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We report a survey of the utilization of
phosphazene materials in combination with
metal alkoxide precursors to form ceramics
through the sol–gel technique. Silicon, titanium,
zirconium and aluminum three-dimensional
oxide networks were exploited for these investi-
gations, while variably functionalized poly[bis
(2,2,2-trifluoroethoxy)phosphazene], poly[bis
(methoxyethoxyethoxy)phosphazene] and poly
[bis(4-hydroxyphenoxy)phosphazene] were used
as phosphazene substrates. The resulting new
hybrid materials, characterized by SEM, EDAX,
DTA, TGA, DSC, DMTA and impedance tech-
niques, showed improved thermal and mechan-
ical stability, and higher ionic conductivity when
doped with Li� or Ag� triflates, than those ob-
served for the corresponding original polyphos-
phazenes. Copyright # 1999 John Wiley &
Sons, Ltd.
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INTRODUCTION

In the last 20 years there has been a growing interest

in the preparation of organosilicon/phosphazene
mixed macromolecules, due to the very good
elastomeric properties of these two classes of
compounds, the large variety of poly(organophos-
phazene) structures that can be designed and
synthesized, and the very interesting industrial
applications of these two types of polymeric
materials.1–6

In this work, which has been highlighted by a
number of reviews,7–10 it was stressed that several
strategies exist to prepare new silicon/phosphazene
hybrid materials, mainly based on the use of:

(1) substitution reactions of (NPCl2)n or (NPF2)n
halogens with silanolates,10 amino-organo-
silanes11 or organosilyl Grignard or lithium
reagents;12

(2) functionalizations of previously synthesized
phosphazene macromolecules (POPs) using,
for instance, hydrosilylation processes13 or
deprotonated phosphazene reactions with
organosilicon halides;14

(3) surface modification of polyphosphazene
films with siloxanes;15

(4) formation of blends10,16 or of interpenetrat-
ing polymer networks10 between these two
types of polymeric materials;

(5) grafting processes of polysiloxanes onto
polyphosphazene matrices.17–19

All these investigations led to the preparation of
a remarkable number of polyphosphazenes func-
tionalized with both low-molecular-weight linear
or cyclic silicon-containing molecules, and to the
synthesis of high-molecular-weight phosphazene/
siloxane mixed materials.

Among the possible ways in which hybrid
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silicone-containing polyphosphazene substrates
can be obtained, particular attention should be paid
to the sol–gel technique,20 a process that allows the
incorporation of a variety of phosphazene
macromolecules into three dimensional siloxane
networks. According to this process, a silicon or a
metal alkoxide precursor is hydrolyzed under acid
or alkaline conditions to form species containing
free hydroxylic groups that are able to condense to
form an insoluble crosslinked network.

In the case of tetraethoxysilane [Si(OEt)4,
TEOS], the overall reaction sequence can be
written as Equations [1–3].

When additional products, other than alkoxide
precursors and phosphazene substrates, are added
to this reaction system (Li� or Ag� salts, for
instance), these species will be embodied in the sili-
con glass to form a new, hybrid material that may
exhibit novel and interesting properties with respect
to those initially shown by the pristine substrates.

In the field of poly(organophosphazene)s, this
approach to the preparation of hybrid materials was
explored by Ferrar,21–28 by Allcock10 and by our
group29–38 to synthesize new ceramics exhibiting
ionic conductivity21–28,33,36,37and optical absorp-
tion in the visible range of the spectrum,31 together
with improved thermal and mechanical resis-
tance21,22,25,27–30,32,36, film- and fiber-forming cap-
ability,21,22,25,27,28 high flexibility of protective
coatings,36 etc.

Here we critically highlight the work done on the
utilization of the sol–gel technique in the case of
poly(organophosphazene)s and discuss the chemi-
co-physical characteristics of the resulting hybrid
materials.

DISCUSSION

Poly[bis(methoxy-ethoxy-
ethoxy)phosphazene]/metal oxide
hybrid materials

One of the first phosphazene polymers exploited for

the formation of hybrid materials in combination
with different types of metal alkoxides was
poly[bis(methoxy-ethoxy-ethoxy)phosphazene],
MEEP. The synthesis of this polymer, first reported
by Allcock in 1984,39 is achieved by reacting
polydichlorophosphazene40–42 with di(ethylene
glycol) monomethylether to form a polymer,1, in
which two short-chain ethylene oxide units are
attached to the phosphorus atoms of the polyphos-
phazene skeleton.

The importance of this substrate as a water-
soluble polymer,43,44 as a biologically interesting
macromolecule,45,46 as a phase-transfer catalyst47

and as an ionic conductor when doped with lithium
or silver triflates39,48 was recognized almost
immediately, and was attributed to some advanta-
geous properties of the polymer, such as the
superior hydrophilicity of the ethylene oxide
substituents (which favors the biocompatibility of
this polymer,46,49,50the high coordinating ability of
the etheric side groups for inorganic salts,51–53the
very low Tg (ÿ75°C54) and its amorphous
structure.22,25

MEEP polymer, therefore, could be an ideal
candidate for biomedical investigations,55 reaction
catalysis47 and the construction of light batteries.56

This macromolecule, however, suffers for an
intrinsic drawback, i.e. the very low dimensional
stability,57 that prevents its extensive use in battery
construction technology. At ambient temperature,
in fact, MEEP is in the visco-elastic flow
regime,22,25 and can therefore flow like a viscous
liquid without retaining its form when subjected to
an external force. For these reasons the mechanical
properties of MEEP need to be improved in order to
facilitate its practical utilization; this aim was
achieved in the past by chemical,58 photochemi-
cal59 or g-radiolytic49,60reticulation of the polymer,
and by blending it with crystalline poly(ethylene
oxide).61,62

However, a novel route was recently proposed to
improve the mechanical properties of MEEP, based
on the preparation of composite materials showing
controlled morphology and physical proper-
ties. This alternative possibility uses the sol–gel
technique, by incorporating MEEP in
different metal oxide three dimensional net-
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works.21,22,25,27,28,33,36,37Accordingly, several dif-
ferent new composites have been prepared in this
way: they are described briefly below.

MEEP/SiO2 composites
The preparation of these new phosphazene/metal
oxide hybrid materials was achieved by dissolving
MEEP in a 1:1 THF/ethanol mixture, adding small
amounts of tetraethoxysilane (TEOS) oxide pre-
cursor, water reagent and catalytic amounts of
hydrochloric acid, stirring the solution for some
time at 60°C, pouring the reaction mixture in a
Teflon1 mold, and eventually allowing the solvent
to evaporate at room temperature for a few
days.22,23,25

The resulting MEEP/SiO2 composite material
was successively characterized by differential
scanning calorimetry (DSC), thermogravimetric
analysis (TGA), and dynamico-mechanical
(DMTA) tests.

DSC analysis showed (Fig. 1) that:

(1) the glass transition temperature (Tg) of both
MEEP and MEEP/SiO2 composites is close
to ÿ75°C, to indicate that the interactions
between the three-dimensional silica network
and the phosphazene substrate are quite
feeble, and are not able, in any case, to
influence the polyphosphazene skeleton mo-
bility;

(2) both substrates show a small endothermic

peak in the thermograms, located at 20–30°C
and tentatively assigned to the melting of
some crystallites;

(3) an exothermal transition for the MEEP
homopolymer (Fig. 1) is located above
100°C; it is attributed to the onset of polymer
degradation phenomena. The same transition
is also present in the DSC thermogram of the
MEEP/SiO2 hybrid, but located at 200°C, to
suggest that a strong thermal stabilization
effect occurs when the phosphazene polymer
is blended with the silicon oxide.

Furthermore, thermogravimetric experiments
showed that the MEEP homopolymer and the
MEEP/SiO2 composite have similar behavior upon
heating, with an initial weight loss at 240°C then a
successive enhanced loss starting at 306°C.

Quite interesting results are found during DMTA
measurements for a free-standing film of MEEP/
SiO2 composite materials. According to Fig. 2,
where the storage (E') and loss (E@) modulus and
tan d are plotted against temperature,E' decreases
with an increase in temperature up to 30°C after
this point it starts again to increase due to additional
SiO2 reticulation processes.

From the analysis of these data it appears quite
clear that the mechanical properties of MEEP/SiO2

Figure 1 DSC thermograms of (a) MEEP homopolymer and
(b) MEEP/TEOS 50:50 composite. The Tg is ÿ75°C for both
the homopolymer and the polymer in the composite. Repro-
duced with permission from reference 25. Copyright 1992,
American Chemical Society. Figure 2 Dynamic mechanical spectrum of the acid-cata-

lyzed MEEP/TEOS 50:50 composite cured at ambient tem-
perature. Reproduced with permission from reference 25.
Copyright 1992, American Chemical Society.
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composites (assigned to the interactions between
the three-dimensional SiO2 network and the etheric
substituent of the phosphazene material) are
significantly superior to those of the MEEP
homopolymer, and that the thermal stability of
MEEP is considerably enhanced by blending this
polymer with the silicon oxide network.

MEEP/TiO 2, MEEP/ZrO 2 and MEEP/Al2O3
hybrids
The synthetic procedures described above for the
preparation of MEEP/SiO2 composite materials
were successively extended to other, more reactive,
metal oxide precursors (titanium, zirconium and
aluminum) to obtain new hybrids formed by
MEEP/TiO2, MEEP/ZrO2 and MEEP/Al2O3 net-
works.27,28

Dynamico-mechanical (DMTA) characteriza-
tions of these materials (Fig. 3) showed that the
storage modulusE' for all the measured composites
decreases with an increase in temperature in the
region ofTg (ÿ75°C) untilÿ20°C is reached, and
then it starts to increase again very smoothly. No
further condensation reactions could be found for
TiO2, ZrO2 or Al2O3 networks, which should lead

to the strong enhancement ofE' previously
observed for the MEEP/SiO2 composites.22,25

These facts could be accounted for on the basis of
the considerably higher reactivity of these metal
oxides, leading, to the network formation process
more rapidly than in the case of SiO2 systems.

Moreover, the stress–strain curves (Fig. 4) for 1:1
(w/w) MEEP/metal oxide composites proved to be
characteristics of a ductile glassy polymer,27,28

appeared to be strongly influenced by the nature of
the metal oxides, and indicated convincingly that
these metal oxides have a significant effect in
reinforcing MEEP.27,28

Quite interestingly, the addition of up to 17%
(w/w) of potassium triflate to the MEEP/alkoxide
THF/ethanol solution does not bring about remark-
able differences in the process of formation of the
hybrid materials. The presence of this salt, how-
ever, is able to induce ionic conductive phenomena
in the composites similar to those previously
observed for the MEEP homopolymer system,39,63

with conductivity values in the region of 10ÿ5

!ÿ1 cmÿ1.27,28

MEEP/ZrO 2 and MEEP/TiO2 fibers
Fibers formed by MEEP polymer blended with
metal oxides (TiO2 and ZrO2) in a sol–gel process,
optionally containing inorganic salts to favor the
onset of conductive phenomena, were reported by
Ferrar and co-workers.21,24,26 These fibers were
prepared by dissolving the phosphazene polymer in
ethanol and adding the appropriate inorganic
alkoxide precursor (together with the inorganic
salt, if necessary), the water reagent and the acid

Figure 3 Dynamic mechanical spectra of MEEP and MEEP
composites. Reproduced with permission from reference 28.
Copyright 1994, American Chemical Society.

Figure 4 Stress–strain curves of MEEP composites (1:1).
Reproduced with permission from reference 28. Copyright
1994, American Chemical Society.
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catalyst, by extruding the solution into fibers and
eventually curing them under controlled conditions,
at room temperature or under gentle heating.

This simple process leads to the formation of
blends in which the metal alkoxide and the
phosphazene macromolecule are merely blended,
without the formation of any covalent crosslinks
between these two components.

Hydroxylated MEEP/Silica, MEEPOH/SiO2
composites
In spite of the remarkable results obtained in the
formation of MEEP/metal oxide hybrid materials
through the sol–gel technique21,22,25,27,28reported
above, the substrates prepared suffer for a major
disadvantage, related principally to the lack of
chemical interactions between the MEEP polymer
and the metal oxides.

Our group was able to overcome this problem by
considering a novel macromolecule substituted
with ethylene oxide residues, but containing a
high proportion of free hydroxylic functionalities.
i.e. poly[bis(methoxy-ethoxy-ethoxy)1,2(hydroxy-
ethoxy-ethoxy)0.8 phosphazene] (MEEPOH,2).

This polymer has been synthesized by De
Jaeger64,65 by treating MEEP with trimethylsilyl
iodide66 to remove the protective methyl residue at
the end of the ethylene oxide chain and set free the
corresponding hydroxylic groups.

This macromolecule shows physical charac-
teristics similar to those of the pristine MEEP,64,65

i.e. amorphous structure, flowing capability at room
temperature and lowTg (ÿ70.9°C), but it is able to
react with the hydrolyzed TEOS when dissolved in
ethanol solutions in the presence of water reagent
and hydrochloric acid catalyst (Eqn 4)

It is important to stress that the addition of
inorganic salts (Li� or Ag� triflates) to the reaction
mixture does not alter the process of formation of
the glassy substrates.

The resulting MEEPOH/metal alkoxide compo-
site is a completely homogeneous and transparent
material, as proved both by scanning electron
microscopy (SEM) and energy-dispersive X-Ray
analysis (EDAX) tests, where the hydroxylated
phosphazene polymer is chemically bonded to the
silicon oxide three-dimensional network.33,36,37

This last fact was checked by solvent extraction
tests carried out on both the MEEPOH/SiO2
composite and on physical blends of the same
compounds (Fig. 5) and by DSC characterization
experiments (Fig. 6). When the MEEPOH/SiO2
hybrid was treated with acetone (i.e. a solvent in
which MEEPOH is very soluble) only negligible
amounts of polymer could be extracted (Fig. 5,
curve b), in contrast to the substration when
MEEPOH/SiO2 physical blends (Fig. 5, curve c)
were used. Furthermore, a DSC thermogram of the
MEEPOH/SiO2 composite (Fig. 6, curve b) shows
that no glass transition temperatureTg of the
pristine MEEPOH (originally located atÿ70.9°C:
see Fig. 6, curve a) is observable, to support the
formation of a homogeneous material.

This new MEEPOH/SiO2 hybrid substrate

Figure 5 FTIR spectra of: (a) polymer extracted by acetone
from hybrid powder (MEEPOH/SiO2 = 1:8); (b) polymer
extracted by acetone from hybrid powder after hydrolytic
treatment; (c) pure MEEPOH.
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proved to be a very interesting composite that
showed a high ionic conductivity when doped with
lithium triflate.33,37

The conductive behavior of this material is
demonstrated in Fig. 7, where the Nyquist im-
pedance plot is reported for a MEEPOH/SiO2
hybrid sample treated as described in the Figure
caption.

For the lithium-free samples treated at 60°C, the
ionic conductivity is close to 3� 10ÿ6 !ÿ1 cmÿ1,
and about 10 times higher for those containing
lithium triflate. The high conductivity of the former
is probably the result of H� transport. Owing to this
large background conductivity, the addition of

LiCF3SO3 increases the sample conductivity by
only one order of magnitude. Differences between
Li-free and Li-containing samples become much
sharper for samples submitted to a thermal treat-
ment at 120°C, which is likely to remove water
from the sample and induce a more complete
reaction between the inorganic and organic com-
ponents of the hybrid material, with the formation
of a large number of Si–O–C bonds. With this
treatment the conductivity of the lithium-free
samples drops by about two orders of magnitude,
while that of the lithium-containing materials
decreases by a factor of only four.

Poly[bis(4-
hydroxyphenoxy)phosphazene]/
metal oxide composites

Poly[bis(4-hydroxyphenoxy)phosphazene] (PO-
POH,3) is another intriguing polymer that occupies
a relevant position in modern phosphazene re-
search.

First synthesized in our group67 starting from
poly[bis(4-methoxyphenoxy)phosphazene] by re-
action with boron tribromide,66 this polymer was
then used for a number of functionalization
reactions made possible by the high reactivity of
the free hydroxylic groups present in thepara
position of the side-chain phenoxy substituents.

Thus the reaction of POPOH with acetic
anhydride67 led to the synthesis of poly[bis(4-
acetyloxy-phenoxy)phosphazene], a polymer
potentially useful in photoresist technology;68

POPOH, moreover, was reacted with carboxylic
acids, acyl chlorides anda-bromomethylene deri-
vatives containing carbon–carbon double bonds to
introduce chemical unsaturations into the phospha-
zene substrates.69 The phosphazene macromol-
ecules containing ethylene groups that were
obtained were successively peroxidized by the
action of m-chloroperbenzoic acid to form new
polyphosphazenes functionalized with a controlled
number of epoxy units. Both of these last two series
of POPs are potentially useful materials for cross-
linking generation, either by thermal and/or photo-
chemical opening of the double bond system in

Figure 6 DSC analyses. In the hybrid, MEEPOH/SiO2 = 1:8.

Figure 7 Impedance plots of MEEPOH/SiO2 hybrids: *,
treated at 120°C, 142 �m thick and without lithium triflate
added; and treated at 60°C (&) and 120°C (*), 105�m thick
and with 1 M lithium triflate added.
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these polymers, or by acid or alkaline polymeriza-
tion of the oxirane ring.70 A third series of
functionalization reactions of POPOH could be
achieved by treating the free hydroxylic functions
with BOC (di-t-butyl-dicarbonate) reagent,71,72

with cinnamoyl chloride73 or chalcone groups.74

The potential applicability of these new BOC-
containing phosphazene macromolecules in photo-
resist technology is at present under consideration.

The presence of free hydroxylic functions in
POPOH, therefore, and the high reactivity of these
groups make POPOH an ideal candidate for
exploitation in sol–gel technology for the prepara-
tion of new hybrid materials containing the
polyphosphazene structure.

According to the principle, now generally
accepted in phosphazene research, that cyclophos-
phazenes are excellent low-molecular-weight mod-
el compounds for the corresponding high
polymers,9,75 we started our research in the field
of sol–gel hybrid materials containing phosphazene
substrates by first investigating cyclophosphazene
derivatives, only later expanding our study to
phosphazene macromolecular systems.

Pentakis(phenoxy)mono(4-
hydroxyphenoxy)cyclophosphazene (TOH1) and
hexakis(4-hydroxyphenoxy)cyclophosphazene
(TOH6)/silicon oxide hybrids
The hybrid materials based on the cyclophospha-
zenes TOH1 (4) and TOH667 (5) were obtained29,30

by treating these trimers with:

(a) water-containing ethanol solutions of TEOS,
pre-hydrolyzed under acidic conditions for 1,
3 on 12 h (solutions S1, S3 and S12,
respectively) at reflux temperature;

(b) water-free, acetylacetone (1:1)-stabilized
ethanol solutions of Ti(OBu)4 or Zr(OBu)4.

Under the above-mentioned conditions TOH1
reacts in an incomplete way with S1 and S3
solutions of TEOS leaving a considerable amount
of the trimer unreacted in the final composite
material; this could be proved both by an extraction
test on the final composite with acetone (vide infra)
and by differential thermal analysis (DTA), which
demonstrated the presence of an endothermic peak
at 106°C attributed to the melting of the residual
trimer not incorporated in the silicon oxide net-
work.29,30

More complete reaction patterns could be
obtained30 by reacting TOH6 with S1, S3 and S12
TEOS solutions, in the sense that its melting peak at
240°C is present in the DTA curve for S1 and S12
solutions (Fig. 8), but it has almost disappeared
when S3 conditions are considered.

In contrast, the reactivity of both trimers is
almost instantaneous when Ti and Zr hydrolyzed
butoxide precursors are used.30 In fact, precipita-
tion was always observed for the TOH6 in
combination with Ti(OBu)4 or Zr(OBu)4 in all the
experimental conditions tested. The stabilization of
these alkoxides with acetylacetonate avoided the
formation of precipitates only for the TOH6/
Ti(OBu)4 system, while for the monohydroxylated
cyclophosphazene TOH1 clear sols could be

Figure 8 DTA and TGA analyses for hybrid containing
TOH6 and TEOS (S12); phosphazene OH equivalents/TEOS
molar ratio = 1:2.5.
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obtained for both Ti(OBu)4 and Zr(OBu)4 metal
oxide precursors.

These results indicated that the presence of one
or six free hydroxylic groups in the cyclophos-
phazenes is able to produce the complete reaction
of the metal alkoxide precursors only when
Ti(OBu)4 or Zr(OBu)4 is used. TEOS appears to
be less reactive than titanium or zirconium butoxide
derivatives (the reactivity sequence is as follows:
Si(OEt)4< Ti(OBu)4< Zr(OBu)4) and always al-
lows a certain percentage of hydroxylated trimer to
remain unreacted in the composite system, except
when the TOH6 cyclophosphazene dissolved in S3
solutions is considered.

POPOH/SiO2 hybrid materials
The research on the composites involving the use of
POPOH and alkoxide precursors under acid condi-
tions led to the preparation of new hybrids in the
form of bulky materials, flexible coatings and
fibers, depending on the experimental conditions
adopted.36

Several points have been explored in order to
optimize the synthesis of these substrates.

The first problem was basically related with the
type of metal alkoxide precursor to be used to
prepare phosphazene-based ceramics, i.e. TEOS,
Ti(OBu)4 or Zr(OBu)4. Experimental results in this
field provided evidence that Ti(OBu)4 and Zr(O-
Bu)4 reacted so fast with the phosphazene
macromolecule that it was necessary to diminish
the alkoxide reactivity both by complexing them
1:1 with acetylacetonate and by avoiding the
introduction of water in the reaction mixture. In
spite of these measures, precipitation was always
observed during the reaction of POPOH with
titanium or zirconium butoxide species.30

The experiments were therefore continued with
TEOS alone, as this precursor proved to be a
suitable substrate to form new phosphazene-based
hybrid materials.

A second factor that could play an important role
in the formation of POPOH/SiO2 composites was
the phosphazene polymer itself.32 Experimental
observations indicated that POPOH is a quite
unstable macromolecule, very susceptible to air
oxidation which induces the yellowing of the
polymer and its insolubilization. IR analyses of
these processes revealed the possible formation of
quinone species from the original hydroxyphenol
substituent of POPOH that led to the formation of
P–OH units; the condensation of these last species
to form P–O–P units is thought to be responsible for
the final crosslinking of the polymer. As a

consequence of these findings, the POPOH used
for the formation of hybrid materials through the
sol–gel technique was always prepared just before
use, or a macromolecule stored under vacuum
conditions in order to minimize the oxidative
phenomena.

Taking into account the precautions described
above, the reaction of TEOS with ethanol solutions
of POPOH, in the presence of water reagent and
of HCl as a catalyst, was attempted by first
pre-hydrolyzing TEOS under strictly controlled
conditions, in order to check when the maximum
concentration of Si–OH groups was present in
the reaction mixture. This had the aim of en-
suring the highest efficiency of the condensation
process between POPOH and the pre-hydrolyzed
TEOS.

Ethanol solutions of TEOS, therefore, were
treated with water and hydrochloric acid in the
pre-hydrolysis step for 3, 6, 9 or 12 h, and POPOH
was added to each of these reaction mixtures. The
reaction between POPOH and the Si–OH groups
did occur in all these experimental conditions, the
solution pre-hydrolyzed for 6 h showing the best
reactivity, but the new hybrids obtained were
opaque materials, sometimes presenting relevant
phase separation phenomena.32

Figure 9 DSC analyses of: (a) pure POPOH; (b) a mechanical
mixture of POPOH and silica; (c) a hybrid obtained with
oxidized POPOH and silica; (d) an inhomogeneous hybrid
obtained with an insufficient reaction time; (e) a homogeneous
and transparent hybrid with POPOH and silica.
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In an attempt to improve this experimental
procedure an ethanol solution of freshly prepared
POPOH was simultaneously treated with TEOS,
reagent water and hydrochloric acid for 6 h under
reflux conditions, in an inert atmosphere, while
stirring. The resulting mixture was aged at room
temperature for 24 h in order to allow the
condensation process to take place and the
phosphazene-based hybrids to be formed.32 The
substrates prepared in this way were transparent
bulk materials, showing no phase separation (by
SEM and EDAX analyses), extracted with great
difficulty with acetone solvent (vide infra), showing
a DSC profile where noTg of the original POPOH
was present at 88°C (Fig. 9), and showing a
considerably high thermal stability (up to
500°C).32

The properties of these POPOH/silica hybrid
films, with different TEOS/POPOH molar ratios,
were also investigated by indentation tests and after
C or Au irradiation.35,38 It was found that the
hardness and the elastic modulus of the phospha-
zene-based hybrid materials increased with an
increase in silica content, also if not proportionally
to it. FTIR, ion-beam techniques and optical
spectroscopy were used to determine the structure
and composition of the irradiated films. During
irradiation all parts of the polymeric chains were
progressively destroyed. This led to the destruction
of the bonds with silica, which formed isolated
clusters, and to a higher final hardness of the
structure.

Poly[bis(2,2,2-
tri¯uoroethoxy)phosphazene]/metal
alkoxide composites

Poly[bis(2,2,2-trifluoroethoxy)phosphazene]

(PTFEP,6) is one of the most important macro-
molecules ever synthesized and investigated in
the polyphosphazene domain.5 This polymer was
synthesized starting from polydichlorophosphazene
and 2,2,2-trifluoroethoxide,41 sometimes in the
presence of phase-transfer catalysts76,77.

The resulting PTFEP is a film-forming poly-
mer,78 showing microcrystallinity,79 high thermal
stability,80 good mechanical properties,81 self-
extinguishability and flame retardance,82 great

hydrolytic stability,6 acid,5 alkaline5 and aromatic
solvent resistance83 and remarkable biological
inertness.55,84

Hydroxylated poly[bis(2,2,2-
trifluoroethoxy)phosphazene]/SiO2 composites
The use the fluorinated polymer6 in the sol–gel
technique to form composites was first attempted
by Ferrar and co-workers,22,25 who exploited a
modified form of PTFEP (PTFEPOH,7)85 which

incorporated about 5% of hydrolyzed phosphazene
units. This makes PTFEPOH compatible with the
TEOS ethanol solutions and allows the preparation
of fluorophosphazene-based hybrid materials.25

Such products could be prepared by dissolving
PTFEPOH in ethanol, treating this solution with
hydrolysis water and NH4OH (alkaline catalysis),
and heating the resulting solution at 60°C for
30 min. The reaction mixture was then poured into

Figure 10 Dynamic mechanical spectra of (*) PTFEPOH
polymer and (*) base-catalyzed PTFEPOF/TEOS 50:50
composite. Reproduced with permission from reference 25.
Copyright 1992, American Chemical Society.

Copyright# 1999 John Wiley & Sons, Ltd. Appl. Organometal. Chem.13, 339–351 (1999)

POLY(ORGANOPHOSPHAZENE)S AND THE SOL–GEL TECHNIQUE 347



a Teflon1 mold and cured at 110°C to obtain free-
standing films of the new composite material.

The resulting hybrids were characterized by DSC
measurements, which revealed appreciable changes
in the Tg (ÿ59°C) and T(1) (50°C) values of the
hybrid with respect to those of the original
PTFEPOH homopolymer: by TGA experiments,
which showed that the PTFEPOH/SiO2 composites
have about the same thermal stability as the original
fluorinated phosphazene substrate: and by DMTA
analyses (Fig. 10), which gave the most interesting
results. According to this Figure, the storage
modulus of the phosphazene-based ceramics re-
mains relatively high up to 140°C, where as the
original PTFEPOH starts to flow already at about
50°C, thus showing that the mechanical properties
of the new hybrid are considerably improved with
respect to those of the original polyphosphazene
and remarkably extending the range of service
temperatures of the fluorinated polymer to higher
values.25

As previously reported in the case of MEEP/SiO2
composites,22,25,28 no chemical bond formation
could be detected between the fluorinated phos-
phazene material and the three-dimensional silica
network in these new composites.

Poly[bis(4-hydroxyphenoxy)0.8(2,2,2-
trifluoroethoxy) 1.2phosphazene]/SiO2 hybrid
materials
Our group faced the problem of forming a true
chemical bond between the fluorinated phospha-
zene polymer PTFEPOH and the silica matrix in the
composite material described above by taking a
rather different point of view. It was thought that
the highly flexible trifluoroethoxide units could be
actually incorporated in the silica network to form
the phosphazene-based hybrids, provided that it
would be possible to insert these units in a
phosphazene copolymer containing a free hydro-
xylic group, and then to react it with the silicon
alkoxide precursor.

To achieve this aim we synthesized a new
phosphazene copolymer, poly[bis(4-hydroxyphe-
noxy)0.8(2,2,2-trifluoroethoxy)1.2phosphazene],36 by
reaction of 4-methoxyphenoxy and 2,2,2-trifluoro-
ethoxy anions (molar ratio 40:60) with polydi-
chlorophosphazene, and successive deblocking of

the methoxide units with BBr3 to free the
corresponding —OH groups.66 The final copolymer
has the chemical structure8.

In this substrate the presence of a high quantity of
free hydroxylic groups allows the reaction of the
PTFEP–POPOH phosphazene copolymer with
hydrolyzed TEOS to form composites based on
the fluorinated phosphazene substrates.

The resulting hybrids were prepared as trans-
parent thick films (about 9�m) with a Tg value of
26.4°C as determined by DSC.36

Azo-POPOH/SiO2 composites
The general principle of the copolymerization
reaction in phosphazene chemistry,86 as obtained
by co-substituting two (or more) different nucleo-
philes on the same polydichlorophosphazene
macromolecule, also proved to be very useful in
the synthesis of new hybrid substrates that are
highly colored in the visible range of the spec-
trum.31

These composites could be obtained by reacting
freshly prepared poly[bis(4-hydroxyphenoxy)phos-
phazene] (vide infra) with diazotized aromatic
amines, arbitrarily fixing the concentration of these
species below the 20% of the free, phosphazene-
supported, phenol groups.

The overall reaction sequence is shown in
Scheme 1.

The reaction of these polymers with hydroxy-
lated TEOS leads to the formation of new highy
colored hybrid materials. Moreover, the color of the
resulting films and its intensity are strictly corre-
lated with both the type and the concentration of the
azo derivatives supported on the phosphazene
polymer.

Scheme 1
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Examples of the spectral characterization of
some new phosphazene-based ceramics are pro-
vided in Fig. 11.

Poly[bis(phenoxy-4-sulfonic acid)phosphazene]/
SiO2 composites
Allcock reported recently that new composites
could be prepared by incorporating a water-soluble
polyphosphazene (9) into silica networks. No
additional information on this new phosphazene/
SiO2 composite is yet available.

CONCLUSIONS

In this review the present status of research on both
cyclo- and poly-phosphazene hybrid materials
produced by the sol–gel technique has been high-
lighted.

Two main strategies have been explored up to
now. In the first approach21,22,25,27,28phosphazene
polymers substituted with poly(ethyleneoxide) or
trifluoroethoxide units were allowed to produce
new composites with silicon, titanium, zirconium

and aluminum oxides without any formation of
chemical bonds between the components. In spite
of this fact, however, a remarkable improvement in
the mechanical properties of the polyphosphazene
together with an extension of the range of service
temperatures for the polymers, could be observed.

In the second series of investigations,29–37

genuine covalent bonds in the polyphosphazene
hybrid materials could be obtained by exploiting
tailormade phosphazene macromolecules contain-
ing a high proportion of free hydroxylic function-
alities.

In both cases the new hybrid materials containing
phosphazene macromolecules were obtained as
transparent bulk materials, flexible films or fibers,
which could be characterized by thermal (DMTA,
TGA, DSC, DTA), spectroscopic (SEM, EDAX,
IR) and conductive (impedance) techniques.
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