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ABSTRACT

macromolecules which contain inorganic elements as part of their main chain structure

or as pendent group, attract considerable attention as speciality materials with unique
properties and novel applications. Two main classes of these compounds: inorganic and
organometallic polymers, which represent a growing field of research, have found broad
diverse applications. As, organic and inorganic components with countless combinations
are found in these classes of polymers they offer a wide range of interesting properties
and applications. In this paper, the main properties of some more important classes of
these compounds, including wholly inorganic polymers inorganic-organic polymers,
organometallic polymers and hybrid organic-inorganic networks are discussed on the
basis of their structural features, and some examples of the novel applications of these
materials are presented.

I norganic polymeric materials comprise a very unique area of polymer science. These
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INTRODUCTION

High polymers with inorganic ele- technology materials, biomedical
ments in their backbone or as pen- polymers, and electrical conductors
dent group offer a new area with [1-2]. The main reasons for scientists
broad opportunities for material sci- to be interested in inorganic-based
entists and technologists who are macromolecules are connected with
looking for new classes of compounds their unique property profiles that
that are attracting attention as high- make them different from their total-
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ly organic counterparts. among these are the following
main features [3-5]:

- The number and variety of elements found in
these polymers (well over 40 elements in addition to
those typically found in commercial organic elements),

- The relative high abundance of inorganic ele-
ments in the earthls crust (e.g., oxygen 50%, silicon
26%),

- Stronger bond formation, which are more resistant
to cleavage reactions (Si-O 110, P-N 140, and C-C 85
k cal/mol),

- Different valancies for attachment of side groups,

- Stability at high temperature, and;

-Tailoring new and interesting structures with many
variations, which seem endless.

Thus, inorganic polymers provide an opportunity
for expansion of fundamental knowledge, development
of new materials assisting in the advancement of tech-
nology, and stimulating the thought of what might
result if organic and inorganic chemistry are combined
in polymer science [6].

In this paper, attempt is made to provide a perspec-
tive to the field of inorganic polymers by focussing on
some more important features and applications of these
interesting materials.

DISCUSSION

Inorganic and organometallic polymers represent a rap-
idly growing field of chemical research and already
have many applications and any classification is neces-
sarily somewhat arbitrary. For simplicity and conven-
ient a classification is used here which may be far from
perfect. In the following, we will focus on four main
classes of inorganic polymers which are: wholly inor-
ganic  polymers, inorganic-organic  polymers,
organometallic polymers, and hybrid organic-inorganic
polymers [7].

Wholly Inorganic Polymers

Inorganic polymers in this class constitute the major
components of soil, mountains and sand, and they are
also employed as abrasives and cutting materials (dia-
mond, silicon carbide (carborundum), fibres (fibrous
glass, asbestos, boron fibres), coatings, flame retar-
dants, building and construction materials (window
glass, stone, Portland cement, brick and tiles), and
lubricants and catalysts (zinc oxide, nickel oxide, car-

bon black, silica gel, aluminium silicate, and clays).

Among the polymers in this class a few of the more
well-known wholly inorganic polymers will be intro-
duced in the following:

Portland Cement
Portland cement is the least expensive, most widely
used modified inorganic polymer. It has a complex
structure (short-range morphological order with long-
range morphological disorder), three-dimensional
structure. A typical cement paste contains Portland
cement, sand, gravel, and about 75% water. There are
many specialty cements including reinforced concrete,
lightweight concrete, prestressed concrete, calcium-
aluminate cement, magnesia cement, and gypsum [8].
Limestone additions to Portland cement have sig-
nificant effect upon its physical properties, as it is rec-
ognized that finely divided limestone incorporated in
masonry cements have a beneficial influence on mortar
plasticity and water retention [9,10]. White and
coloured cements are employed for decorative purpos-
es [11] and soil cement which is a densely compact
mixture of portland cement, soil/aggregate and water is
used primarily as a base material for pavements con-
struction[12].

Silicon Dioxide

Amorphous silicon dioxide-intensive materials (Fig-
ure 1) include a wide variety of glasses such as fibre-
glass, window glasses, Vycor glasses, borosilicate
glass, which can be shaped by drawing, pressing, cast-
ing, and blowing. Colourless optical glasses, lumines-

O Impurities

Figure 1. Structure of a typical silicon dioxide intensive glass [8].

Iranian Polymer Journal / Volume 13 Number 2 (2004)



cence and laser glasses are produced by using rare earth
elements as components of these special glasses [13]. A
scintillating glass with fluorescence properties uses
PbO-Bi,03 heavy-metal oxides based materials [14]. A
new superionic glasses (solid electrolyte) based on sil-
ver iodide with organic monomer ions is reported [15],
which exhibits high ionic conductivity comparable to
that of oxides based superionic glasses, but 10 to 10000
times larger than of typical Li* polymer electrolytes.

Polyanionic glasses including titania- and alumi-
nosilicate glasses in the systems NayO-TiO,-SiO,,
Ca0-Al,03-Si05, Ry0-(RO)-Aly03-Si0,-TiO, (R=
Mg, Li, Na) are characterized by an unusual combina-
tion of properties and of their composition interdepen-
dencies. Examples of practical use of this model are for
synthesis of glasses with certain combination of prop-
erties, namely with temperature coefficient of ultrason-
ic velocity near to zero [16]. The formation, structure
and properties of alkaline earth, specially those of bar-
ium family, gallogermanate glasses, which are excel-
lent candidates for infrared optical applications, are dis-
cussed [17].

Silicon dioxide also exists in crystalline forms that
form the basis of many rocks, sands, and soils. Quartz
is one of three crystalline forms which is the most
abundant mineral of the Earth’s crust.

Polymeric Carbon

Polymeric carbon exists in two common forms as dia-
monds and as graphite, the latter being thermodynami-
cally more stable. Diamonds are almost entirely pure
carbon, where each carbon is at the center of a tetrahe-
dron composed of four other carbon atoms. It is the
hardest known natural material. Diamonds are com-
mercially synthesized for industrial use as cutting and
shaping agents.

Polycrystalline diamond (PCD) efficiently is used
in the machining of metal matrix composites [18] and
PDC compact cutters increase penetration rates and
cumulative footage through abrasion, impact, interface
strength, thermal stability, and fatigue characteristics
improvement [19]. Diamond saws are also used for cut-
ting trees[20] and CVD diamond which can be pre-
pared as loose grit, thin films deposited on a substrate
or thick free-standing sheets is used in a wide range of
applications such as grinding wheel polishing com-
pound, coatings of twist drills, machine tools, wire dies
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and nozzles [21,22].

Graphite occurs as sheets of hexagonally fused
benzene rings (Figure 2). The bonds holding the fused
benzene rings together are covalent bonds, while the
bonding between the sheets results from the weak over-
lapping of & electron orbitals. Thus, many of the prop-
erties of graphite are anisotropic. The weak forces
holding the graphite sheets together are responsible for
its Oslipperinessl. Graphite is commercially made from
charcoal or coke.

Graphite as an active material is employed for neg-
ative electrode in lithium ion batteries with large capac-
ity of lithium intercalation with low average voltage
[23]. It is also used in secondary lithium ion battery
applications with high rate of dischargeability [24].
Flexible graphite is found to be more effective than
conductive-filled silicone materials for electronic
applications such as electro-magnetic interference
(EMI), gasketing, resistive heating, vibration damping,
and heat dissipation. The flexibility and compliance of
flexible graphite in addition to its electronic and ther-
mal behaviour are effective for these applications [25,

Figure 2. Structure of graphite emphasizing the layered (top)
and sheet (bottom) nature of graphite[8].
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26]. The expanding form of metallized graphite, as
flakes of nickel-plated, and copper-plated were
obtained by thermal treatment and characterized by
electron microscopy [27], and it was found that the
pore structure of expanded graphite makes it an excel-
lent materials for biomedical applications. The expand-
ed graphites were also obtained at different tempera-
tures by electrochemical treatment with a peak pore
diameter value from 500 to 4000 nm which makes it a
good new bimedical material [28]. Graphite/metals
bondings are developed for fusion reactor applications.
layers of W and Mo on the graphite and some brazing
agents were produced and used in the first wall compo-
nents of fusion machines which are found to be more
resistant to thermal shocks than simple junctions [29].
An advanced graphite composite structure is designed
for high speed rotating machines which results in sig-
nificant weight savings [30].

Poly(sulphur nitride)

This polymer contains planar chains of alternating sul-
phur and nitrogen atoms (Figure 3). It is the first report-
ed non-metallic covalent polymer, with electronic con-
ductivity properties comparable to that of metal, and is
the first example of a polymeric superconductor.
Poly(sulphur nitride) is a crystalline, fibrous malleable
material. Its films have a lustrous golden colour which
are very striking in appearance [8].

Poly (sulphur nitride) has found many interesting
applications. It is used as conductive materials in the
manufacturing of a plasma display panel [31] and in
electrically conductive plastic light sources such as bat-
tery-powered flash lights and lanterns. Tail cap, battery
housing or head assemblies for light sources are formed
from electrically conductive polymers such as
poly(sulphur nitride) (inherent/doped) [32]. A dry etch-
ing method is achieved while providing sidewall pro-
tection effects by using a sulphur nitride based com-
pound which is composed mainly of poly (sulphur
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Figure 3. Representation of chain structure of alternating sul-
phur and nitrogen in poly(sulphur nitride) [2].

nitride), polythiazyl(SN)y, which causes no particle
pollution, because it can be removed through sublima-
tion or decomposition [33]. A dry etching method is
also achieved using a polythiazyl (SN), coating formed
during the etching process which acts as an etching
mass. This process emits no carbon to etching system
[34].

Inorganic-organic Polymers

In this section we focus on inorganic polymers contain-
ing organic portions attached to inorganic elements in
their backbone. The area of inorganic-organic polymers
is very extensive, thus the more important classes are
discussed here [35,36].

Polysilanes

The polysilanes are linear polymer based on chains of
silicon atoms (Figure 4), which show unique properties
resulting from easy delocalization of sigma electrons in
the Si-Si bonds.

The interaction between adjacent silicon orbitals is
relatively large which is also important, leading to
energy splitting and as the number of silicon atoms
increases the energry of the electronic transition
decreases [37].

Polysilanes are useful as precursors to silicon car-
bide ceramics (Figure 5), as photoresists in microelec-
tronics, as photoinitiators for radical reactions and as
photoconductors.

The polysilanes are different from all other high
polymers, in that they exhibit sigma-electron delocal-
ization. This phenomenon leads to special physical

CH, CH,
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Cl—Si—C| ——» + Si+
| Toluene "
CH, CH,

o ik
Na
Cl—Si—C| ——— —[—Si—};

C:H, CH, CH,  CH,
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Cl—Si—cCl + CI—Si— > Si Si
| c AH , Na i | _]”_
CH, C

Figure 4. Polysilanes with chains of silicon atoms [7].
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Figure 5. Ceramic matrix composite based exhaust nozzle
[38].

properties: strong electronic absorption, conductivity,
photoconductivity, photosensitivity [39]. These inter-
esting properties provide materials for extremely
important applications such as semiconductors, photo-
conductors and non-linear optical materials. The fol-
lowings are some examples of polysilanes broad and
diverse applications:

Poly(carbosilane) is obtained from poly(dimethyl-
silane) via thermolysis at 400-4500C, which after frac-
tionation and melt-spun is converted to fibres.

The resulting fibres are oxidized at the surface in
air at 3500C (cross-linking reaction occurs) to provide
rigidity, then pyrolyzed at 13000C (under nitrogen) to
give crystalline B-SiC fibres with very high tensile
strength (350 kg/mm?2):

The spectroscopic, electronic and structural proper-
ties of a diaryl polysilane, poly[bis(p-n-butylphenyl)
silane] (PBPS) were examined and improvements were
observed in the electro-luminescence (EL) characteris-
tics compared with light-emitting diods (LEDs) based
on conventional polysilanes [40]. Colloid formation of
Au on polysilane film pre-exposed to UV-light process
are reported [41,42] and its possible application in a
new optical recording system for recordable (CD-R)
and read-only-memory (ROM) is demonstrated. The
intrinsic photosensitivity of a family of poly(alkyl)
(aryl) silanes and poly(hydrido-phenyl) silane is invest-
gated to develope photoimprinted waveguide devices
[43]. Polysilaneslunique application as imaging materi-
als in the printing technology or display devices, focus-
ing on UV photodecomposition due to photochemical
nature of Si-Si bonds, is demonestrated [44]. A system
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composed of a photoresist overcoated with a thin layer
of poly(cyclohexyl methylsilane) is studied for its
unique material for certain lithographic applications,
particularly those utilizing multilayer techniques [45].

Polysiloxanes

Polysiloxanes or silicones are the popular term used to
describe a whole family of organo-silicon compounds
based on a backbone or molecular chain of alternate sil-
icon and oxygen atoms (Figure 6).

Depending on the length of the chain and the organ-
ic groups attached to silicon atoms, these compounds
range all the way from water thin through heavy oil-
like fluids to greases, gels, rubbers and solid resins [46-
48]. Main structural features of these polymers are as
follows:

- The strength of Si-O bonds (about 22 kcal/mol
more than C-O bonds) gives the siloxane polymers
considerable thermal staibility, which is important for
their use in high performance applications.

- The length of Si-O bond (1.64 Ain comparison to
1.53 A for C-C bond) results in diminishing of interfer-
ences or intramolecular congestion. The small oxygen
skeletal atoms are disencumbered by side groups, and
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Figure 6. Polysiloxane's chain structure of alternating silicon
and oxygen (a) one linear polymer, (b) two-linear polymers
with cross-linking [49].
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still have the divalency needed to continue a chain
structure.

- The Si-O-Si bond angle (~1430 in comparison to
~1100 for usual tetrahedral bonding) and torsional rota-
tions can occur without incurring serious energy penal-
ty.

These features make siloxane backbone the most
flexible polymer.

The major route to produce polysiloxane is
Rochow process in which ground silicon is reacted
with chloromethane using a catalyst, such as copper.
These compounds react with water forming dihydrox-
ysilanes that in turn will be condensed, splitting out
water, eventually forming polysiloxanes.

Siloxane polymers have numerous medical applica-
tions [50] such as: prostheses, artificial organs, facial
reconstruction and tubing and catheters take advantage
of the inertness, stability, and pliability of these poly-
mers; artificial skin, contact lenses, and drug delivery
systems utilize their high permeability as well. A wide
range of medical-purpose items were manufactured
using vulcanizates of unsaturated siloxane rubbers with
silicon hydrides of various structures (Figure 7). These
materials are biologically-compatible with a high com-
plex of medical and engineering properties [51].

A composition of siloxane rubber and ultra-high
molecular weight polyethylene is characterized for its
rheology, vulcanizational and the physico-mechanical
properties and was found that these materials combine
elasticity and strength, and may be used as polymer
inserts for new generation of endoprosthetic applica-
tions for hip joints [52]. A series of polyimide siloxane
copolymers for blood compatibility were investigated
using platelet adhesion/platelet activation analysis.
Scanning electron microscopy (SEM) and light

Moulded connector boot
(See Figure 3-14)

| Electrode

Moulded flare tip
silicone ruber

Htr BT

Figure 7. Siloxane artificial pacemakers[54].
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Rahimi A.

Figure 8. A polysiloxane rubber mould being used to make
vinyl sheet with detailed surface[42].

microscopy with image analysis (LM-IA) results indi-
cate a two dimensional change in the platelet response
[53].

Typical non-medical applications include high-per-
formance elastomers, membranes, electrical insulators,
water repellents, antifoaming agents, mould-release
agents, adhesives, protective coatings, release control
agents for agricultural chemicals, encapsulation media,
mould-making materials (Figure 8), layers in high-tech
laminates, and hydraulic, heat transfer, and dielectric
fluids[6]. Some examples of these materials are as fol-
lows:

Silicone rubber compounds which are high-consis-
tency rubber products are developed for moulding
high-voltage (HV) insulators, surge arresters and
weather sheds are developed and designed to deliver
outstanding tracking resistance over a wide voltage
range [55]. Silicone rubber (RTV) coatings, which are
designed to replace greasing and cleaning of insulators,
increase the flashover voltage of contaminated insula-
tor. These coatings have been used in China to prevent
pollution flashover of insulater due to their long service
life and convenience [56].

Polyphosphazenes
Polyphosphazenes or phosphonitrilic polymers are the
most interesting and commercially promising inorgan-
ic polymers with backbone of alternating phosphorus
and nitrogen atoms and with inorganic or organic side
groups attached to each phosphorus (Figure 9).
Polycarbophosphazenes which contain phosphorus,
nitrogen and carbon in the backbone and polythiophos-
phazenes with sulphur atoms in the skeleton in addition

Iranian Polymer Journal / Volume 13 Number 2 (2004)
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Figure 9. Polyphosphazene’s backbone of alternating phos-
phorus and nitrogen atoms [48].

to the normal phosphorus and nitrogen atoms are exam-
ples of the new polymer systems that will be investi-
gated in the coming years [6].

The most important feature of polyphosphazene
chemistry is the method of synthesis that allows the
side group to be varied over a very broad range. Dif-
ferent side groups generate different properties such
that the characteristics may vary from those of elas-
tomers to glasses, from water-soluble to hydrophobic
polymers, from bioinert to bioactive materials, and
from electrical insulators to conductors [57-59].

Applications based on structure-property correla-
tions in technology or medicine are as follows:

- Advanced elastomers, design for a rechargeable
lithium battery based on the conductivity of lithium tri-
flate in solid poly[bis-(methoxyethoxyethoxy) phosp-
hazene,

- Solid, bioinert polyphosphazenes such as poly-
[bis(trifluoroethoxy)phosphazene are useful biomateri-
als at the present time,

- The extreme hydrophobicity of the surface mini-
mizes the Oforeign bodyl interactions that normally
occur when non-living materials are implanted in con-
tact with living systems, including blood.

- Solid polymers with hydrophilic or bioactive sur-
faces such as poly[bis(butylamino)-phosphazene] fab-
ricated by solution casting for membrane experiments,
with hydrophilic surface character are deliberately
designed to stimulate tissue adhesion or infiltration or
to generate a biochemical response.

- Hydrogels water soluble, bioactive polymers such
as lightly cross-linked poly[bis-(methoxyethoxyethoxy)-
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phosphazene] absorbs water to form a hydrogel which
is a good candidate for use as intracular lenses, soft tis-
sue prostheses or as hydrophilic coatings for biomed-
ical devices.

Some examples of biomedical and advanced appli-
cations are the followings:

Solid polymer electrolytes have been extensively
investigated for their potential applications in high-
energy density batteries. Poly [bis(amino)-phosp-
hazene], and lithium perchlorate, which is of the phos-
phazene elastomer in this group, has received consider-
able attention for its good conductivity and good
mechanical stability at room temperature[60].
Poly(organo-phosphazenes) are linked to biactive mol-
ecules through Schiff base linkages and are used as
chemotherapeutic models[61].

Polyphosphazenes are also used as carrier species
for biologically active agents by linking steroidal
residues to polyphosphazene chain via the sodium salt
of the steroidal dihydroxy functions [62]. Poly[(amino
acid alkyl ester) phosphazenes] have been synthesized
by the interaction of poly(dichlorophosphazene) with
amino acid esters and it was anticipated that the poly-
mers could be biocompatible as solids or biodegradable
to the harmless hydrolysis products, amino acid, phos-
phoric acid, and ammonia, and they could possibly be
used as plasma extenders or carrier molecules for
chemotherapeutic drugs [63].

An approach to the preparation of membranes and
hydrogels that may be of interest as biomedical materi-
als are discussed. The amphiphilic polyphosphazenes
as membrane materials have been synthesized by
sequential replacement of chlorine in [NPCI,], by tri-
fluoroethoxide or phenoxide and methylamine [64].

Poly(organophosphazenes) with alkyl ether alkoxy
side groups attached to the phosphorus atoms of the
skeleton have been synthesized. Some mixed sub-
stituent polymers have been prepared which are of
interest as membranes and biomedical materials [65].
Bioerodible polymers have been extensively used for
drug delivery systems. Polyphosphazene’s membrane
or microcapsules bearing amino acid side groups are
used to entrap antibacterial or anti-inflammatory drugs,
useful in periodontal tissue regeneration which release
in vitro and in vivo at a rate that ensure therapeutic con-
centrations in the surrounding tissue [66]. Poly bis-
(carboxylatophenoxy)-phosphazene) when it is treated



Figure 10. Different structures found in organometallic poly-
mers [7].

with salts of divalent cations forms hydrogels which
might entrap proteins or 30 mm polystyrene beads and
allow their release in a controlled manner. The ability
to tailor this polymer system, combined with mild con-
ditions of encapsulation, makes these synthetic hydro-
gels potentially suitable as a drug delivery system e.g.,
for parenteral and oral vaccine delivery [67].

Organometallic Polymers

Organometallic polymers are made of over 40 elements
including main group of metals (Si or Ge), transition
metals or rare earth elements in addition to the 10 ele-
ments (C, H, N, O, B, P, halides) which is found in
organic polymers (Figure 10).

The variations of organometallic polymers seem
endless. Organometallic polymers are new materials
which combine the low density and structural varia-
tions and functional group varieties of organic materi-
als with electrical conductivity and the high tempera-
ture stability features of inorganic compounds[68].

Metals may be pendent as in polymerization prod-
ucts of vinylcyclopentadienyl manganese tricarbonyl
(Figure 11a), m-(benzylacrylate) chromium tricarbonyl

{0) @J
|
Mn (CO), ? Cr (CO),

l
@ CH,0CCH =CH,
@ (©

Cr (CO),
(b)

Figure 11. Typical organometallic polymers with metals as
pendent groups[69].

& &

Figure 12. Structure of titanium polyether with metal in the
main chain [70].

(Figure 11b) and styrene tricarbonyl chromium (Fig-
ure 11c) [69].

Metals may be present in the main chain as found
in titanium polyether, a product of interfacial polycon-
densation (Figure 12).

The structure of some other examples of
organometallic polymers are shown in Figure 10. A
variety of orgnometallic polymers have been synthe-
sized. Some more important examples are as follows:

Coordination polymers are polymers with covalent
bonds in the repeating unit. Considerable work has
been done in this area. Among variety of applications
of coordination polymers are thermally stable and con-
ducting or semiconducting materials, and water based
coatings which are environmentally friendly materials
in comparison with solvent based coatings.

There are two kinds of inorganic polymers: In one
type the coordination bonds are an integral part of the
polymer backbone. In the second type, which is best
described as polymeric chelates, the chelating metal is
only linked to the overall polymer structure and break-
ing the coordination bonds would not rupture the poly-
mer backbone.

The reaction product of tetracyanoethylene with
copper is a polymer having a phthalocyanine type
sheet-like structure (Figure 13).

An example of the polymeric chelate type of poly-
mer is obtained from 5,5'-methylene bis(salicylalde-
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Figure 13. Phthalocyanine-type coordination polymer [3].
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Figure 14. Chelate-type coordination polymer [3].

hyde) and o-phenylenediamine complexed with diva-
lent metal (Figure 14).

This type of polymeric chelates has been prepared
from a variety of transition metals [3,68].
Organometallic condensation polymers as dyes or pig-
ments resist bleeding, blooming or plate-out.

An example is the reaction product of fluorescent
or sulphonphthalein dyes with dicyclopenta-
dienyldichlorotitanium or organostannanes (Figure 15).
Such polymers adhere to surface so much better than
the monomeric analogs[70].

In addition to these dyes, a series of high quality
absorbers-dyes in polymeric host material using the
reverse saturable dye chloroaluminium phthalocyanine
(CAP) with different host materials is developed and it
is investigated in terms of solubility, integrity of the
dye molecules in the polymer host, hardness of the
resulting polymer, ease of polishing to the production
of a good optical finish, induced stress, and non-linear
absorption performance [71].

Polymers containing metalloporphyrin have been
studied due to their unique electronic structures and
optical properties. Monomers and polymers with the
structures shown in Figure 16 have been successfully
synthesized [72] and it was observed that the electron-
ic, optical and magnetic properties of these polymers

o)
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Figure 15. Structure of organometllic dyes [70].
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Figure 16. Metalloporphyrin polymers with different sub-
stituents [72].

can be turned by changing different substituents and by
incorporating various metal ions into the porphyrin
units.

A series of polymers (Figure 17) having (md-
cyclopentadienyl) cobaltacyclopentadiene moieties in
the main chain and flexible aliphatic, electron-donat-
ing, or electron-withdrawing groups in the main chain
or (and) in the side chain have been synthesized and
characterized [73]. These kinds of polymers have
become of interest owing to their physical properties
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Ph,P PPh,
& /"
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n
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Figure 17. Organometallic polymers having cobaltacyclopen-
tadiene in the main chain [73].



Figure 18. Representation of a molecular metal [79].

and reactivites based on the carbon-metal bonds.

The cofacially joined phthalocyanine polymer,
{[Si(Pc)O]nxy} represents a molecular metal where
band filling is widly tunable (Figure 18). This is an
example for polymers which their electrical, optical
and magnetic properties are a delicate function of com-
plex architectural and structural interactions [74].

A series of organometallic poly-yne polymers with
general formula shown in Figure 19 have been pre-
pared. They are soluble in most organic solvents and
form thin films that are suitable for photophysical
measurements [75].

Polymeric copper phthalocyanine containing
peripheral carboxyl groups (Figure 20) is converted
into polyimides through polycondensation with aro-
matic diamine to obtain a processable material for
potential application in the fabrication of electronic
devices [76].

Several organometallic main-chain, side-chain and
guest-host materials based on polymeric ferrocene
derivatives (Figure 21) have been prepared and were

M C=—=C z C=—=C
PR,

- —An

Figure 19. The general formula for the rigid-rod poly-yne

polymers [75].
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Figure 20. Structure of cyclic oligomeric phthalocyanine; M:
Cu [76].

investigated for their non-linear optical (NLO) proper-
ties. Studies are continuing involving the synthesis and
evaluation of organometallic NLO polymers and super-
macromolecular organometallic assemblies[77].

The cyclometallation reaction is employed to
obtain organometallic acrylic monomers suitable to
afford side chain organometallic polymers containing

%.05 0.05
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H
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Random orientation

Figure 21. Organometallic polymers and copolymers with
NLO properties [77].
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cyclopalladated fragments as pendents which are
potentially second order NLO active materials [78].

A large number of organometallic polymers have
been utilized as catalytic systems with the advantages
of both homogeneous catalysis and the ease of catalyst
recovery of heterogeneous catalysis.

The polymer bound Ni(0) analog of (PPh3),NiBry
and NaBHy has been used for selective dimerization of
butadiene in high yield [79]. A series of the polymer
anchored catalysts of nickel, rhodium and ruthenium
were used for calalytic reactions such as
cyclooligomerizations, hydrogenations and hydro-
formylations and the effect of catalyst anchoring on
rates was discussed [80,81].

The arenechromium carbonyl complexes were
anchored to commercial resins as macromolecular sup-
port leading eventually to polymer-attached catalysts
[82]. Various m-conjugated polymers with well-defined
structure are prepared via organometallic polyconden-
sation reactions (Figure 22). These polymers are useful
materials for electrical and optical devices [83].

Hybrid Organic-inorganic Networks

Hybrid organic-inorganic networks, prepared via sol-
gel process, are multi-functional materials offering a
wide range of interesting properties. Since there are
countless different combinations of the organic and

Figure 22. m-Conjugated polymers prepared via
organometallic condensation reactions [83].
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inorganic moieties, a large number of applications are
possible by incorporation of inorganic building blocks
such as silica networks, porous materials and metals
[84-86].

Sol-gel process allows to adjust the degree of inter-
penetration of organic and inorganic components from
sub-micronic range to the nano scale level, providing
an easy method to synthesize different classes of hybrid
materials[87-89].

Sol-gel processes based on inorganic polymeriza-
tion reactions are a way to make dispersed materials
through the growth of metal oxo-polymers in a solvent.
Metal oxo-polymers can be obtained through hydroly-
sis and condensation of molecular precursors such as
metal alkoxides M(OR),. Sol-gel/epoxy resin hybrid
coatings (Figure 23) display enhanced mechanical
strength such as hardness and abrasion resistance in
addition to excellent adhesion on metal surfaces [90-92].

Epoxy polysiloxane hybrid protective coatings,
which are prepared by chemical modification of inor-
ganic polysiloxane backbone with functional organic
aliphatic epoxy groups, achieved advances such as sig-
nificant improved weathering and outstanding corro-
sion resistance, excellent flame resistant and reduced
effect on health, safety and environment. The epoxy
polysiloxane is easy to apply by spray, brush or roller
and this hybrid coating is compatible with a wide range
of primers and intermediate coatings [93].

Siloxane-anchored organic films have been
obtained on stainless steel surfaces. The surface of the
material was initially treated with tetraalkylorthosili-
cate to obtain a thin layer of SiO,. This layer anchors
the subsequent attachment of octadecyltrimethoxysi-
lane. The films created in this fashion can contain a
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Figure 23. Structure of a sol-gel/epoxy resin hybrid network
[86].
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variety of functional end groups at the alkyl chains and
can thus impart a range of chemical and physical prop-
erties to the coated surface [94].

An amino functionalized alkoxysilane was used as
condensation catalyst and the nanocomposite material
such as silica or alumina sols was thermally cured after
flow or spray coating on pretreated polycarbonate sub-
strates. The coatings used for transparent plastic glaz-
ing displayed excellent adhesion which was shown by
cross cut and tape test [95].

To evaluate the relative performance of clear coat-
ings such as the acrylic varnish, a hybrid sol-gel coating,
and some hard coatings, the wear resistance of the three
types of protective layers was investigated with linear
scratch and abrasion tests. Great improvements were
achieved in wear resistance of decoration brass profiles
by applying the hybrid sol-gel clear coatings [96].

Sol-gel derived protective coatings based on inor-
ganic-organic copolymers for use in outdoor bronze
substrates was developed and adjusted to optimize
adhesion and resistance against weathering. The main
components of the starting materials were 3-glyci-
doxypropyltrimethoxysilane and y-methacryloxypropyl
trimethoxysilane [97].

Hybrid SiO, sol-gel coatings on metals for clinical
applications have been prepared and evaluated for elec-
trochemical behaviour and the results of preliminary in
vivo tests indicate that by combining an inner SiO,
hybrid film acting as barrier against corrosion with an
outer coating containing bioactive glass particle, a pro-
nounced improvement in the electrochemical behav-
iour is observed[98].

For improvement of resistance to oxidation and wet
corrosion sol-gel drived films on metals have been
studied. It was found that the deposition technique is an
important aspect of the application of sol-gel method
for coating metallic objects[97].

Novel inorganic-organic composites (ormocers)
have been synthesized using sol-gel process. In this
study stable sols are produced by controlled hydrolysis
and condensation of an epoxy modified alkoxide,
propyl modified alkoxide and an aluminium alkoxide
in the presence of fluoride ions and applied by spray-,
spin- and dip-coating on metals (Al, Zn, Mg) and
cured. The obtained transparent coatings show good
adhesion, corrosion and wear resistance [100].

Tetraethoxysilane and polyvinyl alcohol have been

used as the inorganic and organic components to pre-
pare silica-based coating materials by sol-gel method.
For improvement of the adhesion between the polymer
base film and the coated layer, a silane-coupling agent
of vinyltriethoxysilane has been also used. The
polypropylene films coated with the hybrid materials
have been tested for their morphology, optical trans-
parency and oxygen permeability and promising results
have been obtained [101].

Protective coatings based on polyesters and
tetraethoxysilane (TEOS) are synthesized for prefinish
construction steel and aluminium. The polyester-TEOS
system shows an increase in hardness for improved
mechnical properties and flexibility for enduring defor-
mation of the metal substrate after coating [102].

Transparent, translucent and opaque hybrid coat-
ings for crystal glassware have been developed and
produced recently. Sol-gel type hybrid coatings exhibit
several advantages in comparison with conventional
organic systems: high abrasion resistance, good aldhe-
sion and sufficient stability in dish-washing proce-
dures.

The synthesis and properties of these coating mate-
rials and the industrial process are reviewed [103].

Hydrophobic hybrid coating based on 3-trimethoxy-
silylpropyl methacrylate, tetramethylorthosilicate and
methyl methacrylate have been developed and applied on
glass objects. Coated glasses display higher strength
(more than 50%) than uncoated glass [104].

Summary

There is a wide variety of inorganic polymers. The
potential uses are many and include the broad areas of
biological, electrical, analytical, catalytic, building, and
photo applications.

The bond strength for many combinations are high-
er than that of many carbon-intensive organic polymers
leading to products with superior strength and thermal
stabilities.

The number and variety of organometallic polymers
and potential applications for these materials are great.

Hybrid organic-inorganic networks offer a new
area of material science that has extraordinary implica-
tions for developing novel materials that exhibit a
diverse range of multi-functional properties.
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