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The main features of the catalytic and thermal polymerisation of chlorocylophosphazens are examined, with a possible
mechanism of rearrangement of rings in the thermal polymerisation of mixtures of cyclic chlorophosphazens. Research
on the influence of side-groups on the chemical and physicochemical properties of polyorganophosphazens (polydialkoxy-
phosphazens, polydiaminophosphazens) is discussed, as well as aspects of the vulcanisation and stabilisation of these
polymers. The chemical properties, structure, molecular-mass characteristics, and thermal stability of poiyphosphazens
are surveyed, and also the application of these polymers in the national economy. A list of 151 references is included.
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I. INTRODUCTION

Interest in polyphosphazens has increased considerably
during recent years, as a consequence of the undoubted
practical value of this interesting class of hetero-organic
polymers. The large quantity of experimental results and
the many original investigations following publication of
Allcock's monograph1 and a review2 have made it necessary
to summarise some of the most important aspects of the
chemistry of polyphosphazens. We have now attempted to
systematise work appearing during recent years on the syn-
thesis and properties of linear homopolyphosphazens, a most
interesting and industrially important type of phosphazen
polymers. The survey of published data has taken into
account recent reviews3"10, most of which cover only part of
the field or are essentially advertising material.

I I . POLYHALOCENOPHOSPHAZENS

The only method for synthesising linear macromolecular
polyphosphazens has been to replace halogen atoms in poly-
dihalogenophosphazens by various groups. Since polydi-
chlorophosphazen is most often used for this purpose, estab-
lishment of the laws and mechanism of its formation in the
polymerisation of chlorocyclophosphazens is a most urgent
problem of phosphazen chemistry.

The polymerisation of cyclic chlorophosphazens

Cl

i
Cl

n—3- -8, x <: 15 000

known long ago from the work of Stokes11, can be accom-
plished either thermally or catalytically. Research during
recent years on the catalytic polymerisation of hexachloro-
cyclotriphosphazen has determined the most effective range
of catalysts for subsequent investigation. Alkali-metal
phenoxides and alkoxides12, inorganic acids, and hetero-
organic Lewis acids (e.g. ethylaluminium halides)13 enable
the temperature to be lowered to 200 °C. Use of 1 mass % of
phosphoric acid17 also permits the above chlorocyclophospha-
zen to be polymerised in a solvent (1,2,4-trichlorobenzene)
at this temperature; the resulting polydichlorophosphazen
has a lower molecular mass and a broader distribution thereof
than has that obtained purely thermally7'1<+.

The use of metal chlorides15, known some time ago for the
splitting of chlorocyclophosphazens16'17, enables the tempera-
ture of polymerisation to be lowered to 175—200 °C, but also
leads to a decrease in molecular mass that is larger the
greater the quantity of catalyst.

Ring opening occurs in hexachlorocyclotriphosphazen under
mild conditions in the presence of phenylmagnesium bromide18

or diphenylmagnesium19, and especially readily (at 20 °C) on
treatment with phenyl-lithium20. In the last case the first
stage involves formation of a linear product C6H5PC12NPC12.
.NPCl2NLi, which undergoes further phenylation by excess
of phenyl-lithium (mainly from the end), but in the presence
of a deficiency of this compound branched structures are
formed owing to interaction with other similar molecules, the
resulting oligomer having molecular mass up to 2000 and
relative composition

(C6H5)2P : (C6H5)2P : PC12 —5 : 2 : 22.

Low-temperature opening of phosphazen rings is fundamen-
tally possible18"20, but the catalysts used must be inert
towards phosphorus—chlorine bonds.

Since effective catalysts for the polymerisation of chloro-
cyclophosphazens have not yet been found, thermal poly-
merisation mainly of a cyclic trimer remains the chief method
for obtaining polydichlorophosphazen. Despite the large
amount of research on thermal polymerisation1'2 methods are
not yet available for conducting the process under controlled
conditions, which would yield reproducible results; nor can
the yield, solubility, and molecular-mass characteristics of
the products be controlled.

It now seems highly likely that the usual thermal poly-
merisation of hexachlorocyclotriphosphazen and other chloro-
cyclophosphazens is not a truly thermal process, but is
determined in considerable measure by the presence of
impurities in the initial cyclic compound and on the walls of
the reaction vessels. Thus hexachlorocyclotriphosphazen
that has been thoroughly purified by successive recrystalli-
sation, boiling with barium oxide in a stream of nitrogen at
130 °C, passage of the vapour over phosphorus pentoxide,
and vacuum sublimation does not polymerise below 300 °C,21

but rapid polymerisation begins after the introduction of
oxygen. The reason for this and the nature of the active
centres were not discussed21. An effective method for
purifying the trimer is first to heat it under polymerisation
conditions (200-250 °C) for 15-180 min and then distil22:
polymerisation of the purified product gvves a higher yield
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of soluble polydichlorophosphazen, but the rate of the pro-
cess is lowered.

The now preferred ionisation mechanism of the thermal
polymerisation of hexachlorocyclotriphosphazen23"25 involves
as initial stage heterolysis of a phosphorus—chlorine bond
with formation of a cyclic azophosphonium cation

PSN 3C1 6 ^ PSNSC14
6 + C l -

that initiates chain growth. It was confirmed in later
work26'27, and agrees well with conductivity measurements
on the trimer and on polydichlorophosphazen28.

Examination of the effects of pH at the surface of the glass
ampoules, temperature, and duration29, indicating an
increase in the rate of polymerisation of hexachlorocyclotri-
phosphazen with increase in acidity of the glass, suggested
in terms of the ionisation mechanism26 that chain growth
begins with protonation of a trimer molecule. The cation
P3N3C16H then reacts with a second trimer molecule to elimi-
nate hydrogen chloride and form the cyclolinear cation

CK

CK

Cl Cl Cl
| ( |

N=P-N=P—N=P+
| I |

ci ci ciCl Cl

which is responsible for further chain growth, as in the
usual ionisation polymerisation26.

However, the hydrogen chloride not only does not catalyse
polymerisation but is even capable of inhibiting it slightly30.
Phosphorus pentachloride is a stronger inhibitor of this
process, and also acts as a telogen30'32. The accelerating
effect of small additions of water (1(T5— lO"1 mole mole"1 tri-
mer) also indicates that the main role in initiating polymeri-
sation is played by acid centres of the type

N=P-OH;
I

I
•NH-P=O

formed at the same time as hydrogen chloride30'31. Allcock's
results30 indicate that chain growth in the polymerisation of
chlorocyclophosphazens is effected not only by an azophos-
phonium cation N=P+\ but also by a terminal phosphoryl
group:

\
PP N

P

\
P

This hypothesis is consistent with the accelerating effect of
phosphoric acid17 and alkoxy-derivatives of the trimer12 on
its polymerisation; it is assumed in the latter case that
phosphazen—phosphazan rearrangement takes place, and the
resulting phosphazan is converted into a zwitterion

RN_P=N P=O

which initiates chain growth.
Although formation of cationic centres seems to be gener-

ally accepted as initiating chain growth in the thermal poly-
merisation of hexachlorocyclotriphosphazen, information on
the laws of chain growth and termination has hitherto been
almost completely lacking, and the reasons for the wide
molecular-mass distribution in particular have remained
obscure.

Interesting results have been obtained from investigation
of the copolymerisation of hexachlorocyclotriphosphazen with
other chlorocyclophosphazens. Although a patent report33

that the rate and the yield of soluble polydichlorophosphazen
in the polymerisation of this trimer are increased by the

presence of 5—25% of octachlorocyclotetraphosphazen has not
been confirmed31*, and additions of other higher chlorocyclo-
phosphazens only slightly raise the yield of soluble product35,
study of the thermal copolymerisation of the trimer with its
higher cyclic homologues has revealed the phenomenon of
ring rearrangement, mostly involving increases in the pro-
portion of tetramer and other homologues in the initial stages
of polymerisation36'37 (Table 1). This was first detected by
Allen et al.75, who synthesised polydichlorophosphazen by
the thermal polymerisation (at 250 °C) of the trimer contain-
ing 2.9% of the tetramer, and found that increasing the
duration of the process from 20 to 62 h not only raised the
yield but also increased the content of higher homologues—
especially pentamers and hexamers—in the mixture that had
not reacted. However, at the time due attention was not
paid to this interesting observation.

Table 1. Variation in composition of mixture of cyclic
chlorophosphazens (PNCl2)n during thermal block polymeri-
sation at 250 °C37*.

3:4:5:6:7

77 : 23 : 0 : 0 : 0
95 : 0 : 0 : 5 : 0
95:0 : 1 :0 : 4
95:0: 1 : 0.1 :39
90 : 0:2 : 1 : 7
85.5 : 9.5 : 1 : 0.25 : 3.75

w.%

8
26
20
14
8
24

AG

n=4

330

126
92
106

. %

n=6

300

730
300
450

n=7

2 4 0 "
260
120
210

*Column headings: 3:4:5:6:7 = proportions by weight in
initial mixture of homologues having n = 3—7; W = yield of
polydichlorophosphazen; AG = change in content of chloro-
cyclophosphazens (% on initial quantity of each ring).
**Total quantity of pentamer and heptamer.

Interconversions of rings have in general been known in
phosphazen chemistry for a comparatively long time. Thus
as early as 1960 Korshak et al.38 observed the conversion of
octaphenylcyclotetraphosphazen at 320—500 °C into a mixture
of tr i - , tetra- , penta- , and hexa-mers; hexakisheptafluoro-
butoxycyclotriphosphazen when boiled at 340 °C for 50 h is
50% converted into a tetramer39; and the reverse conversion
of a tetrameric into a trimeric ring takes place when octa-
chlorocyclotetraphosphazen is phenylated with phenylmagne-
sium bromide1*0. Interconversions of mixtures of cyclic
chlorophosphazen homologues from trimer to heptamer during
their vacuum distillation and in certain low-temperature
(20-80 °C) nucleophilic substitutions have been reported
recently1*1, and also those of trimeric into tetrameric dimethyl-
cyclophosphazens over the range 200—350 °C.h2 However, a
distinguishing feature of this work38"1*2 is that interconver-
sions of chlorocyclophosphazens at 20-500 °C are not accom-
panied by polymer formation (except in the vacuum distilla-
tion of mixtures'*1).

In addition to the above work36'37 formation of higher cyclic
homologues from trimeric phosphazens has been observed by
Allcock et al.1*3 in a study of the thermal polymerisation of
trifluoroethoxychlorocyclotriphosphazens P3N3Cln(OCH2CF3)6-n
and the copolymerisation of hexachlorocyclotriphosphazen
with the hexakistrifluoroethoxycyclotriphosphazen (I)
(Table 2). Among the most important aspects of this work1*3

pure (I) does not polymerise below 300 °C , but when heated
at 275 °C for > 46 h, small quantities of the corresponding
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tetramer and pentamer are formed; copolymerisation of
hexachlorocyclotriphosphazen and (I) takes place at 200 °C,
at which temperature neither of the pure individual com-
pounds polymerises; among partly substituted trifluoro-
ethoxychlorocyclotriphosphazens only those having n = 5—3
undergo polymerisation; above 230 °C polycondensation
takes place with the evolution of 2-chloro-l,l,l-trifluoro-
ethane; and the molecular masses of the products of the
above copolymerisation are lower than those resulting from
the polymerisation of pure hexachlorocyclotriphosphazen.

Table 2. Copolymerisation of equimolecular quantities of
hexakistrifluoroethoxycyclotriphosphazen (I) and hexa-
chlorocyclotriphosphazen (III) at 200 °C1*3*.

t, h

24
27
30

(HI): (I)]

1:1.3
1:1.5
1:1.7

(I + III):
(IV)

1:0.024
1:0.025
1:0.041

PNCij:
^NtOGH.CF,^

1:1.3
1:0.8

t, h

32
36
50

("I): (I)

1:2.0
1:2 1
1:2.4

(I + III):
(IV)

1:0.:55
1:0.130
1:0.160

PNCI,:
:PN(OCH,CF,'

1:0.9
1:0.9
1:1.0

* Here t = duration of process; (I) and (III) given in mole
proportions; (IV) = proportion by weight of (I + III) and
other cyclic oligomers; and PNC12 : PN(OCH2CF3)2 = mole
proportions of PNC12 and PN(OCH2CF3)2 units in copolymer.

The considerable increase in the content of higher chloro-
cyclophosphazens accompanying formation of polydichloro-
phosphazens in the initial stage of their copolymerisation
with hexachlorocyclotriphosphazen has been explained37 by
specific interaction of the growing macrocation with cyclo-
phosphazen molecules. The usual interaction (2) leading to
further chain growth may be accompanied by an anomalous
reaction involving formation of a cyclic transition state (II):

A*
I I

~=p—N=P—N

I I
chain

growth

(2)

\

=P—N-

/
P—

- = P — N P - = P — N = P

(ID
• J *

P—N

N7\

(3)

Localisation of the positive charge on either phosphorus
atom of the four-membered ring (II) will entail its cleavage
with increase in the length of the macrocation by the number
of units of the initial ring. In view of the great, stability
of four-membered cyclic systems in phosphazen chemistry14*4,
however, it may be postulated that the transition state (II)

can also break down at an exocyclic phosphorus-nitrogen
bond (3). The additional structural units expanding the
chlorophosphazen rings are thus provided by growing
macrocations, which as a consequence of specific interaction
with cyclic molecules (3) become one unit shorter, and this
unit is incorporated into the ring under attack, which
becomes larger.

Reaction (3) can evidently take place also with — N = P \
units of linear macromolecules that have already been formed,
and the proportion of such interaction will increase with the
degree of conversion. It may provide one reason for the
observed wide molecular-mass distribution of polydichloro-
phosphazen. Determination of the proportions of reactions
(2) and (3) in an actual process must obviously take into
account both structural and thermodynamic factors. The
strain in a ring, which governs the energy of its vapour-
phase polymerisation, may differ substantially for different
conformers1*5. For example, the difference in strain between
crenulated planar and buckled C2 forms of the cyclic penta-
mer, which characterise crystalline and liquid states respec-
tively, is 18.75 kJ mole"1.

Table 3.
phazens1*

Polymerisation of fluoroalkoxychlorocyclotriphos-

Cyclophosphazen

(C2F5CH2O)2P3N3C14 (V)

(V) + (C2F5CH26)6P3N3 **

RFO:C1

0.5:1
0-5:1
1.24:1
5:1

2.23:1

T, °C

200
200
260
270
270

t, h

80
120
90
100
100

w*. %

70.5
73.0
76.2
0
0

dig"1

0.55
0 50

* Yield of polymer.
** Mixture of 53% (V) + 47% (C2F5CH2O)6P3N3.

*** Polymer swells strongly but does not dissolve.
**** Contents of homologues having n = 3— 6 respectively
25%, 50%, 10%, and 15%.

The presence of ring substituents other than chlorine
atoms will also influence the probability of formation of tran-
sition state (II), so that the capacity of partly substituted
chlorocyclophosphazens for thermal polymerisation becomes
significant. Even before the appearance of Allcock's work1*3

it had been reported146-147 that fluoroalkoxychlorocyclotriphos-
phazens can polymerise at 200 °C. The process occurred
only when RpO : Cl i 2 : 1 (Table 3). When mixtures of
hexachlorocyclotriphosphazen with hexakisperfluoroalkoxy-
cyclotriphosphazen or other mixtures satisfying the above
ratio are used, polymerisation is apparently preceded by
exchange of substituents148, which is not excluded by Allcock
et al.143

In the polymerisation of fluoroalkoxychlorocyelotriphos-
phazens, however, the proportion of polycondensation pro-
cesses accompanied by separation of a fluoroalkyl chloride
increases with rise in temperature1*3. Such processes take
place at lower temperatures with non-fluorinated alkoxyphos-
phazens—e.g. at 150-170 °C with butoxychlorocyclotriphos-
phazens1*9—although polycondensation of the latter with
separation of butyl chloride and formation of polymers con-
taining P—O—P links between phosphazen rings is also accom-
panied50 by polymerisation with ring opening.
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It is therefore more interesting, from the point of view of
capacity for polymerisation, to investigate alkylchlorocyclo-
triphosphazens containing the more stable phosphorus—car-
bon bonds. Trimethyltrichlorocyclotriphosphazen, tetra-
methyltetrachlorocyclotetraphosphazen, and their mixtures
are polymerised51 at 200-220 °C after 15-20 h, with formation
of a rubberlike product having viscosity [n] = 0.5—0.7 dig"1.
Use in the thermal polymerisation of hexachlorocyclotriphos-
phazen of additions of its partly substituted derivatives of
general formula RXP3N3C16_X (R = CH3, CF3CH2O, or other
fluoroalkoxyl; x S 1.5) not only shortens the process but
also raises the yield of soluble polydichlorophosphazen52.

In an investigation of the thermal polymerisation of a
series of phenylhalogenocyclotriphosphazens Allcock and
Moore established53 that only the phenylpentafluoro-compound
is capable of homopolymerisation at 300 °C: geminal and
non-geminal compounds (C6H5)nP3N3Cl6_n having n = 2-6
do not polymerise at this temperature, although at 250 °C
homologues in which n = 2, 3 copolymerise with an equimo-
lecular proportion of hexachlorocyclotriphosphazen, but
products in which n = 4—6 inhibit polymerisation of the
latter. The copolymers have a considerably lower molecular
mass than has the polydichlorophosphazen obtained by its
homopolymerisation. Results'*7'53 are fully consistent with
the above mechanism of chain growth (schemes 2 and 3).
Attempts to effect the catalytic polymerisation of hexaphenyl-
and hexaphenoxy-cyclotriphosphazens in the presence of
strong acids gave only a low yield of oligomeric products,
whose formation involves intermediate detachment of side -
groups51*"56. Yet a report appeared on the thermal polymeri-
sation of an aryloxypentachlorocyclotriphosphazen57, essen-
tially by a modification of the method of Ref.12.

Among other methods for obtaining polydichlorophosphazen
is its synthesis from linear oligomers C13P :N .[PCl2:N]n .PCli,
(n = 3-15) by prolonged heating at 240-260 °C. The pro-
cess is accompanied by separation of phosphorus pentachlo-
ride, obviously by the reaction of terminal groups58:

+

^ _ j .8+\ I- ~~* \ + PC'5
-N-P-Cl

Thermal degradation of polydichlorophosphazen is a first-
order reaction having activation energy 92.11 kJ mole"1 and
yielding a large number of oligomeric linear and cyclic
homologues59. It is assumed to involve ionic terminal groups,
which is consistent with the known1'2 equilibrium character
of the polymerisation of chlorocyclophosphazens.

X-Ray examination of polydifluorophosphazen—the phos-
phazen polymer having the smallest of known side-groups—
has yielded interesting results60. This polyphosphazen can
be present as two conformers: conformer A exists between
-36 and +25 °C, and has a repeat distance of 6.49 A; con-
former B is observed at around —56 °C, and has repeat
distance 4.85 A (for polydichlorophosphazen 4.96 A). The
latter conformer has a cis—trans planar chain conformation
with P-N-P and P-F bond lengths 1.52 and 1.47 A, and
PNP, NPN, and FPF angles 136°, 119°, and 95° respectively.
The density of polydifluorophosphazen at 25 °C is 1.84 g

I I I . POLYORCANOPHOSPHAZENS

Interest in the synthesis of macromolecular linear poly-
phosphazens has grown considerably during recent years61"63

in connection with the problem of producing thermostable and
non-flammable rubbers having good resistance to cold.

1. Polydialkoxyphosphazens

These polyphosphazens are obtained by replacing chlorine
atoms in polydichlorophosphazen by alcohol of phenol resi-
dues:

ci
— I —P=N—

OR

__ + ROM ->• - I - P = N - I - + MCIf ' 1
L OR An

where R = Alk, Ar and M = alkali metal. The main trends
in research during recent years have been the synthesis of
polyperfluoroalkoxyphosphazens as potential fire-resistant
and thermostable rubbers having high chemical stability and
resistance to cold, investigation of the effect of the nature
of side-groups on the chemical and physicochemical proper-
ties of such polymers, study of the possibilities of using
polydialkoxyphosphazens for biomedical purposes, and a
search for methods of vulcanisation and stabilisation.

It had been shown earlier1 that polyphosphazens having
identical lower perfluoroalkoxy-groups in the side-chain are
in most cases crystalline. In order to obtain elastomeric
products, therefore, the synthesis of polymers containing
various groups—perfluoroalkyl65"70 or mixed alkoxy-substitu-
ents71'73'79"83—has been investigated.

Table 4. Some properties of polyphosphazen copolymers
-[N:P(OR)(OR' ) ] n - * .

R

CF3CH2

CF3CH2

CF3CH2
CF3CH2

CF3CH2
CF3CH2
CF3CH2
CF3CH,
CF3CH2
H(CF2)2CH2
CF3CH2
CF3CH2
H(CF2)2CH2

R'

C3F7CH2

C6H5

C6H5
HC6F12CH2

HC4F8CH2
HC4F8CH2
C6H4C6H4O-P
C6H4C6H4O-p
C6H4C6H4O-p
C6H5
C6H4C1-P
C6H4Cl-p
C6H4Cl-p

R:R-

1:1
1:1
1:1
1:1
1:1

1.9:1
1:0

0.4:1.6
0:1
1:1
1:3
1:1
1:1

(hi,
dig"1)

50(1.46)
(3.50)
(1.14)
(1.50)

—
(1-20)

—
—

(1-32)
(1.03)
(0.84)
(0-92)

rgl,°c

- 7 1 ( - 7 7 )
—

— 35
- 6 4
—67
—68
—70
—10

43
— 50
- 2 0
— 25
—40

Tdecomp.
°C**

300
460
—
—
—
—
260
355
320
—
—
—
—

Ref.

[67]
[65]

[105]
[67,69]
[67,69]

[92]
[70]
[70]
[70]

[105]
[105]
[105]
[105]

* Macromolecules may contain doubly and singly substituted
phosphorus atoms.
** "^decomp ~ temperature at which decomposition begins.

Polyperfluoroalkoxyphosphazen copolymers are most often
obtained from mixtures of trifluoroethoxides with fluorinated
higher alkoxidesG5~69 and also with phenoxides65'81'105.
Sodium alkoxides are usually employed, although in some
cases the lithium compounds are more effective71*. Substitu-
tions are conducted predominantly in oxolan, dioxan, diglyme,
and their mixtures with benzene; the last is usually employed
to dissolve polydichlorophosphazen. In order to increase the
conversion the concluding stages are carried out at high
temperatures, especially when aryloxy-groups are intro-
duced70'75"77. Almost complete replacement of chlorine can
thus be achieved, although this is influenced by various
uncontrollable factors, assumed78 to be connected mainly with
the stage of polymerisation of hexachlorocyclotriphosphazen
in the synthesis of polydichlorophosphazen.

By varying the nature and the proportions of side-groups
it is possible to change within wide limits such properties of
polydialkoxyphosphazens as solubility, glass temperature,
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molecular mass and molecular-mass distribution, thermal
stability, processability by various methods, etc.78"85 '89 '91 '92.
For this purpose substitution is effected with mixtures of
alcohols and phenols65 '70 '81 '89, fluorinated C,,_12 alcohols79,
and mixtures of phenols80'83. The properties of homoaryl-
oxyphosphazens can be controlled by varying the nature and
the position of constituents in the initial phenol76 '77 '82.
Table 4 lists some of the properties of polyalkoxyphosphazen
copolymers, among the most interesting of which are those
of trifluoroethoxy- and octafluoropentyloxy-phosphazens.
Thus a copolymer containing 65 mole % of CF3CH2O groups
and 35 mole % of H[CF2]t,CH2C> groups has a glass point of
-68 °C and does not swell in hydrocarbons; 86% of this
copolymer comprises a macromolecular fraction having Mn —
1370 600 and Mwt = 4 085 800 (Mwt/Mn = 3), whereas corre-
sponding values for the unfractionated copolymer are 123 700
and 3514500 (28.4).92 The high polydispersity is evidently
due to the presence of a considerable proportion of fractions
of low molecular weight. For this copolymer the viscosity
[r|] = 0.004887Mn.

1'li7

Even with equimolecular proportions of the initial substi-
tuting reagents the resulting copolymers contain three types
of units—two paired, NPR2 and NPR2, and the mixed NPRR'—
in quantities determined by (apart from the proportions of
the initial reactants) the dimensions and the inductive pro-
perties of the new substituents. The presence in various
combinations of three types of monomer units in the macro-
molecules of polyalkoxyphosphazen copolymers is responsible
for their hyperelastic properties over a wide temperature
range.

osmometrically in cyclohexanone). Fractionation showed the
copolymers to be inhomogeneous with respect to composition:
thus for a product having x = 0.15 this parameter is 0.32
for the fraction of high molecular weight, and 0.08 for that
of low molecular weight. Heating the copolymers in air at
150 °C for 12 h lowers their viscosity [n] by factors of 4—5.
X-Ray examination shows the copolymers to be relatively dis-
ordered, with crystallites formed by the crystallisation of
microblocks comprising —N :P(OCH2CF3)2— units, the presence
of which is confirmed by the fluorine-19 nuclear magnetic
resonance spectra70.

A convenient method for the synthesis of polydialkoxyphos-
phazen copolymers is the transetherification of alkoxylated
polymers with higher alcohols; alkoxides of the latter are
used to obtain polyperfluoroalkoxyphosphazens73'85. Besides
the alkoxide—phenoxide method an acceptor method is also
available for the synthesis of polyalkoxyphosphazens86'90'106'
107. Thus, when trifluoroethanol in oxolan at 60 °C is used
to replace chlorine atoms in polydichlorophosphazen, the
degree of substitution reaches 65% after 5 h, and a limiting
value of 85% after 100 h; introduction of lithium chloride
into the reaction mixture increases this to 90%. However,
substitution is accompanied by side-reactions of polydichlo-
rophosphazen with triethylamine and other processes, so
that the heterounit character of the resulting polymer
reaches 6.8%.86 Nevertheless, the acceptor method of sub-
stitution in polydichlorophosphazen is more convenient for
preparative purposes50 '106 '107.

Table 5. Polydiaryloxyphosphazens —[PN(OAr)2]n—. Table 6. Polybisarylaminophosphazens -[PN(NHAr)2]n- .

Ar

C6HS
"i-ClC6H4
P-C1C6H4
P-C1C6H4
2,4-C]2C6H,
P- FC6H4
P- CH3C6H4

m-CH3C6H4
P- C2H5C6H4
o- CH3OC6H4

P-C,0H7
P- C6H,QH,

h i , dig-1*

initial
polymer

2.4
1 5
1 4
1.6

12.0
9.0
1 8
1.8
3.2

1.8****
1.9
1.2*"**

after
heating**

0.08
0.42

—
1.5

—
—

—
0.5
0.7

7g,,-C

—1
—35
- 1 2

5
2

— 14
3

—25
—36

6
47
43

M.p.,

°C

160
—
—
167
—
—
152
90
43

125
—
—

7V°C***

400
380
400
385
440
385
310
340
250
330
475
390

Ref.

[77]
[76]
[76]
[77]
[76]
[76]
[77]
[77]
[77]
[77]
[76]
[76]

* Measured in oxolan at 25 °C.
** At 255 °C for 8 h.

*** rfj = temperature of 10% loss in mass.
**** In chloroform.

***** In dimethylformamide.

Ar

C6HS

C6H5
P-CH 3 QH 4
P-CH3C6H4

P-CH3OC6H4

P-CH3OC6H4
P-C2H5C6H,
m-C2H5C6H5
n-C4H5C6H4-p
P-C1CCH4
P-CIC6H4
P-C1C6H4
P- FC6H4
m-FC6H4

M'dlg"1*

1.4
1 2
1.3
1 1
1 3
1.2
0.7
1 I
0.9
0.6"*
1.0*"
1.3*"
0.7***
0.3*"

rgl,°c

105
98
97
95
92
90
61
53
92
85
70
80

80

7decomp>
°C**

250

266
—
243
253
266
265

253
260
249

Ref.

[87]
[88]
[87]
[88]
[87]
[88]
[87]
[87]
[87]
87]

[88]
[87]
[87]
[87]

* Measured in oxolan at 25 °C.
** From dynamic thermogravimetric analysis in air,

AT = 20 deg min"1.
*** In chloroform.

The low glass point of polyfluoroalkoxyphosphazens is due
to the high thermodynamic flexibility of the main chain and
the absence of side-group interactions. Introduction of
bulky aromatic groups in the place of chlorine, however,
raises the glass point, which is especially clearly shown70 by
the polyphosphazen copolymers — [N :P(OCH2CF3)2-x-
,(OC6H1<C6H5-p)x]—. These copolymers are obtained by
treating a solution of polydichlorophosphazen in benzene
successively with a phenoxide and an alkoxide in oxolan, and
are purified by reprecipitation from oxolan solution into
water. In oxolan at 25 °C the copolymers have viscosities
in the range [n] = 1.06—2.20 dl g"1, which fall with decrease
in x; their molecular mass Mn = (0.9-3.3) x 105 (measured

Several polyaryloxyphosphazens having identical side-
groups have been synthesised and characterised' These
polymers are soluble in dimethylformamide and oxolan, have
viscosities [n] = 0.8-12 dl g"1 (Table 5), and are shown by
X-ray examination to be only slightly ordered with glass
points between —40 and +50 °C. Polydialkoxyphosphazens
{[P(OR)2:N]2.P(OR)(OR' ) : N - } n with regularly alternating
(every two phosphorus atoms) R' groups are obtained by
the action of alkoxides or phenoxides on linear polymerisation
products of monoaryloxypentachlorocyclotriphosphazens
R'OP,N,CU.12'133
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2. Polydiaminophosphazens

Polydiaminophosphazens are obtained by replacing chlorine
atoms in polydichlorophosphazen with residues of primary or
secondary amines:

NHRCl
I

—P=N— + HNRR' —f

Cl
R = H, Alk, AT ;

NHR'
R' — Alk, Ar

Either the initial amine or a specially added tertiary amine
can act as acceptor of the hydrogen chloride formed87'88'91*"96.

Polybisarylaminophosphazens have higher glass points
(Table 6) than have polydiaryloxyphosphazens, as a conse-
quence of the greater rigidity of chains due to hydrogen
bonding in the former87'88; a similar pattern is observed on
comparing corresponding polydialkoxyphosphazens1'9 and
polybisalkylaminophosphazens91*96. The latter differ from
the former in possessing an ordered structure (Table 7),
although their formation is accompanied by degradative pro-
cesses, as is indicated by the considerably lower molecular
mass in comparison with the initial polydichlorophosphazen or
corresponding polydialkoxyphosphazens96. This may be due
to the reaction 87

NHR NR

I I
NHR NHR

NR

NHR

When primary amines are used as substituting reagents,
however, the molecular mass may be increased by partial
cross-linking96

J - Cl + H—N—H + Cl

R

—P— ->— P—N—F

N R N

Table 7. Polybisalkylaminophosphazens
-[N:P(NHR)(NHR' ) ] - 9 G .

R

NHCH3

NHC3Hr
NHC,H9

NHCH3
NHC2H5
NHC3H7
NHC4Ho

R'

NHCH3
NHC3H7
NHC4H9
N(C2H5)2
N(C2H5)2
N(C2H5)2
N(C2H5)2

M.p., °C

140
151
139
174
111
—
—

7-gi, °C

14
4
8
8

— 11
— 5
—6

Mz***

8.1

—
23.0
27.4*
13.2**
15.5

(T)], dlg-1 (solvent, t°C)

2,0 (water, 30°)
1.1 (trifluoroethanol, 30°)
2,5 (trifluoroethanol, 30°)
1,4 (benzene, 30°)
1.2 (benzene, 30°)
1.2 (benzene, 30°)
1.4 (benzene, 30°)

* Mn = 1.55
** Mn = 1.27 >

; 105

105.
[***MZ = molecular weight by ultracentrifugation (Ed. of
Translation)].

Polyaminophosphazens are chemically stable. The use of
alkyl esters of amino-acids97 '98, however, entails not only
increase in the proportion of degradative processes in main
chains and decrease in degree of substitution with bulky
ligands but also diminished chemical stability of the poly-
phosphazens, which begin to decompose even at room tem-
perature .

When sterically hindered nucleophiles, e .g . p-phenylazo-
aniline99, derivatives of other colorants or steroids100 , are
used for the preparation of polyphosphazens, at most one
chlorine atom can be substituted at each phosphorus atom in
polydichlorophosphazen, and the activity of the remaining
chlorine atoms is sharply diminished even towards such
highly active reagents as sodium trifluoroethoxide and methyl-
amine100.

An original method for synthesising polybistrifluoroethoxy-
phosphazen101 consists in heating tristrifluoroethoxy-N-tri-
methylsilylphosphazen at 200 °C. Trifluoroethoxytrimethyl-
silane separates and a polymer of molecular mass 4000—10000
is formed.

3. Polyalkylphosphazens

Since alkylated cyclophosphazens cannot be polymerised,
polyphosphazens containing organic groups attached by a
carbon—phosphorus bond are obtained by the action of vari-
ous organometallic compounds on polyhalogenophosphazens.
Thus boiling polydichlorophosphazen in benzene with a
double excess of phenyl-lithium gives a 22% yield of polydi-
phenylphosphazen102. Polydifluorophosphazen reacts more
readily with phenyl-lithium, and also with diethyl- and
dibutyl-magnesium103, although in this case, too, only one
halogen atom on each phosphorus atom is replaced preferen-
tially. Thus an attempt to replace all the fluorine atoms in
polydifluorophosphazen enabled only 80—90% substitution to
be attained, with considerable degradation of macromole-
cules103 '10\

Table 8. Molecular-mass and physicochemical characteristics
of polyphosphazens — [PNR2]n~-

R

C6H5NH
P-CH3C6H,NH
p-OCH3C6H4NH
P-CIQH4NH
C6H5O
P-ClQHsO

0

0.87
0.93
1.24
0.55
1.3
2.2

I
11.6
15.3
18.2

7.6
6.1

21.3

I553

13.4
16.5
14.7
13.9

4.7
9.7

10* A2, cal mole g-2*

osmo-
metry

—0.055
+0.007

0
—0.015
+1.440
+ 1.600

light scat-
tering

— 0.072
+0.007

0
—0.033

—
—

548
665
418
479
348
638

•0

< ?*

0.048
0.050
0.064
0.032

—
—

»

a

1.289
1.172
1.240
1.440

—
—

[881
[88]
[88]
[88]
[77]
[77]

* Second virial coefficient.
** Hydrodynamic radius.

IV. PROPERTIES OF POLYPHOSPHAZENS

Molecular-mass Characteristics

These characteristics of polyphosphazens have been the
subject of lively discussion, primarily because of the unu-
sually wide molecular-mass distribution noted by many
workers1 '76"78 '87 '88 '95 '96. Thus the polydispersity coefficient
of polyaryloxyphosphazens may reach 30,76 and amounts to
5—10 even for individual fractions; in most cases gas-
absorption chromatography indicates a bimodal distribution
for these polymers70'78, the origin of which is still obscure.
Nor has the reason been ascertained why radii of inertia of
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macromolecules found from light scattering considerably
exceed the calculated values: <S2>= = 546 or 638 nm76'77

for polydi-p-chlorophenoxyphosphazen, but 600—1300 nm78

for the corresponding m-chlorophenoxy-derivative. The
calculated value for phosphazen chains having M = 106 is
<S2>5 = 40—50 nm. Such a substantial divergence is
assumed76'78 to be due to a wide molecular-mass distribution
or a branched character of the macromolecules.

Similar anomalies are observed with polybisarylaminophos-
phazens (Table 8). The identical character of molecular-
mass characteristics for polyphosphazens having different
types of side-groups indicates that the distributions are
"prescribed" during formation of the initial polydichloro-
phosphazen. This hypothesis is confirmed by results111*
showing a significant difference between the molecular-mass
distributions of polyphosphazens prepared from polydichloro-
phosphazen and those obtained by the polymerisation of hexa-
chlorocyclotriphosphazen in the mass and in solution.

Structure of Polyphosphazens

Little work has yet been done on structure, although
definite progress has been noted in recent years. Thus two
transition points have been observed8'108"112 in certain
partly crystalline polyphosphazens, the difference between
which may reach 150-250 deg. The first Tx corresponds to
a transition from an ordered three-dimensional to a meso-
morphous state. In polybischlorophenoxyphosphazens the
latter is characterised by a pseudohexagonal structure with
two-dimensional order in the packing of parallel oriented
chains108. Study of polybistrifluoroethoxyphosphazen by
optical microscopy, nuclear magnetic resonance, X-ray dif-
fraction, and differential scanning calorimetry109'110 has
revealed spherulitic morphology remaining unchanged on
passage through the first transition point, although this is
accompanied by disruption of ordered orientation of macro-
molecular axes and a transition to structures with hexagonal
packing. These transition temperatures and melting points
are given for several polyphosphazens in Table 9.

Table 9. Transition and decomposition temperatures of
polyphosphazens - [PN(OR) 2 ] - 8 .

R

CF3CH2

C6H5

P-CIC6H4
C6H5 + prClC^h.4 ( 1 : 1 )

T 1 °C

- 6 6
6

—24
4
5

Transition
temp., °C

90
160
66

167
77, 94

m.p.

240
390
370
365
—

decomp>
°C**

360
380
380
410
—

* Tx = temperature of transition to liquid-crystalline state.
** From dynamic thermogravimetric analysis in air.

The mesomorphous transitions in polyphosphazens are
characterised by considerable enthalpy changes, exceeding
those for a transition into the isotropic melt by factors of
10 and > 50 in polybistrifluoroethoxyphosphazen and polydi-
p-chlorophenoxyphosphazen respectively109 (Table 10).
This feature is more characteristic of liquid-crystalline sys-
tems of low molecular weight113. The discrepancies in
transition points and melting points given by different

workers (Tables 9 and 10) are apparently due to the depen-
dence of these temperatures on the preliminary annealing
conditions. Thus the former polymer exhibits a significant
dependence of the transition point on the conditions of
crystallisation, the temperature, and the duration of the
anneal (Fig. I ) . 1 0 9 The highest value (T1 = 91.5 °C) and
the maximum heat of transition are achieved after the poly-
mer has been preheated in the range 240-255 °C.109

Table 10.
pounds10951

Transitions in polyphosphazens and other com-

Compound

Polybistrifluoroethoxy-
phosphazen

Polydi-p-chlorophenoxy-
phosphazen

Polyethylene
p-Azoxyanisole

Ti, °C

92

169

116

M.p., C

240

356
141
133

AH,

Ti

8.6

6.6

28.0

al r 1 . at
m.p.

0 8

0
68
0 7

AV(7\t

5

3.5

0.10

AV(m.p.)

6

5.7
15
0.36

* AH = change in enthalpy; AV = volume change, %.

330 350 370
7,K

Figure 1. Effect of heat-treatment on the endotherms for
the transition of polybistrifluoroethoxyphosphazen from
the crystalline to the mesomorphous state: 1) specimen
obtained from melt by moulding (Tl = 79.5 °C); 2) as (1)
after recrystallisation by cooling from 112 °C at 20 deg min~"
(80.5 °C); 3) specimen preheated at 240-255 °C (91.5 °C).

Dynamic mechanical tests on polybistrifluoroethoxyphos-
phazen have shown76'112 a sharp decrease in modulus of
elasticity at the transition point, at or slightly above which
the polymer can already be moulded under pressure into
strong flexible films. Despite considerable interest in the
mesomorphous state of polyphosphazens, it is not yet clear
what type of structure it possesses—whether smectic, nema-
tic, or plastic crystalline.

Amorphous polyphosphazens can be assumed to have a
globular structure in view of the great flexibility of the
macromolecules1 and by analogy with amorphous polysilox-
anes. This hypothesis is consistent with the closely similar
permeabilities of these two groups of polymers to water
vapour and diffusion coefficients of the vapour in them111*'
115. Mixtures of partly crystalline homopolymers differ from
the corresponding phosphazen copolymers in having a single
glass point and several transition points T^ which indicates
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compatibility of the amorphous phases and absence of such
compatibility from crystalline regions116.

Like polydichlorophosphazen28 its isothiocyanato- and
alkylamino-derivatives117'118, in contrast to corresponding
cyclic analogues, exhibit predominantly electronic conduction.

Chemical Properties

The chemical properties of polyphosphazens are determined
in considerable measure by the nature of the side-groups.
The completely substituted compounds containing inert ali-
phatic and aromatic groups attached to phosphorus atoms of
the main chain directly through oxygen or nitrogen atoms
resist the action of atmospheric moisture and weak acids and
bases1 '8. Thus polydiphenylphosphazen remains unchanged
after being boiled in 1 N nitric acid and 1 N aqueous potas-
sium hydroxide for 48 h.102 Polymers containing residues
of amino-acids in the side-chain, however, readily undergo
spontaneous decomposition when stored under normal condi-
tions97.

Thermal Stability

Polyphosphazens containing organic substituents are
considerably less stable than the original polydichlorophos-
phazen, which begins to depolymerise only above 350 °C,1>8

a first-order reaction having activation energy 98 + 8 kJ
mole"1.119'126 The temperatures given in Tables 5, 6, and 9
for the start of decomposition of various polyphosphazens
were obtained by dynamic thermogravimetric analysis. How-
ever, viscosimetric measurements indicate that macromole-
cules of most of the organically substituted polyphosphazens
begin to break down over the range 100-200 oC 78,119-121

Polybisalkylaminophosphazens are thermally the most stable,
like their cyclic analogues beginning to undergo deaminoly-
sis above 100—150 °C.l>8>122 Polydialkoxyphosphazens are
somewhat more stable, although both polydiphenoxy- and
polydi-m-chlorophenoxy-phosphazens119'78 exhibit a decrease
in molecular mass over the range 130—160 °C. In contrast
to the results of dynamic thermogravimetric analysis
(Table 9), polybistrifluoroethoxyphosphazen is relatively
thermostable under conditions of isothermal heating and
resembles most other polyperfluoroalkoxyphosphazens in
decomposing under equilibrium and non-equilibrium condi-
tions with the formation of cyclic homologues120'121.

Experimental results at present available indicate that the
thermal stability of polyphosphazens is determined by the
factors—thermal stability of side-groups, presence of weak,
defective chain units resulting from incomplete substitution
and other causes, steric interactions of side-substituents
facilitating breakdown of the main chain, and degradation
governed by the influence of terminal groups.

The influence of the nature of side-groups on the thermal
stability of polyphosphazens is illustrated by polybisalkyl-
aminophosphazens (Table 6)37>88'122. The presence of
defective units is apparently responsible for cases of regular
increase in molecular mass of polydiaryloxyphosphazens at
130-170 DC7 8 ."9 This is indicated by the formation of a
small quantity of 2-chloro-l,l,l-trifluoroethane in the
degradation of polybistrifluoroethoxyphosphazen120. Instab-
ility due to steric interactions of bulky side-groups has been
examined in detail by Allcock1-127'128.

With small and thermally stable side-groups (e.g.trifluoro-
ethoxy) and with a sufficiently high degree of substitution,
however, terminal groups begin to play an important part in
the thermal stability of polyphosphazens. Thus it was
shown123 for polydibutoxyphosphazens that, as the molecular

mass decreases and the concentration of terminal P:O and
P.OH groups increases, the rate of degradation in a vacuum
(0.133 Pa) at 200 °C rises, while the character of the weight-
loss curves changes owing to depolymerisation with formation
of cyclic butoxyphosphazens (Fig.2). At higher tempera-
tures (220-250 °C) the molecular mass of the polymer has
hardly any effect on the character of degradation: under
these conditions instability of side-groups obviously becomes
the dominant factor. As decomposition diminishes (residual
pressure 266 Pa), dibutyl ether and tributyl phosphate
appear among the volatile degradation products123.

80 1Z0
t, min

160 ZOO

Figure 2. Thermal degradation of polydibutoxyphosphazens
in a vacuum (0.133 Pa) at (°C) (molecular mass): 1) 200
(1340); 2) 200 (3100); 3) 200 (5400); 4) 200 (750000);
5) 220 (750000); 6) 250 (750000).

Establishment of the influence of the nature and concen-
tration of terminal groups in polydialkoxyphosphazens on
their thermal degradation has enabled coordinated polyphos-
phazens of chelate type to be obtained from analogous linear
oligomers121*. The thermal stability of polyphosphazens can
be enhanced by the chemical blocking of terminal groups and
also groups responsible for initiating the thermal breakdown
of other weak bonds in macromolecules. Thus thiocarbonate
derivatives of zinc and lead129, oxides, hydroxides, and
carbonates of alkali and alkaline-earth metals, quinolinol
complexes of transition metals130, a zinc derivative of mer-
captobenzothiazole131, and zinc hippurate132 are used to
stabilise polyphosphazens.

Among other thermal reactions of polyphosphazens mention
must be made of the phosphazen—phosphazan rearrangement,
which takes place in polydimethoxyphosphazen at 130 °C125:

OCH, O CH,
I

-N —

OCH, OCR,

After 6 h the <? jgree of conversion into a polymeric phos-
phazan is 34.7%.

Vulcanisation of Polyphosphazens

Vulcanisation is acquiring increasing importance in view
of the great practical value of these polymers. Traditionally,
unsaturated groups are introduced into side-chains, and
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vulcanisation is effected with peroxides131t>135. i n the case
of polyaryloxyphosphazens, polymers containing unsaturated
groups—mostly allyl136'137 or alkenyl90—in the aryloxy-radi-
cals are used. These polymers can be hardened also by
heating with sulphur or by the action of ionising radiations137'
138,11*3

In order to lower the temperature of the vulcanisation of
polyphosphazens primary and secondary amino-groups139 or
hydroxyalkyl radicals11*0 are introduced in their side-chains;
such polymers can be cross-linked at moderate temperatures
by the action of diazocyanates, polyanhydrides, and diepox-
ides. Polyphosphazens containing unsaturated bonds in
side-chains can be vulcanised at room temperature by means
of oligomeric siloxanes containing silicon—hydrogen bonds,
the process being accomplished in the presence of catalysts
containing platinum11*1. It has been suggested73'1"*2 that
polyperfluoroalkoxyphosphazens could be cross-linked by
treatment with alkoxides of perfluoroglycols.

V. APPLICATIONS

The main trends in the application of macromolecular poly-
phosphazens have been6"10 the production of elastomers and
hence articles able to withstand low temperatures and
aggressive media, the preparation of non-flammable and
incombustible materials, and biomedical uses. The most
promising elastomers have been obtained from polyp erf luoro-
alkoxyphosphazen copolymers, e.g. {(CF3CH2O)X(H[CF2]U.
.CH2O)2_XPN }, and also polymers containing other perfluori-
nated alcohol residues7'8'67'11*5.

Table 11. Fire resistance of polymers'

Polymer

Polyethylene
Polystyrene
Polydimethylsiloxanes
Polycarbonates
Polyvinyl chloride
Polybistrifluoroethoxyphosphazen
Polydiaryloxyphosphazens

[PN(OC6H4R)2]*
R = H
R = p-CI
R = p-Br
R = P-OCH3
R = H, C2H5 (copolymer)

O.i.

17
18
26
27
44
67

33
44
65
26
43**

0Sm*

150
468
385
660
525

343
455

120
40

* Obtained on testing in a smoke chamber.
** Copolymer filled with 50 mass % of aluminium hydroxide;
the unfilled copolymer has O.i. = 28.

Elastomers are obtained by adding to the initial polyper-
fluoroalkoxyphosphazens 30-40 mass % of reinforcing fillers
(carbon black, Aerosil, clay, aluminium hydroxide, etc.)
and also vulcanising and stabilising agents. Those
resulting from the vulcanisation of such mixtures have good
low-temperature properties, modulus of elasticity at 100%
elongation 3.5-10.5 MPa, tensile strength 7.0-14.0 MPa, and
elongation at break 100-200%. They resist the action of
oils, liquid fuels, and hydraulic fluids, and can operate at
temperatures up to 175 °C for a long time7'11*5. Such elasto-
mers are used to make flange seals, airtight and damping
packing, glands, fuel hoses, and other components
employed in aviation and other branches of technology11*1*'11*6'

Polyphosphazens have been widely used to obtain fire-
resistant and non-flammable polymeric materials. Table 11
compares oxygen indices (O.i.) and specific optical densities
of smoke D s m for the combustion of several industrial poly-
mers and polyphosphazens. The latter are either incom-
bustible (O.i. > 30) or self-extinguishing (> 25). Polyphos-
phazens have the advantage over difficultly combustible or
self-extinguishing organic polymers (polyvinyl chloride,
polycarbonates) of forming less toxic products on combustion
or thermal decomposition11*9'150. The presence of halogens
in organic side-chains improves considerably the fire-resis-
tance of polyphosphazens7'11*8'11*9.

An interesting field of application of polydialkoxyphospha-
zen homopolymers and copolymers is the production of
elastic and semi-rigid foams11*9'151.
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