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ABSTRACT: The effect of extensive purification and extremely rigorous drying on the radiation-induced 
polymerization of hexachlorocyclotriphosphazene in bulk has been investigated. In the solid state only 
slightly higher yields of polymer were found compared with those previously reported. In the melt, how- 
ever, polymerization took place when extremely dry and pure monomer was irradiated. The correspond- 
ing thermal experiments resulted in essentially zero polymerization. This is the first time radiation poly- 
merization of the trimer in the liquid state has been observed. The irreproducibility of the conversions 
coupled with the low molecular weights of the polymers led to a more detailed study in decalin solution. 
Good yields of polymer with satisfactory reproducibility were obtained. The conditions of purification and 
drying were found to have a profound effect on the rates. The order of the rates on the trimer concentra- 
tion was about 3/2, consistent with the proposed mechanism. The molecular weights were, however, low- 
similar to those found in the bulk melt. This was ascribed to chain transfer by the proposed unpaired cat- 
ionic propagating chains. The effect of adding a bulky, electron acceptor, pyromellitic dianhydride, was 
investigated. Much higher rates and higher molecular weights were obtained. This is believed to be due 
to the role of ion pairs as originally reported and discussed by Hayashi with the radiation polymerization 
of a-methylstyrene in solution. The corresponding trifluoroethoxy polymers were all soluble, substantially 
free from higher rings and about 450 000 at the GPC peak. The glass temperature of the trifluoroethoxy 
polymer was -66 O C  in agreement with the literature values. The activation energy for the polymerization 
was about 43 kcal/mol, similar to those reported for the BC1, polymerizations. 

Introduction 

The polyphosphazenes represent a unique class of poly- 
mers with a completely inorganic backbone. They can 
be highly flame retardent, biocompatible, and chemi- 
cally resistant and have good high-temperature resis- 
tance. Excellent reviews have been published regarding 
these polymers.'-5 Although alternative routes for their 
synthesis have been p r e ~ e n t e d , ~ . ~  the most attractive still 
is the polymerization of hexachlorocyclotriphosphazene. 
High molecular weight products can be obtained, and the 
chlorines can readily be substituted to give a wide vari- 
ety of structures. Early work tended to give cross- 
linked polymers, but a real breakthrough occurred when 
Allcock et al. demonstrated that a t  lower conversions high 
molecular weight soluble poly(dichlorophosphazene) could 
be obtained from which stable poly(organophospha- 
zenes) could be 

The polymerization of the trimer has been extensively 
studied over many years. The earlier work has been sum- 
marized by Allcock," Hagnauer," and Singler et a1.I' Ther- 
mal polymerization a t  above 220 "C has been the main 
process studied, but more recently the use of Lewis acids 
and other catalysts has been emphasized.13-15 In all of 
these studies the strong dependence on temperature and 
the pernicious influence of even trace amounts of impu- 
rities has often led to a disconcerting lack of reproduc- 
ibility. Nevertheless important advances in our under- 
standing of the polymerization mechanism have been made. 

It now seems clear that the thermal process is cationic 
in nature and the initiation step is 
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With Lewis acid initiation such as with boron trichlo- 
ride, much studied by Sennett et al.,13 it is simplest to 
assume the initiation to be 

CI CI CI 

However, a ring opening mechanism has also been pro- 
posed by Sennett et al.13 together with some supporting 
evidence. The nature of the end groups in both thermal 
and catalyzed initiation still appears to be uncertain. The 
polymerization reaction is, most simply 

High-energy radiation is known to initiate cationic poly- 
merization in the solid state and, under extremely pure 
and dry conditions, in the liquid state. Early work by 
Caglioti et a1.16 and Cordischi et al." showed that poly- 
merization of the trimer to cross-linked materials took 
place in the solid state with the rate increasing up to the 
melting point and then dropping to zero. A rather anal- 
ogous situation was found with hexamethylcyclotrisilox- 
ane. This monomer was also found to polymerize in the 
solid but not in the liquid state." More recently, how- 
ever, bulk liquid polymerizations were achieved when the 
monomers were rigorously dried.lg-'l 

This paper is concerned with the application of this 
approach to the radiation polymerization of hexachloro- 
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cyclotriphosphazene (HCP) in the liquid melt state and 
in solution. In principle the initiation step could be sim- 
ilar to eq 1 but with radiation rather than heat. Some 
interesting related results have recently been reported 
with mass spectra and plasma p ~ l y m e r i z a t i o n . ~ ~ ~ ~ ~  

Experimental  Section 

The hexachlorocyclotriphosphazene used was Phosnic 390 from 
the Nippon Fine Chemical Co., Ltd. The trimer was first of all 
recrystallized for various times from heptane that had been dried 
over CaH,. The traces of solvent remaining in the monomer, 
after recrystallization, were removed by repeated sublimation 
under high vacuum Torr). The superdried monomer was 
then prepared by drying it over BaO which has been baked 
under high vacuum (lo* Torr) at 400 "C for 1 day. For hav- 
ing a good contact between the monomer and the drying agent, 
the monomer was kept in the liquid state during this proce- 
dure. The transfer of samples into ampules or NMR tubes was 
all carried out under high vacuum by sublimation. Rather elab- 
orate systems with break seals and grease-free stopcocks were 
used throughout. A number of our experiments were carried 
out in NMR tubes. 

Tetrahydrofuran (THF) (Fisher) was distilled from sodium 
under N,. The trifluorethanol (Aldrich) was used as received. 

Decalin (Aldrich) was dried over CaH, under vacuum and 
then over four sodium mirrors. It was dried over one more sodium 
mirror again just before being introduced into the polymeriza- 
tion tubes. 

Pyromellitic dianhydride (Aldrich 99%) was transferred into 
a glass tube equipped with a Teflon stopcock and a break-seal 
in a drybox under N, and then sealed off under vacuum. It 
was sublimed once under dynamic vacuum before being trans- 
ferred into the polymerization tubes by sublimation. 

The glass vessels used in the experiments had been baked at 
400 "C under high vacuum (lo4 Torr). The high polymeriza- 
tion temperature was obtained by using a special oil bath in 
the chamber of the cobalt-60 y-ray source. The radiation source 
used was a Gammacell 220, Atomic Energy of Canada Ltd. The 
dose rate of the y-ray source was about 0.1 Mrad/h. 

The conversions was determined in two ways, by subliming 
,out the residual monomer after polymerization or by 31P NMR 
in which case the polymerization was carried out in sealed NMR 
tubes. Phosphorus 31P NMR spectra were obtained on an IBM 
AC-100 MHz NMR spectrometer at 90 O C  within sealed 5-mm 
NMR tubes in decalin. Aqueous H3P04 was used as an exter- 
nal standard. The intrinsic viscosities of the (fluoroethoxy)poly- 
phosphazenes were measured with a Ubbelohde type viscome- 
ter at 30 "C in THF. Gel permeation chromatograms were 
obtained by using a Waters 150C GPC machine at 40 "C. The 
column was a PLGel 1 0 ~  mixed 30-cm column from Polymer 
Laboratories Inc. THF was used as the elution solvent. The 
polymer obtained was converted to the fluoroethoxy polymer 
using the methods described by A l l~ock .~~  

Resul ts  a n d  Discussion 

Initially the early (1962) results obtained by Caglioti 
et a1.16 in the solid state were repeated with the super- 
dried trimer. The results are shown in Figure 1 together 
with the best results obtained in the melt and in decalin 
solution. The early solid-state results were only slightly 
improved by superdrying; however, polymerization was 
clearly achieved in the melt and in concentrated solu- 
tion in dry decalin. Interestingly the effect of superdry- 
ing became clear closer to the melting point where some 
molecular mobility was presumably present. It is believed 
that, as in the case of the cyclic hexamethylsiloxane tri- 
mer, the effect of water, or other inhibitors, was minimal 
due to exclusicjn by the crystal lattice. 

The radiation-induced polymerization in the bulk melt 
was very sensitive to the method and degree of purifica- 
tion and drying. Some typical results are given in Table 
I. The highest values obtained were 3.5% /Wad or 0.35% / 
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Figure 1. Radiation polymerization of hexachlorocyclotriphos- 
phazene: 8 ,  Caglioti et a1.;16 ., superdried monomer (this work); 
+, bulk polymer in melt (this work); 0, polymer in 10% deca- 
lin (this work). 

Table I 
Hexachlorocyclotriphosphazene Polymerization in Bulk. 

sample sublimatn dried over conversn 
no. times BaO times T, " C  (wt %/Mrad) 
1 3 1 150 0.2 
2 4 1 150 0.67 
3 5 1 150 1.3 
4 6 1 150 0.2 
5 3 1 175 0.06 
6 3 1 185 0.07 
7 1 0 195 1.6 
8 2 1 195 2.2 
9 3 1 195 3.5 

10 3 2 195 0.8 
11 3 l b  195 1 
12 3 1' 195 0 
13 4 2 195 1.4 
14 4 26 195 0 
15 5 2 195 0.3 

' Dose rate 0.1 Mrad/h. * Recrystallized twice. Recrystal- 
lized three times. 

h, at 0.1 Mrad/h, at 195 "C. The yields were sharply 
dependent on temperature, and, up to 200 "C the corre- 
sponding thermal controls gave no polymer. Even at 185 
"C the conversion to polymer was greatly reduced as shown 
also in Table I. The problem of irreproducibility, which 
became greater at lower temperatures, is clearly illus- 
trated with these results. It can be comfortably assumed 
that the highest values are the most correct ones.26 After 
more than 40 experiments in the melt it was decided that 
the lack of reproducibility was too severe to enable sys- 
tematic studies to be undertaken and the work was con- 
tinued in solution. Also the molecular weights of the poly- 
mers were always quite low with intrinsic viscosities of 
only about 0.2 dL/g, with the corresponding fluoroeth- 
oxy polymer, in tetrahydrofuran solution. 

Some initial results, in decalin solution and conducted 
in separate tubes, are presented in Table 11. It is clear 
that the condition of preparation, purification, and dry- 
ing have a profound effect on the yield of polymer. Con- 
sidering first the 195 "C results the first three runs were 
made by using the original sample of trimer. Without 
treatment a yield of 0.2%/h was obtained, and the cor- 
responding thermal control gave zero yield. With deca- 
lin saturated with water a yield of 0.2% / h  was also found 
but the thermal control contributed 0.1% /h. With 0.05% 
excess water added the yield was l.O%/h, but the ther- 
mal control gave 0.88% /h. The latter two runs also gave 
cross-linked polymer in every case. 
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Table I1 
Influence of HCP and Decalin Purity 

(Dose Rate-0.1 Mrad/h) 
sample dried over recryst [MI temp, conversn, 

no. BaO (times) (times) mol L "C wt  %/h 
1" 
2b 
3' 
4 
5 
6 
7 
8 
9 

10 
11 
12 
16 
17 
18 

0 
0 
0 
1 
1 
1 
2 
2 
2 
1 
1 
1 
1 
1 
1 

0 
0 
0 
1 
1 
3 
2 
2 
2 
2 
2 
2 
1 
1 
1 

2 195 0.2 
2.1 195 0.2d 
2.1 195 1.od.e 

3.7 195 0.20 
4.6 195 0.20 
4.4 195 0.22 
3.7 195 0.11 
4.9 195 0.12 
4.0 195 0.13 
4.3 195 0.34 
4.5 195 0.32 
4.4 195 0.36 
3.1 185 0.07 
4.1 185 0.06 
2.4 185 0.05 

Trimer and decalin were used as received. * Decalin was satu- 
rated with water. Ther- 
mal control gave O.l%/h of conversion for sample 2 and 0.88%/h 
for sample 3. In all other cases there were 0% conversion with the 
thermal control. Cross-linked products were obtained with the 
radiation and the thermal control samples (samples 2 and 3). 

0.05% of water was added in decalin. 

Experiments were then conducted, again at  195 "C,  in 
which the trimer was recrystallized and dried over BaO 
under various conditions. I t  was found that one recrys- 
tallization and one BaO drying gave 0.20%/h of poly- 
mer. Three recrystallizations plus one BaO cycle gave 
0.22%/h, and two recrystallizations plus two BaO cycles 
gave 0.11-0.13% /h. Finally two recrystallizations plus 
one BaO drying cycle gave 0.32-0.36/h. These were not 
only the highest values but also had reasonable repro- 
ducibility and were the conditions adopted for all subse- 
quent runs. I t  should be pointed out again that with 
radiation induced cationic polymerization the highest yields 
are considered to be the more correct.25 In all cases the 
thermal controls, even after 100 h, gave zero polymer. At 
temperatures below 195 "C lower yields were always found; 
see Table I, for example, samples 16-18. 

A number of experiments were conducted by using NMR 
tubes and re-irradiating each time. No post-effect was 
observed, and this method of measuring the yields was 
adopted. This method had also been found to be very 
effective with cyclic dimethylsiloxane polymerization." 

Two typical conversion-time curves are presented in 
Figure 2. The reproducibility was quite good and well 
within the ran e of those found in the careful work of 
Lee, Chu, e t  al!6p'7 with thermal initiation using Raman 
and laser light scattering. The variations from run to 
run were attributed to the high sensitivity of the system 
to impurities and to small amounts of water. The latter 
problem is compounded with radiation-induced cationic 
polymerizations since these are, themselves, extremely 
sensitive to traces of water. 

Effect of the Monomer Concentration. The inter- 
nal order of the conversion-time curves fit a 312 power 
dependence of the rate on the monomer concentration. 
This is illustrated, for example, in Figure 3. I t  should 
be pointed out, however, that at  the less than 25% con- 
versions studied the data also fitted first-order plots. The 
separate tube experimental results are given in Figure 4. 
These give a scattered dependence of about 1.7 power. 
A 312 order would be expected if the monomer (trimer) 
also participates, as- is firmly believed, in the initiation 
p ro~ess . ' ~~ '~  

Molecular Weights. A number of the polymeriza- 
tion products were converted to the (trifluoroethoxy)poly- 

0 20 40 60 8 0  100  1 2 0  140 160 180 200 

Figure 2. Radiation polymerization of hexachlorocyclotriphos- 
phazene [HCP] in decalin: (a) [HCP] = 2.1 mol/L; (b) [HCP] 
= 2.4 mol/L (T = 195 "C; dose rate = 0.1 Mrad/h). 

Time (hrs.) 

0 6 2  . . . . I  

0 50 1 0 0  150 

Figure 3. Radiation polymerization of HCP a t  195 "C ([MI, 
= 2.4 mol/L; solvent, decalin; dose rate = 0.1 Mrad/h). 

phosphazenes and their intrinsic viscosities determined. 
They were all found to be about 0.2 dL/g, similar to the 
bulk products. The low values are probably due to chain 
transfer to monomer, i.e. 

M,' + MC1- Mt + M,Cl 
The HCP trimer has six chlorines per monomer unit, and 
transfer could be very much favored over chain growth 
leading to the low molecular weights observed. 

I t  is clear that the radiation approach does yield low 
molecular weight polymer both in bulk and in decalin 
solution. The rather low rates are probably the results 
of the low dose rates used. With high dose rates such as 
can be obtained with an electron accelerator practically 
acceptable rates should result. 

Effect of Adding an Electron Acceptor. The high 
reactivity of the free, unpaired, cations undoubtedly leads 
to extensive chain transfer and rapid termination of the 
growing chains. I t  was considered, therefore, that the 
addition of a bulky efficient electron acceptor would intro- 
duce some ion pair and/or reduced rates of termination 
of the polymerization and transfer reactions. This had 
been tried without success many years ago with styrene 
and i~obutylene.~' More recently, however, Hayashi et 
al.31,32 had obtained excellent results with a-methylsty- 
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Figure 4. Influence of monomer concentration on the reac- 
tion rate (solvent, decalin; T = 195 "C; t = 60 h; dose rate = 
0.1 Mrad/h). 

rene and pyromellitic dianhydride. This acceptor 

oc co 

has now been tried with hexachlorocyclotriphosphazene 
in bulk and in decalin solution. In bulk no effect on the 
rate was obtained, but the intrinsic viscosity of the cor- 
responding trifluoroethoxyl polymer increased from 0.2 
to 0.4. These results are included in Table 111. In deca- 
lin solution the results were rather remarkable and are 
presented in Table 111. The conversion at  195 "C increased 
from 0.36 to 2.25%/hour with the addition of a small 
amount of pyromellitic dianhydride. Even a t  175 "C the 
conversion, in the presence of the electron acceptor, 
increased from about 0.02 to 0.27% /h. 

The temperature dependence is presented as an Arrhe- 
nius plot in Figure 5. The activation energy is about 43 
kcal/mol compared with literature values of 42-57 kcal/ 
mol reported for the thermal p ~ l y m e r i z a t i o n ~ ~ - ~ ~  and 36 
f 4 kcal/mol for the BCl,-catalyzed polymerization.36 The 
somewhat lower values found in this and the BCl, work 
presumably reflect the lower activation energies for the 
initiation step. The energy needed to open the conju- 
gated trimer rings is reflected in the high overall activa- 
tion energies. 

The intrinsic viscosity data is also of considerably inter- 
est and is included in Table 111. With 0.14 M pyromel- 
litic dianhydride present the intrinsic viscosity of the cor- 
responding polymer increased 3-fold to 0.6. This corre- 
sponds to a weight-average molecular weight of about 
500000.37 The GPC analysis (Figure 6) showed a uni- 
model distribution with a wide molecular weight distri- 
bution. The NMR analysis showed an absence of any 
small cyclic oligomers. The MJM, value was 18.7, and 
the peak value was 454 000. The glass transition tem- 
perature was determined with DSC as -66 "C and a T(1) 
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Table I11 
Polymerization of Hexachlorocyclotriphosphazene in the 

Presence of PMDA in Bulk and in Decalin Solution 
[MI, [PMDAI," conversn, intrinsic 

mol/L mol/L T,b "C t ,  h w t  %/h viscosity, dL/g 
5.75 (bulk) 0 195 60 0.35 0.2 
5.75 (bulk) 0.5 195 68 0.3 0.4 
4.4 0 195 61 0.36 0.2 
3 0.14 195 8 2.25 0.6 
2.8 0.14 185 22 0.86 
3 0.13 155 68 0.03 
3 4.5 X lo-* 175 56 0.27 
5.75c (bulk) 0.18 195 50 0.56 

only partly soluble under these conditions. 
zero yield at these temperatures. 
purification. 

a This indicates only the quantity of PMDA introduced as it is 
Thermal control gave 

Crude monomer without any 

-16.0 ! 
0.0021 0.0022 0.0023 0.0024 

1/T (Deg. K)  

Figure 5. Solution polymerization of hexachlorocyclotriphos- 
phazene in decalin in presence of pyromellitic dianhydride 
(PMDA): Dependence of Rp on temperature; [PMDA] = 0.14 
mol/L; [MI, = 3 mol/L. 

-I 1 

Logkhw 7 6 5 4 3 

Figure 6. GPC chromatogram of (trifluoroethoxy)polyphosph- 
azene converted from C1 polymer (elution solvent, THF; T = 
40 "C. 

at 84 "C. These are the values normally reported for the 
trifluoroethoxy 

The considerable effect of the electron acceptor on the 
polymerization could be due to an increase in the free 
ion yield due to a reduction in geminal recombination. 
Considering the magnitude of the effect and also the 
increase in molecular weight the explanation of Hayashi 
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et al.31932 for the introduction of an ion pair mode is more 
attractive. This suggests for a-methylstyrene that the 
monomer is an electron donor D which complexes with 
the electron acceptor A. The complex DA can be excited 
by the irradiation, e.g. via energy transfer, to form an 
ion pair. This could now initiate the polymerization and 
reduce the chain-transfer step. In this work the trimer 
itself could play the same role as a-methylstyrene, i.e. as 
the donor. Schematically this can be written: 

D + A F? (CA) complex 
D *+ D* 

D* + (DA) - (DA)* + D 
(DA)* - (D*t--A'-) ion pair 

(Dt-A*) + M - ion pair propagation 
GPC analysis of the polymer obtained shows only one 
main product with a very widely dispersed molecular 
weight distribution (Figure 5) which implies, perhaps, that 
mainly ion pairs are involved. The absence of small cycle 
oligomers would also tend to increase the rate since these 
are known to be much less reactive than the trimer and 
decrease the rate.40 

Conclusions 
Conducting the polymerization in decalin gives much 

better reproducibility than that found with the bulk melt. 
The addition of pyromellitic dianhydride, a bulky and 

powerful electron acceptor, gives increased rates and molec- 
ular weights. This can be attributed to the introduction 
of ion pairs which could delay termination and transfer 
to monomer. 

Although the rates are still low, increasing the dose 
rate should bring them up to more practical values. 
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