 
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1340 KRICHELDORF AND KOZIEL 

Analysis: Calculated for  CgHgC150Si (MW 338.5); C, 31.9; H, 
2.7; C1, 52.4%. Found: C, 31.4; H ,  2.4; C1, 52.3%. 

P h o s p h o r y 1 a t i o  n. Molten trimethylsilylpentachlorophenol 
(0.5 mol) was added dropwise under s t i r r ing  to 1.5 mol phosphor- 
oxy chloride. The mixture was re f lwed  for  24 h and dried in vacuo. 
The product was purified by two distillations over  a short  distillation 
apparatus a t  165-175*C/O. 1 mbar. Yield: 89%; mp 98°C ([ll] : 98 "2). 

Analysis: Calculated for C6C1702P (MW 383.2): C, 18.8; C1, 
64.8%. Found: C, 19.4; C1, 64.2%. 

- P o l y c o n d e n s a t  i o n s  

Silylated Bisphenol A o r  tetrachlorohydroquinone ( 40 mmol), 40 
mmol of an  a ry l  phosphorodichloridate, and about 200 mg  of benzyl- 
triethylammonium chloride were weighed into a cylindrical reaction 
vessel  with silanized glass walls (silanization was  ca r r i ed  out by 
treating the vessel  with dichlorodimethylsilane for 30 min). The re- 
action mixture was stirred and heated under a slow s t r e a m  of d r y  
nitrogen according to the temperatures  and reaction t imes listed in 
Tables 1 and 2. During the las t  30 min of the condensation reaction, 
vacuum was applied (0.1 mbar). After cooling, the resulting poly- 
phosphate was dissolved either in pure methylene chloride o r  in a 
mixture of methylene chloride and trifluoroacetic acid 4: 1 by volume. 
These solutions were filtered and precipitated into -2 L of cold 
methanol. The polymers were isolated by filtration and dried a t  
60"C/12 mbar. 

M e a s u r e m e n t s  

Glass-transition temperatures ( T  ) were  determined on a differ- 
ential scanning calor imeter  (DSC 4; Perkin-Elmer)  a t  a scanning 
rate  of 2O"C/min. Thermogravimetric analyses was performed with 
a Perkin-Elmer TGS-2 a t  Bayer AG, Leverkusen, a t  a heating rate  
of 10"C/min in air. Viscometry was conducted a t  20°C in an Ubbel- 
ohde viscometer. 

g 

R E S U L T S  A N D  D I S C U S S I O N  

Two series of polyphosphates were synthesized. One series was 
based on silylated Bisphenol A (I), the second series on silylated 
tetrachlorohydroquinone (11). A new synthetic route w a s  developed 
for  the la t ter  compound which pe rmi t s  the conversion of tetrachloro- 
benzoquinone to bis (trimethylsily1)tetrachlorohydroquSnone in an 
"one-pot procedure." 
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I I1 

0 
II 

c1-P-c1 
0 
I 

A r  

I 

b) = O C l  

I11 
c1 

c1 

c1 c1 

e) = QC1 

c1 c1 

In the case of the phosphoric dichloride (IIIa-e), the phenylester 
group was varied such that there were one to five chlorine substituents. 
In this connection, a new procedure for the preparation of pentachloro- 
phenylphosphorodichloridate (IIIe) was elaborated. The two ser ies  of 
polyphosphates derived from I and I1 allow a comparison of two ex- 
treme structures, namely, a chlorine-free polyphosphate obtained from 
I and IIIa and a hydrogen-free polyphosphate prepared from I1 and IIIe. 
A l l  condensations were conducted in the melt, and chloride ions (in 
the form of benzyltriethylammonium chloride) were added as catalyst. 
Condensation started a t  180°C in all experiments. The temperature 
was raised stepwise depending on the reaction rate. The final reac- 
tion temperature was chosen based on the thermal stability of the 
polymer. 
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1344 KRICHELDORF AND KOZIEL 

Both series of polycondensations have in common that l inear,  com- 
pletely soluble polyphosphates were obtained from phosphoric dichlor- 
ides IIIa-d (Tables 1 and 2). After precipitation, yields were in the 
80-93% range. However, when the pentachlorophenylester (IIIe) was 
condensed, partially crosslinked materials were obtained regardless 
of whether silylated Bisphenol A o r  silylated tetrachlorohydroquinone 
w a s  used, The uncrosslinked fraction of these polyphosphates was 
extracted and, a f t e r  precipitation from methanol, subjected to charac- 
terization by elemental analysis, which gave satisfactory results 
(Tables 1 and 2, Nos. 1-5 and 2- 5). 

polyphosphate 2-2 (Table 2). In no case was an inherent viscosity 
above 1.0 dL/g found. Viscosity and molecular weight data of aromatic 
polymethylphosphonates in recent patents of Bayer AG [ 12, 131 indi- 
- cate that inherent viscosities below 0.5 dL/g may well correspond to 
M n  about 10 000. In agreement with these l i terature data,  vapor pres-  

su re  osmometry conducted with the polyphosphate prepared from I 
and IIIa (No. 1-1) gave of 12 100 in chloroform. This molecular 

weight and the l i terature data [ 12, 131 in combination with low viscosi- 
t ies suggest that aromatic polyphosphates and polyphosphonates have 
rather  flexible chains compared to other aromatic polymers. Obvious- 
ly the P-0 bonds possess low rotational barr iers .  For  polyphosphates 
derived from I and IIIb, IIIc, IIId, o r  from I1 and IIIa, VPO measure- 
ments yielded an in the range of 5 000-10 000 (Table 3). All these 

results indicate that the si lyl  method did not permit the preparation 
of polyphosphates of really high molecular weight under the given re- 
action conditions. A s  described in the succeeding part ,  better results 
were obtained when polyphosphonates were synthesized from phenyl- 
phosphonic acid dichloride. 

In agreement with the results of other groups, all polyphosphates 
were found by DSC to be completely amorphous, and prolonged anneal- 
ing 20'C above T for  up to 48 h did not result  in crystallization. 

The low T (Table 3 )  found in most cases fit well the hypothesis of 
relatively flexible main chains. Thermogravimetric analysis in air 
gave an unexpected result. An increasing number of chlorine sub- 
stituents in both components, bisphenol and aryloxy side chain, signi- 
ficantly reduces the thermostability. The two extremes (with the ex- 
ception of No. 2-2 in Table 2 )  are displayed in Fig. 1. Thus, despite 
low sensitivity to oxidative degradation, highly chlorinated polyphos- 
phates are rather  useless  as engineering plastics o r  flame-retardant 
additives. Since the thermal degradation of the hydrogen-free poly- 
phosphate below 300°C is not likely to result  from attack by oxygen, 
an ionic degradation mechanism is possibly involved. Since chlorin- 
ated phenoxides are good leaving groups and because the positive 
charge at  the phosphorus is stabilized by delocalization, ionic cleav- 

The viscosity measurements gave relatively low values except for 
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FIG. 1. Thermogravimetric analysis of the two polyphosphates 
prepared from I1 and IIIe or I and IIIa, measured in air a t  a heating 
rate  of IO"C/min. 

age of a P-0 bond is likely to be the first step of the thermal degrada- 
tion mechanism (Eq. 4 and 5). A more detailed study of the degrada- 
tion mechanism by means of pyrolysis-mass spectroscopy is in pro- 
gress. 
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