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Review 
Technological applications of functionalized 
polymers 

A H M E D  A K E L A H  
Chemistry Department, Faculty of Science, Tanta University, Tanta, Egypt 

In most of the major applications of polymeric materials their mechanical properties are often 
of paramount importance. Even in such applications as electrical insulators their stiffness, cut 
and abrasion resistance will be of importance as well as their low conductivity. Now, polymers 
containing specific functional groups are being utilized in analytical and many synthetic organic 
chemical procedures [1 -4 ] ,  in biologically and pharmacologically active systems, in food 
additives, and in the field of agricultural chemicals [5]. Following their successful applications 
in the laboratory and industrial processes, the introduction of active functional groups, other 
than those previously discussed, into polymers will be discussed in the present article. It is 
meant only to illustrate selected aspects of more general areas of polymers in the technological 
uses based on their specific active functional groups, in additon to the advantageous proper- 
ties of the polymeric material. 

1. C o n d u c t i v e  p o l y m e r s  
Metals are defined as elements which possess certain 
characteristic chemical properties, such as ease in 
forming positive ions by chemical processes, and cer- 
tain characteristic solid state physical properties, such 
as high electrical conductivity, high reflectivity of 
light, good thermal conductivity and ductility. In spite 
of all these collective properties, they have some draw- 
backs such as high cost of fabrication, poor mechan- 
ical properties (stiffness, cut, abrasion resistance) and 
physical properties (high denisty and weight). 

A significant property of many organic polymers is 
their ability to withstand high electric fields with neg- 
ligible conduction. This property makes polymeric 
insulation the material of choice in a wide range of 
applications. The absence of conductivity is due to 
large energy differences between localized valence 
electronic states and the conduction band. However, 
there is continuing interest in the solid-state chemistry 
of conducting organic polymers due to their poten- 
tially unique applicability to a variety of applications. 

1.1. Photoconductive polymers 
Photoconductivity of polymers is one of the commer- 
cially significant photoresponses of polymeric systems 
and plays a central role in the development of a 
generation of organic photoconductors for replace- 
ment of selenium based systems, which suffer from the 
costs and poor mechanical properties associated with 
metals. Since the first report on photoconductive poly- 
mers [6], considerable interest has been focused on 
these materials by the electrophotography (xero- 
graphy) as well as a number of related processes 
[7 10]. The subject of polymer photoconduction has 
been extensively reviewed in recent years [11 17]. 

Photoconductivity is defined as a significant increase 
in the conductivity caused by radiation under illumi- 
nation. This increase is attributed to an increase in the 
number of charge carriers (electrons or holes) as a 
direct result of electronic excitation. The phenomenon 
of photoconductivity involves two distinctly different 
steps: (i) the processes of absorption of radiation, 
photogeneration of charge carriers, and their separ- 
ation; (ii) transport of charge carriers under the influ- 
ence of an applied polarizing electric field, their tem- 
porary immobilization at sites known as trapping 
sites, release from traps and finally their recombi- 
nation. For a polymer to be photoconductive the 
absorption of a photon must lead to the formation of 
a mobile charge carrier, followed by energy transfer 
processes. The accepted mechanisms for photogener- 
ation of charge carriers in photoconductive polymers 
involves localization of migrating excitation energy at 
a trapping site, followed by electron transfer to a 
neighbouring group. The resulting charged geminate 
pair may then separate and either the positive charge 
or electron or both may migrate in a polarizing field. 

Improved conductivity can be achieved by (i) 
addition of small molecular dopant; or (ii) chemical 
modification of the polymer. The dopant is a molecule 
such that an electron transfer reaction can occur 
between it and the polymer matrix, for example, rose 
bengal, methyl violet, methylene blue, pinacyanol. 
The mechanisms of the dye sensitization process 
involve both energy transfer from the dye to the poly- 
mer and/or electron transfer between the excited state 
of the dye and the polymer transport matrix leading to 
the formation of a charge carrier. The direction of 
electron transfer depends upon the relative energy 
levels of the dye and the polymer. Electron transfer 
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TA B LE I Photoconductive polymers 

Functional Polymer Reference 
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Functional Polymer Reference 
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Functional Polymer Reference 
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from the polymer to the excited dye is the situation 
usually encountered in practice. 

Chemical modification appears to be of general 
applicability for improving the spectral response and 
the increase in charge carrier photogeneration efficiency 
of hole transporting systems. In addition, it has the 
following advantages: (1) photoconductivity and its 
component processes, charge generation and trans- 
port, can be controlled; (2) the spectral range associ- 
ated with the charge photogeneration process can be 
controlled by surface or bulk attachment of dyes or 
charge acceptors on to the polymer; (3) the charge 
transport process can be influenced in terms of the 
sign of the majority carriers and the rate of transport. 
Introduction of acceptors with low ionization poten- 
tial, such as carbazole, triarylamine, pyrene, by chemi- 
cal reaction of the functional polymers can control the 
sign of the charge carriers and is successful in generat- 
ing hole (cationic) transporting systems; (4) it is also 
useful in improving the mechanical properties, parti- 
cularly solubility, film formation flexibility, and 
impact resistance of photoconductive polymer sys- 
tems; (5) it eliminates deleterious reactions with air, 
water or dopants. 

Carbazole-containing polymers are the subject of 
many investigations with respect to their photocon- 
ductive properties [18, 19]. However, by changing the 
chemical structure while keeping the active group, 
carbazole, some advantages can be achieved [20]. One 
idea is the copolymerization of a carbazole-containing 
monomer with another monomer having the sensitizer 
(an acceptor group) linked to the double bond 
through a spacer. The advantages of such a structure 
are: (i) the possibility of designing donor:acceptor 
groups ratios and sequences on the side chain; (ii) 
improvement of film properties; (iii) a relatively large 
choice of acceptor groups is available, having different 
electronic affinities and, therefore, exhibiting various 
charge transfer bands in the visible domain; (iv) rela- 
tive orientations and interactions of carbazole units in 
polymers influence the electric absorption, fluor- 
escence, emission, and NMR spectra. Some other 
photoconductive polymers are listed in Table I. 

1.2. Electrically conduc t ive  polymers  
Interest in electrically conductive polymers stems from 
the potential for combining in one material the advan- 
tageous properties of polymers and the electrical 
properties of semiconductors or metals [75-85]. The 
advantageous properties of polymers are their mech- 
anical properties (such as flexibility, stretchability, 
impact resistance), their ease and low cost of prepar- 
ation and fabrication. Low density and weight saving 
is animportant  advantage of polymeric materials, 
especially for batteries. The most promising synthetic 
semiconductors and metals for practical electronic 
applications are those which can combine solution or 
melt processibility to thin films, which are environ- 
mentally, electrically and mechanically stable and 
possess high conductivity. 

In general, conduction in polymers can be either 
ionic, e.g. salts of organic polymers, or electronic. 
Electronic conductivity behaviour of polymers may be 
achieved by one of three means. 

1. Introducing delocalization: a variety of elimin- 
ation reactions can be employed to generate con- 
jugated polyene structures, i.e. polymers with a high 
degree of conjugation in the main chain, from a range 
of functionalized polymers, e.g. polyacetylene, poly- 
phenylene. Electical conductivity appears to be sen- 
sitive to the degree of conjugation along the chain 
backbone, which in turn increases with increasing 
chain planarity. 

2. Introducing electrically active pendant groups, 
e.g. substituted aromatic amines, large polynuclear 
aromatic groups with large ~-electron systems. 

3. Electrochemical doping: doping the polymers, 
which are normally excellent electrical insulators, with 
electrically active species of low molecular weight 
leads to highly electrical conducting materials by 
charge transfer interaction. 

Electronic mobility in polymers is greatly enhanced 
along a polymer molecule with conjugated bonds, i.e. 
with delocalized rc-orbitals. Instead of the typical insu- 
lator value of < 10 t4f~-i cm ~, the conductivity may 
be in the range of 10 5 to 10 9~- l cm- I .  However, 
when such a polymer is doped with electron donors 
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(e.g. halogen, AsFh) or acceptors (e.g. alkaline metal), 
it becomes semiconducting-to-metal-like in conduction 
(10 6 to 104f~-Jcm ~). Doping techniques include 
exposure of the films to the vapours of dopants such 
as 12, H2SO4, AsFh, SbC15, or to solutions of dopants 
such as NO2SbF 6, 12, sodium naphthalide. The 
enhanced conductivity may be attributed to the 
presence of cations and anions formed via electron 
transfer from the donor species of the acceptor. Trans- 
port of the charge may then occur via either cationic 
(holes) or anionic (electrons) states. The electrical 
conductivity of a doped polymer may also depend on: 
(i) the chemical structure of the polymer [86-89]; (ii) 
the degree of doping; the conductivity can be con- 
trolled by the dopant concentration, which increases 
with increasing dopant concentration; (iii) the nature 
of the dopant ion; the p- and n-type conductivities 
depend on the dopant nature, i.e. doping of a polymer 
with an electron acceptor or an donor gives a p- or 
n-semiconductor, respectively [90, 91]. 

2. P o l y m e r s  in e n e r g y  
Over recent years, enegy costs have risen rapidly and 
the supply of available petroleum feed stocks will be 
exhausted in a few centuries. Thus, the development of 
new energy sources is a worldwide research subject. 
Connections between polymers and energy are per- 
vasive and extremely complex. The contributions of  
polymers to energy can be categorized as: (i) the pro- 
duction and conservation of energy; and (ii) chemical 
conversion and storage of  solar energy. 

Excellent electrical and thermal insulating proper- 
ties of polymeric materials coupled with their ease of 
fabrication are essential in conventional power- 
generating equipment which require insulation that 
permits close windings and freedom from electrical 
breakdown as well as their use in cables for power 
distribution. They have also an important contri- 
bution to conserve energy, such as their use an insulat- 
ing materials in homes and other buildings with 
enormous long-term savings in energy. The use of 
polymers in solar collectors has also received consider- 
able interest in order to use solar energy economically 
on a large scale. Although the use of  polymers for 
collection and concentration of the solar energy is 
economically advantageous because of their light 
weight, low cost and good mechanical strength, their 
durability is a major problem associated with this use. 
Since it is not necessary for the polymer to contain any 
reactive functional group in these applications, this 
subject is not discussed in the present section. 

The uses of functionalized polymers in conversion 
and storage of solar energy have recently received 
much attention to replace the petroleum fuels. Sun- 
light, when it is converted into a usable form, repre- 
sents a virtually inexhaustible source of  permanent 
and clean energy with no net consumption of resour- 
ces [92, 93]. 

2.1. Conversion of solar energy 
Solar spectrum on the earth ranges from 250 to 
2400 nm, having its maximum at 500 nm. The visible 
region between 400 and 800 nm occupies about half of  

the spectrum and the chemical conversion of  this 
irradiation is therefore important for the direct 
production of fuel which can be easily stored and 
transported. 

For  a fuel, an electron source is needed. Economi- 
cally viable catalytic photosensitized water splitting as 
an electron source is the simplest among the chemical 
conversion systems of solar energy. Since the excited 
state of a molecule is a better electron acceptor or 
donor than its ground state, light absorption can 
drive a redox reaction nonspontaneously. For water 
oxidation, a redox potential of E; = 2.33 V is needed 
in the first step to abstract one electron from a water 
molecule (Equation 1). When the intermediate is 
stabilized on a catalyst and four electrons of two 
molecules of water are oxidized without isolating the 
intermediate (four-electron proceess), the 

H20 --* HO" + e- + H + (E0 = 2.337) (1) 

2H20 --* 02 + 4e- + 4H § (E~ = 0.82V) (2) 

required redox potential is only 0.82V (Equation 2). 
The potential level of  the site of  oxygen evolution of 
the photosynthesis ranging around 0.82 V shows that 
a four-electron process occurs in it. In water photoly- 
sis as a model system for photochemical conversion of 
solar energy, the system is made of a photoreaction 
centre, two kinds of  electron mediators, and reduction 
as well as oxidation catalysts (C~ and C2) in which 
water should be oxidized at C2 to give 02 and protons 
should be reduced at C~ to give H2 (Equations 3 and 
4). 

C2 
2H20-----* 02 -t- 4e- -I- 4H § (E~ = 0.82V) (3) 

C1 
4H + -----* 2H2 (E~ = - 0 . 4 1  V) (4) 

In this system, the potential of  C~ should be lower than 
- 0 . 4 1 V  and that of C2 higher than 0.82V. For  the 
proton reduction, the two-electron process (Equation 
4) is much more favourable than the stepwise reaction 
in which the first step (Equation 5) 

H + + e-  --* H" (5) 

requires - 2 . 5 2 V .  Thus, a multi-electron process is 
preferable at both the catalyst sites of  the water 
photolysis system. 

In the photochemical conversion model, the most 
serious problem is the undesired back electron transfer 
when the separated charges combine again to con- 
sume the energy as well as side electron transfer. This 
problem of photoinduced charge separation can be 
prevented if the reactions are carried out in a hetero- 
geneous conversion system using functionalized poly- 
mers. Noble metals are the most potent catalysts to 
realize a multi-electron catalytic reaction for water 
photolysis. A functionalized polymer containing a 
pendant viologen as electron mediator, and platinum 
as the hydrogen-evolving catalyst [94] and polymer 
combining viologen units with Ru(bpy)~ § as photo- 
reaction centre [95] are interesting examples in the 
field of photochemical solar energy conversions. 

2.2. Storage of solar energy 
Since the solar irradiation on the earth is intermittent 
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and unstable depending on time, season, weather, and 
region, storage of  the converted energy is required in 
order to use it on a large scale. The use of photochemi- 
cal reactions to generate kinetically stable products of 
high energy content provides an exceedingly attractive 
fuel source. The photosensitization conversion of  nor- 
bornadiene (NBD, I) to an energy-rich quadricyclane 
(QC, II), coupled with reversion of  QC to NBD, is the 
most promising photoisomerization system for stor- 
ing energy from sunlight. The QC is thermodynami- 
cally unstable relative to NBD and a device based on 
this interconversion as a model system for solar energy 
storage requires the following two steps: (i) energy 
storage through the sensitized photolysis of NBD to 
QC in an endothermic reaction by visible light, and (ii) 
energy release through the catalysed reconversion of 
QC to NBD in an exothermic reaction (AH = 21 kcal 
mol 1). 

(i) (NBD) 

+ h v .  
Sens. ~. 
Cat. ~ (6) 

(II) (QC) 

A different kind of sensitizer, which is a catalyst 
capable of absorbing radiation and transferring the 
energy to another molecule, is involved in the exci- 
tation of molecules in the first step. In general, 
sensitizers must absorb strongly in the region of  avail- 
able solar energy, be thermally and photochemically 
stable, and effect efficiently the desired sensitization. 
Excitation of a sensitizer by solar energy (hv) to the 
singlet state followed by passing into a longer lived 
triplet state can activate a molecule (M) and itself 
return to the ground state: 

Sens. + hv --* *Sens. ~ 3Sens. (7) 

3Sens. + M ~ *M + Sens. (8) 

However, an ideal catalyst for the reverse exothermic 
reaction in the second step must meet several require- 
ments: (i) it should not produce undesirable side reac- 
tions; (ii) it should be sufficiently active to evolve heat 
quantitatively in a rapid conversion; (iii) it should 
have long-term stability; and (iv) the active species 
should not be leached by the reaction mixture. 

Thus, the immobilization of the sensitizer and cata- 
lyst on polymeric supports is especially effective by 
keeping them apart because contamination of  the 
materials with sensitizer or catalyst markedly lower 
the efficiency of a solar energy storage system. Hence, 
the isolation of the catalyst is attractive and important 
in order to keep the active catalyst away from the 
photochemical reactor where the conversion reaction 
of NBD to QC is taking place and to prevent the 
dispersion of  the catalyst throughout the system. The 
use of  functionalized polymers in a storage of  energy 
has been directed toward the development of new 
polymeric sensitizers for the photochemical process 
[94-100] as well as the development of  polymer bound 
catalysts for the reversible valence isomerization of  
solar energy storage system [101-103]. Various poly- 

meric sensitizers, such as III [99], and polymeric cata- 
lysts, such as IV [101], V [102] and VI [103], were 
shown to be active in the NBD-QC solar energy 
storage system. 

( I I I )  

x 

( 

Z 

) 

x 

X 

(IV) (a) CO 
(b) N H CO  
(C) NHSO2 

COOMe 
COOMe 
SO3Me 
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3. Polymers in lithographic processes 
In semiconductor technology, the manufacture of 
transistors and integrated circuits, involving microcir- 
cuit patterns on a silicon wafer, are required. A large 
variety of materials and processes are currently 
employed in the manufacture of hybrid microcircuits. 
In spite of the precautions taken by the electronic 
industry, it is often difficult to completely remove the 
last traces of  processing materials through normal 
cleaning; some being electrostatistically attached to 
the surface of  the circuit, which can cause an electrical 
short and result in a missile or spacecraft failure. 

One of the procedures used in making monolithic 
integrated circuits to resolve this problem is photo- 
lithography based on photoresistance. However, in 
recent years electron-beam lithography based on elec- 
tron resistance has been used as an alternative method 
for cases in which resolution is desired [104, 105]. 
Resists must be: (i) capable of  forming uniform 
pinhole-free films on a substrate by a simple process, 
such as spinning, dip-coating or spraying; (ii) of a high 
degree of  purity, i.e. containing low levels of  ions to 
achieve no electrical properties; (iii) easily removed by 
solvent dissolution; (iv) thermally stable up to 150 ~ C 
to withstand burn-in temperatures used for hybrid 
circuits; (v) must produce no stresses on fine-wire 
bonds and no deleterious effects on active devices, (vi) 
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must be compatible with the devices and wire bonds of 
high density circuit. 

Usually polymers are the only materials which fulfil 
these requirements. Interaction of organic polymers 
with energetic electrons or ultraviolet light results in 
a structural change which may either be broken down 
to smaller fragments or may link together to form 
larger molecules. Interaction that causes a break in the 
main polymer chain and resulting in irradiated 
material having a lower average molecular weight 
than unirradiated material allows "positive-working 
resists" to be formulated. Clearly the successful 
removal of irradiation degraded polymer without 
affecting the unirradiated material in the development 
process will occur if the original polymer has the 
highest possible molecular weight and irradiated by 
moderate doses of electron or ultraviolet light. More~ 
over, the polymer of low glass-transition temperature 
can be easily deformed and the resolution of fine 
patterns developed in a film of such a polymer may be 
easily impaired. Thus, good positive resists should 
therefore have a glass-transition temperature above 
the highest temperature to which the resist will be 
subjected after development of the irradiated pattern 
in it. 

For polymers which link together on irradiation, 
larger insoluble and infusible molecules are generally 
formed by a process known as crosslinking. This type 
of polymer forms the basis of "negative-working 
resists", where it is possible to dissolve and remove 
unirradiated material while irradiated material cannot 
be dissolved away after development. In principle, 
many polymers are available for use as negative 
resists; however, the choice may be limited by the 
sensitivity required, solubility of the resist, etc. [106, 
107]. The requirement of a high glass-transition tem- 
perature, which is necessary for positive-working 
resists, does not necessarily apply to negative resists 
because the resist material in this case is crosslinked 
during irradiation, which automatically increases its 
glass-transition temperature. 

3.1. Pho tores i s t s  
Photolithography is generally a coating of a wafer 
surface with a polymer film containing photosensitive 
groups and its exposure to the light of a mercury 
ultraviolet lamp through a photomask. Depending on 
the type of photoresist, the exposed areas are either 
crosslinked (negative photoresists) in which the non- 
exposed areas, i.e. uncrosslinked, are dissolved in a 
liquid developer, or degraded (positive photoresists) 
in which they are removed by a solvent under certain 
developer conditions. 

The ideal resist for ultraviolet lithography should: 
(i) possess good sensitivity to 230 to 280 nm radiation 
with little or no absorption at longer wavelengths to 
eliminate the difficult task of filtering the long 
wavelength radiation present in conventional sources; 
(ii) be capable of high resolution; (iii) have a reason- 
able exposure time, and (iv) be compatible with con- 
ventional microstructure fabrication processes. 

Polymers with pendant cinnamoyl groups are well 
known as photosensitive polymers and have received 
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considerable industrial application to form a thin 
lightly hardened film when exposed to light for the 
preparation of circuits [108, 109]. Polymers with other 
pendant photosensitive moieties such as ~-furylacrylic 
ester [110] (VII), benzalacetophenone [111], styryl- 
pyridinium [112], c~-phenylmaleimide [113] and others, 
have been reported as photosensitive polymers, as 
listed in Table II. 

m O C O ~ C H =  CH 

{VII) 

Polymers containing pendant photosensitive, such 
as cinnamic ester, and photosensitizer moieties have 
also been prepared either by radical copolymerization 
of 2-(cinnamoyloxy)ethyl-methacrylate with p h o t o -  
sensitizer monomers [114], or by chemical modifi- 
cation of chloromethylated polystyrene containing 
photosensitizer groups with salts of photosensitive 
compounds [115]. The photosensitivity, which is used 
for the determination of the insolubilization of the 
photoirradiated films, can be measured by the "bis- 
muth photoresistance test" [116, 117] or by the 
"photoresistance test" [118]. 

3.2. E l ec t ron -beam resists 
Electron-beam lithography techniques for defining the 
pattern have been used as an alternative for the mask 
and the mercury lamp in photolithographic pro- 
cedures, in which the wafer is irradiated by electrons 
[119, 120]. The use of this method in the manufacture 
of integrated circuits offers the following advantages: 
(i) the beams used have rather high electron energies 
(5 to 30 keV) so that diffraction effects are negligible. 
This allows resolution and accurate definition of 
details in the range 0.5 to 2 #m which is better than is 
possible with photolithographic procedures; (ii) it is 
also feasible to focus electron beams to very small 
diameters which can allow patterns to be made with 
detail much smaller than is possible by photolitho- 
graphy; (iii) the ability to make finer detail can lead to 
an increase in the packing density of the components 
of integrated circuits with consequent reduction in 
their size and cost; (iv) smaller components will also 
reduce power requirements and increase the speed of 
operation; (v) the ease and precision with which elec- 
tron beams can be deflected by electric or magnetic 
fields makes electron-beam techniques relatively 
amenable to automation; (vi) the energy of the elec- 
trons is much greater than that of ultraviolet photons 
which does not exceed a few electron volts. This 
broadens the range of polymers from which a choice 
of a resist can be made. 

The radiation chemical yields are a measure of the 
intrinsic radiation sensitivity of the polymer and are 
expressed in terms of G-values which are a structure- 
dependent. G(scission), G(S), equals the number of 
main chain scissions produced per 100eV of energy 
absorbed, and G(crosslinking), G(X), the number of 
crosslinks formed per 100eV absorbed. For resist 
applications, G (S)/G (X) values greater than 4 indicate 
the system is positive acting whereby there is an 



TABLE II Photoresist polymers 

Functional Polymer Reference 

---Z--CO-CH:CH-Ph 
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a) Z:O, X:H [108, 1091 
[ 1 3 1 - 1 3 5 1  

b) Z:O(CH2)20 , X:H [134] 
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m:1 ,3 

e> z: cH2o,v: cH2oR [137.  
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h) Z=COOCH2CHO , X=H [136,140] 
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CH20R 
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CH20H 
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~:-<~-N~ ? ~ ~  

R 
a) Z=O, X:H, R:H [143] 
b) Z:NH, X:N, R:H,CN [142,144] 
c) Z= ~-~/(~XN+--(CH-)20'X=H [142,144] 

Br- R:H,CN 

d) Z: -~+-----(CH )20,X=COOMe, [144] 
~-J 8r- 2 

R:H ,Me 

e) Z:COO(CH212N+---,(CH2)2 O, [142,144] 

R:H,CN Me 2 Br- 

(~--CO0~CH=CH-COPh [111 ,141 ] 

COOCH2~HCH 2 OH 
OH 

~ CH=CH-Z [ 145] 
Z:COOEt,COOH,CHO 

R l 

( ~  O C O - - ~ : C H ?  [146] 

v R=R'-H,Me 

~OCO-CH:CH--~ [ 110] 

( ~ N ~ C H :  CH-Ph [ 112 ] 

( ~  CH 2-+N~)-CH: CH 2 [147] 

TABLE II Continued 

Functional Polymer Reference 

~>--OCO-~:CH-Ph 

CN 

COOCH2CHCH2OCO(CH2) Fh 2~ -Ph 
-- ~H COPh COOMe 

[ 148] 

[IA9] 

~>(-(CH2)nO-) ~ [150] 

OR~ ~ CH\CB 

R:H,Alk,Aralk, n:I-6, 

R':HyAc, m:O,1 

N*---- Z- 

Z:C(CN) 2 [151] 
Z:O [116,117,151 ] 

(~~0 [151] 

--0 [!16,117.151] 
~e 

X:H,Ph,COOMe [152] 

0 

( ~ ) - - - 0  [153,154] 

~.NHCOOCMe 3 [155] 

R:H [156] 

R=OH [157] 
R:CH2C l [158] 

~ COwR 
R=Me [159] 
R=OMe [156,160] 

R 
I 

{-~--CH2-S02-) ~ 

(CH2)m-Me 
R:H, m:1 [128,161,162] 
R=Me, m=2 [161,163] 

-(-(CH2)4CO-CH2S02_)~ [161] 
-(-CH~C:C-CH:CHCOOCH CH:CH~) [164] 

al I 2 z n 
RR 

R:H ,Me 

increase in solubility of the areas exposed relative to 
the unexposed regions. G(S)/G(X) ratios less than 4 
indicate crosslinking reactions will predominate result- 
ing in an insoluble gel and negative tone formation. 

There are many polymeric materials which are 
available for use as negative electron resists, such as 
polymers of glycidyl acrylates, polystyrene, poly- 
siloxanes, and epoxidized polybutadiene. Poly(1-alkyl- 
vinylpyridinium halides) have also shown to be good 

negative electron beam resists with sensitivities as high 
as 5 #C cm -2 in a 20 kV electron beam and line widths 
as low as 0.3 #m [121]. The electron beam sensitivities 
of these polymers increase with increasing polymer 
molecular weight and the size of the 1-alkyl group. 
The use of these polymeric salts eliminates the need to 
coat the substrate with a metal oxide and the natural 
electroconductivity of the polymer film prevents a 
buildup of electrostatic change during exposure with 
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an electron beam [122]. Polystyrene, as a weakly sen- 
sitive negative resist, has an excellent combination of 
properties which are difficult to achieve with positive 
resists, such as high dry-etching resistance, because 
of its aromatic content and high resolution of less 
than 1 #m. However, the sensitivity can be mark- 
edly enhanced by substitution on the ring with cer- 
tain substituents, particularly halogen or halomethyl 
groups. Poly(chloromethylstyrene)s have been stud- 
ied as negative electron resists that exhibits very high 
sensitivity while maintaining the other desirable 
characteristics of polystyrene [123-127]. 

Almost all polymers which give good positive elec- 
tron-beam action should have a high G(S) value and 
are of the general structure (VIII) 

R 
/ 

I 
- ( -CH2-~ ), 

R" 

(VIII) 

where R' and R" are substituents other than H, e.g. 
polymethylmethacrylate, poly-~-methylstyrene, poly- 
isobutylene, polyvinylidene chloride, polytetrafluoro- 
ethylene. However, many of these are unsuitable 
because their glass-transition temperatures are low, or 
because they are not easily soluble which makes appli- 
cation of the film and development of irradiation 
patterns difficult. The only materials which have yet 
found wide use are polysulphones and modified poly- 
methylmethacrylate [128-130]. The combination of 
properties which include stability, sensitivity, con- 
trast, adhesion and solubility have kept the improved 
polymethylmethacrylate as good positive-electron 
beam. Two directions have been taken towards 
improving the performance of PMMA without alter- 
ing the processing characteristics, either by increasing 
the original molecular weight (e.g. by crosslinking) or 
by copolymerization with comonomer of a 1,1-disubsti- 
tuted vinyl type compound containing electron with- 
drawing substituents such as halogen, cyano, or car- 
boxylic acid groups. 

4. Polymeric liquid crystals 
Liquid crystals have become an essential part of dis- 
plays in many electrical and electronic devices. Poly- 
meric liquid crystals, which combine the properties of 
low molecular weight liquid crystals with those o f  
polymers, have recently received increased interest 
[165-169]. They are materials with a high degree 
of molecular orientation and excellent mechanical 
properties and have the advantages of possessing high 
modulus, high strength, high impact resistant, high 
end-use temperature, low melt viscosity, shear rate 
dependency and low density. 

For a polymer to form a liquid crystalline phase, the 
molecule or a major portion of it should be stiff and 
rod-like in nature. A flexible chain polymer will not 
exhibit liquid crystalline behaviour while more rod- 
like polymers show only lyotropic mesomorphism. 
Semi-flexible polymers having intermediate chain 
extensions, i.e. incorporating both a rigid and a 

flexible segment, exhibit thermotropic mesomorphism. 
The liquid crystalline states (mesophases) are inter- 
mediate between the three-dimensionally ordered 
crystalline state and disordered isotropic fluid state. 
The intermediate states are classified with regard to 
their molecular order into nematic, smectics and 
cholesteric, and according to the molecular com- 
positions involved into thermotropics and lyotropics. 
The classification, according tO phase behaviour, into 
lyotropic or thermotropic liquid crystals depends 
upon whether the mesophase, i.e. the transition from 
a non-ordered isotropic to an ordered anisotropic 
liquid crystalline state, is observed by variation of 
solvent content or by variation of temperture, respec- 
tively. Thus, the crystalline, order and hence the 
properties of the crystalline material, such as the ther- 
mal or the mechanical, are strongly dependent on the 
existence of the long-range order. 

In the case of lyotropic mesomorphic polymers, 
liquid crystal characteristics are found in solution 
above a critical concentration and are concentration 
dependent as well as temperature dependent. These 
polymers are also characterized by a high value of 
[(n)/(r/)]~o [165] where [n] is the flow birefringence deter- 
mined from the equation: [n] = lim~o,c~o(Z~n/gc~lo), 
where An is the difference between the two main 
refractive indices in solution at the concentration, c, 
and at the flow gradient, g; q0 is the viscosity of the 
solvent, and [~/] is the intrinsic viscosity of solution, 
arid hence by a high optical anisotropy of the 
molecule. Among the polymer molecules exhibiting 
lyotropic mesomorphism are synthetic polypep- 
tides, polyalkylisocyanates, cellulose derivatives and 
p-aromatic polyamides. The chemistry and physics of 
lyotropic systems have been discussed in the literature 
[1701. 

On the other hand, thermotropic systems show 
liquid crystalline behaviour in the melt and are tem- 
perature dependent with respect to mesophase behav- 
iour, the temperature for transition to the thermo- 
tropic liquid crystal state depends primarily on the 
length/diameter ratio and interactions of the rigid 
molecule. The first reported thermotropic liquid 
crystal polymer is a copolyester of polyethylene- 
terephthalate and p-hyroxybenzoic acid which has a 
stiff, rod-like conformation and is the liquid crystal 
forming component [ 171]. 

Generally, there are two classes of thermotropic 
liquid crystal polymers in which liquid crystal groups 
are either in the side chains or in the main chain of the 
polymer. A considerable amount of work has been 
performed in this area of polymers in which the liquid 
crystal order is exhibited primarily by the mesogenic 
side groups. In this case, the degree of mesomorphism 
is mainly determined by the length of the side chain 
rather than by the chain length as a whole, i.e. the 
order of the main chain is less well defined and the 
structure of the backbone is only of secondary import- 
ance. The direct linkage of rigid mesogenic groups to 
the polymer backbone restricts transitional and rota- 
tional motions of mesogenic moieties which influences 
their interactions preventing the liquid crystal state. 
The systematic realization of liquid crystal side chain 

2984 



I 
I 

i 
nernatic srnectic 

Figure 1 Organization of  mesogenic groups. 

cholesteric 

polymers require a flexible spacer. An increase of the 
spacer length is associated with less hindered rotation 
of the mesogenic groups around their molecular axes 
and the main chain of the polymer does not influence 
the anisotropic packing of the side chains. The vari- 
ation of the length of the flexible spacer leads to a 
change in the character and type of the mesophase as 
well as the physical properties. 

The effects of substituents introduced into meso- 
genic units are of interest in thermotropic polymers 
because of high melting temperature of rigid-rod poly- 
mers, in which it is desirable to lower the melting 
temperature for processing. In general, the influence 
caused by the substituents is complicated by both 
steric and polar effects. The steric effect results in 
reducing the thermal stability of the mesophase due 
to: (i) a decrease in the coplanarity of adjacent units in 
the mesogenic group because of steric interactions 
between substituents; (ii) a tendency for the sub- 
stituents to force apart mesogenic groups in neigh- 
bouring polymer chains because of their space require- 
ments. On the other hand, substituents, which impart 
an increased polarizability and stronger dipolar inter- 
actions between the mesogenic groups, can have 
stronger intermolecular attractions, which would lead 
to higher thermal stabilities of both crystalline and 
liquid crystal phases, that is, to higher melting points 
and clearing temperatures. The presence of sub- 
stituents may also change the morphology of the 
mesophase, so that the substituted compounds may 
form only one mesophase with the lowest degree of 
molecular order, while the unsubstituted one may 
have more than one mesophase. 

The molecular structure of the liquid crystal phase, 
i.e. the organization of mesogenic groups, may be of 
three types as shown in Fig. 1. In the nematic phase, 
there is order in the direction of the molecules and the 
long axes of the side groups are oriented parallel to the 
preferred direction of common axis. In the smectic 
phase, the molecules lie in planes with defined inter- 
layer spacing and a long range order exists in the 
preferential orientation of the side groups but in con- 
trast to the nematic phase. The cholesteric phase, is 
described as a twisted nematic, and the centres of 
gravity have no long-range order. One approach to 
create cholesteric type of polymeric liquid crystals is in 
the synthesis of copolymers that contain monomer 
units similar to nematic liquid crystals and monomer 
units with chiral mesogenic groups, such as cholesteryl 
esters. The cholesteric polymers exist only as copoly- 
mer, consisting of (i) nematogenic and chiral mono- 
mer units, or (ii) two chiral monomer units, where the 
polymer shows a cholesteric structure only at a defined 
composition. However, homopolymerization ofchiral 
cholesteric monomers yield only smectic polymers. 

Some polymeric liquid crystals containing different 
mesogenic groups are listed in Table III. 

The main application of polymeric liquid crystals 
has been as a tool for producing high strength fibres 
from polymers which decompose without melting. 
The orientation in electric or magnetic fields is the 
basis of numerous technical applications of these 
polymers in electro-optical displays and temperature 
indicators. The covalent attachment of dye molecules 
and mesogenic units to the same polymer backbone is 
widely applied in this field of technology. 

5. Polymeric surfactants 
Vesicles derived from naturally occurring phos- 
pholipids (liposomes) are receiving interest as models 
for biological membranes. However, the use of these 
aggregates in mechanistic studies and practical appli- 
cations, especially those based on long-term use, is 
seriously limited because they are thermodynamically 
unstable, having relatively short shelf lives. 

Recently, growing interest has been shown in the 
synthesis and characterization of polymerizable sur- 
factants, as shown in Table IV, to build up membranes 
of enhanced stabilities, controllable sizes, rigidities 
and permeabilities for utilization in photochemical 
solar energy conversion and storage, in catalysts for 
reactivity control, drug delivery, and solid-state device 
fabrication and operation [232]. 

Polymeric surfactant aggregates combine the ben- 
eficial properties of stable and uniform polymer parti- 
cles with the fluidities of the aggregate. The structure 
of these amphiphilic molecules is characterized by the 
presence of an a hydrophilic head group and hydro- 
phobic alkyl of C8-C~8 chains, as well as the poly- 
merizable groups. The hydrophilic head group may 
be cationic as ammonium halides; anionic as phos- 
phate, sulphonate, carboxylate, ester, hydroxylate; or 
zwitterionic. 

O - O ~  
II \ 

- O - P  ( O H ) 2  -OH /N-(CH2)uSO3 H 

o / 
O O 
II 11 

O P O (CH2)2N +Me3/H~ -O-P~O-CH2CH-COO 
I I I 

O -- O -  + N H  3 

The polymerizable group can be introduced into the 
surfactant molecules at the hydrophobic alkyl chain, 
in which there is no influence on the head groups and 
hence they preserve their physical properties such as 
charge and charge density, but change the fluidity of 
the hydrophobic tails. It can also be located at the 
hydrophilic head group of the surfactants, in which 
the fluidity is not affected but there is no free choice of 
the head groups. Molecules containing either diac- 
etylene or acrylate residues have received most atten- 
tion as polymerizable groups, although a few allyl, 
styryl, and maleic acid-based species have also been 
described. 

The polymerizable species have been used to 
produce organized surfactant aggregates mono- and 
multi-layer films, membranes, micelles (spherical, 
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T A B L E I I I Polymeric liquid crystals 

Functional Polymer Reference 

T A B L E  I I I  Continued 

Functional Polymer Reference 

(•)-•-CO-Z-•OCO-•xOR 
(a) Z:O,X:H,NO2,R:C3HT, 

C6H13,C9H19,CI6H33 

(b) Z=O(CH2)IoCO,X=H,R=n-Bu 

(c) Z=NH(CH2)IICOO,X=H , 

R=C6H13 

(a) Z=COO,R'=H,R=-O-c-C6H13 

b) Z:COO(CH2)mO,R'=H 
R=CN,OBu,OMe 

c) Z=COO(CH2)mO,R'=H,R=OMe 

d) Z=COO(CH2)5COO,R'=H,R=OMe 

e) Z=COO(CH2)mCOO,R'=H,R=OBu 

m=0,3,10 

f) Z=(CH2)20,R'=Me,R=C3H 7 

g) Z=(CH2)60,R'=H,R=CN 

Ca) R'=H,m=3,4,5,R=OMe, 
CN,OCH2CHMeEt 

(b) R'=Me,R=CN, m=6 

(c) R'=H,R=OMe,m=5,6 

(a) Z:CO 

(b) Z=CH2,O(CH2) 2 

(a) Z=CH2,R=n-Bu,OBu 
(b) Z=COO(CH2)m,R=OH,m=6,11 
(c) Z=COO(CH2)m,R=CN,m=2-11 
(d) Z=CO,R=alk 

R=Oalk 

R=COOH/COOaik 

R:Br,CN 

R=CH=CHCOOalk 

R:SO3Na 
R=COMe,NHCOMe,N:NPh 

( ~  N =CHR,-~R 
(a) R' =H,R=CN,Oalk 

(b) R' :OH,l~:Oalk 

R= Me,Et,n-Bu 

0 
(a) R:H,Me,Et,n-Bu 

(b) R=OMe,OEt,OBu-n 

[172-174] 

[172] 

[175] 

[176] 

[177-179] 

[180,181] 

[182] 

[183] 

[184] 

[185] 

[184,186,187] 

[184,187] 

[188,189] 

[190-193] 

[194] 

[195] 

[196] 

[197] 

[198,199] 

[199,200] 

[200-202] 

[198] 

[203] 

[200] 

[201] 

[204-207] 

[208] 

[209] 

[210,211] 

[212] 

( ~  CO0(CH;,)m 0 " ~  CH =CH-~CN 
m:5,6,11 

(a) Z:COO,R:H 

(b) .Z:COO(CH2)mO,R:CN,m:2-11 

(c) Z:CH20,R:CH2CHMeEt 

(d) Z:(CH2)60,R:CN 

( ~  (CH2)m- O'-~CN 
m=3-6 

(a) R=CN,m=5,R'=CBH7,n=4,RI=H, 
R2=Me 

(b) R=CH~CHMeEt,m=B,R'=CN,n=6, 
RI=M~, R2=H 

Q-z , 
(a) Z:COO, R:H 

(b) Z:(CH2)60CO , R:C3H 7 

(~--O--(CH2)15-Me 

(~coNH<cH2)4-~Hcoo~ 
NHCOR' 

a) R=H,R'=C13H27,C15H31, 

C17H35,C21H43 
b) R=Me,R'=C15H31 

(~CO0(CH2)6-O-R 

CO0(CH2)6-Z 
(a) Z: 

-o ~H 2 ~ 

R:-~COOOCN, 
- C O ~ C 3 H  7 

(a) Z=CO 

(b) Z=-(CH2)2CO- 

[213] 

[214,215] 

[182, 
197,213,216] 

[]84] 

[185] 

[184] 

[184] 

[217] 

[185] 

[218] 

[219] 

[220.221] 

[194,222-229] 

[194] 
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TABLE III Continued 

Functional Polymer Reference 

(c) Z:-COO(CHo)2CO- [211,230] 
(d) Z=-CO0.-<~-CO- [205] 

{e) Z=CO(CH2)IoCO0- -CH:CH [194] 
I 
CO- 

(f) Z=CONH(CH2)mCO- [231] 
m=2,5,6,8,10,11 

(g) Z:COO(CH2)5CO- [182] 

TABLE Ill Continued 

Functional Polymer Reference 

[194,205, 
[223 226] 

rod-like, reversed) and vesicles (Fig. 2). Since the for- 
mation of  monolayers at the gas-water interface is 
the oldest and most simple of the membrane models, 
considerable data exist on the ultraviolet polymeriz- 
ation ofmonolayers and organized multilayers [233- 
236]. In contrast there are only a few examples on 
the polymerization of microemulsions [237, 238] and 
bilayers vesicles [239]. Attention on polymerization of  

T A B L E  IV  Monomeric surfactants 

Functionalized monomer Reference 

~k--Z--~+-R 2 X- 

Me 

Z:-CH2-, ~ C H  2- 

E:-(CH2)20COC11H23,-C18H37 , 

-<CH2)20COC15H31 

~CO-Z-CH2~H-X-(CH2)I6Me 

CH2-X-(CH2)16 Me 
a) Z:-O-, X=-OCO- 

b) Z=-NH(CH2)5CO0-, X=-OCH 2- 

c) Z=-NH-, X=-COOCH 2- 

~--CO--Z--(CH2)I7Me 

(a) Z=-O- 

(b) Z:-NH- 

~--CO0(CH2)2OCO-~H-Z-(CH2)9 Me 

X 
+ 

(a) X=-N Me3Br ,Z=-(CH2) 4- 

(b) X=-~+N~ Br-,Z={CH2)4 - 

(c) X=-CHoCOOK , Z:-CH=CH- 

~CH2~+-C 12H25 CI- 

Me 2 

~--CH~N+-(CH ) OCOC �9 ~ 2 2 11H23 
~e 2 

~-CONH-(CH 2) -N+-CH.CHOH 
3 I Lt 

Me 2 CH2OR' 

R'= C8-C20alR 

~--CO0(CH2CH20) -CO(CH2)16Me 
m=1-2, 8-9 

~--CO0-+N-((CH2)17Me)2 ! 
Me 2 

[254-258] 

[251] 

[251] 

[244] 

[259] 

[233] 

[260] 

[ 2 6 o ]  

[260] 

[261] 

[ 2 5 8 ]  

[262] 

[260] 

[255] 

aqueous micelles [240-243] and polymerized vesicles 
[224-253] have been reported. The vesicles, which 
are the nearest approach to biomembranes, are 
closed spherical structures having an aliphatic double 
chain, aqueous interior and one or several lipid double 
layers of different sizes depending on the method of  
formation. There are two methods for the formation 
of vesicles, either by slow injection of a surfactant 

TABLE 1V Continued 

Functionalized monomer Reference 

~..- Z- ( CH 2 ) 10 N+- ( CH2 ) 15 Me 
Me 2 Br 

(a) Z: <O>-NHCO- , R:H [258] 
(b) Z:-COOCH2-, R=Me [244,264] 

"~'-CO0 ( CH 2 ) 11 C00 ( C~2 )m [ 250 ] 

Ile (CH2) 14C00(CH2) n?H 
+ 

Mean - ( CH~ ) ̂0-- P--CH .~ ~ ~ / / \ _  �9 
0 0 

(a) m=O, n: l  
(b) re=l, n:O 

'kk-coo ( cH 2 ) m - - R - - x  

(a) m=l l ,  R:COOCH2#HCH2- , [250] 

o oH 

X:-O-P-O ( CH 2 ) 2N+Me3 
I_ 
0 

(b) m:2,10, R:OCO(CH2) 10- , [260] 

-CH 2- 

X:---~NX/~ , - N+Me3 Br- 

R~-COO?H- ( < )  m--X [260] 
R' 

m:I0,14, R:H,Me, 

R' =H,-(CH2)5Me, 

X=COOK, N+Me3, " N ~  

(~---Z-COO(CH2)2)2-N+RR' Br- 
(a) Z: (CH2)8,R:H,Me, [258] 

R'=Me, (CH2) 20H,(CH2)2S03 

{b) Z=CONH ( CH2 ) i O, R=R' =Me [251] 

I~k--( CH )8C00(CH2) 2) 2-N-R [258] 
,0, 2 

R= 2p( OH ) 2 ' CO ( CH 2 ) 2--+NO~ 

Br-/I- Me---~*~ 

2 9 8 7  
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(o) rnonoloyer block lipid 

(b} spherical rod-like reversed 

Figure 2 Organized structures formed from surfactants: (a) mem- 
branes, (b) micelle, (c) vesicle. 

solution in alcohol or ether into thermostated water, 
or by the ultrasonic dispersal of the surfactant crystal 
suspensions in water. However, in the ultrasonic 
method, the type of sonicator, the applied power, and 
the time and temperature of  sonication need to be 
specified. 

Polymerization of vesicles formed by sonicating the 
surfactant was effectively carried out by direct irradia- 
tion by ultraviolet light or by heating the surfactant 
with a free radical initiator. The extent of polymeriz- 
ation can be monitored by following the disap- 
pearance of the polymerizable double bonds either by 
N M R  or ultraviolet absorption spectroscopy [236, 
2581. 

Polymerization of vinyl vesicles in a bimolecular 
lipid membrane has recently been described in the 
literature. Depending on the position of the double  
bonds, vesicles can be linked either across their 
bilayers or across their head groups. Vesicles having 
double bonds in their head groups can be polymerized 
either at their inner or outer surfaces or, alternatively 
be polymerized at both their outer and inner surfaces. 
Irradiation by light results in the complete loss of  vinyl 
protons. Conversely, polymerization by external addit- 
ion of  an initiator to already sonicated vesicles causes 
only 60% loss of  the vinyl protons. 

6. Ionomers 
Ionomers are synthetic organic polymers that have an 
ion content of up to 10 to 15mo1% and are thus 
generally insoluble in water [265 270]. In contrast, 
polyelectrolytes have much higher ion contents and 
are insoluble in organic solvents. Thus, an ionomer 
can be defined as an ionized copolymer whose major 
component is a nonionic backbone, usually hydro- 
carbon, and whose minor component consists of ionic 
comonomers with associated counterions, such as car- 
boxylate, sulphonate, phosphonates, and quaternary 
ammonium salts, e.g. IX [271 275]. The ionic groups 

may be introduced either by modifying 

Me Me 
I I 

- [ - -N+- - (CH2)~I~  + (CH2)y-]-, 

R R 

X X 

(IX) (a) R = dodecyl, z = y = 3.5 

(b) R = octadecyl, z = y = 5 

a nonionic polymer through appropriate chemical 
techniques or by copolymerization with the major 
components. 

The reason for the great interest in ionomers as 
important industrial potential lies in the often pro- 
found changes in structure and properties caused by 
the introduction of ionic groups into nonionic organic 
polymers. For example, Nation, as an ionomer, has 
found extensive applications as an electrochemical 
separator. The extent to which the properties are 
altered depends on a number of  factors, such as the 
dielectric constant of  the backbone, the position and 
type of ionic group, the counter ion type, ion con- 
centration, and degree of neutralization. The major 
effects of  the ions on properties of polymer are: (i) 
static and dynamic mechanical properties; and (ii) 
melt rheo]ogy - the increase in ion content in the 
polymer raises Tg, melt strength and melt viscosities, 
and the modulus at temperatures beyond the glassy 
plateau and broadens the transition regions. Owing to 
the great difference in polarity between the ionic func- 
tionality and the hydrophobic repeat units of  the poly- 
mer backbone, the hydrophilic ionic groups leads to 
microphase separation, which results in the coexist- 
ence of two types of  ionic aggregates: (i) multiplets are 
small aggregates with tight, isolated groups, and con- 
tain no organic material and are dispersed in the 
matrix. Consisting of  a few ions or ion pairs, they act 
as moderately strong, temporary, ionic crosslinks; (ii) 
clusters are larger aggregates, more loosely interact- 
ing, contain a relatively large amount of ion pairs and 
some organic material, and act as crosslinks and as a 
strongly reinforcing filler. Cluster formation has the 
most dramatic effects on the polymer properties such 
as the greatest changes observed in polymers having a 
low dielectric constant and containing small ions, 
since such a situation provides the greatest incompati- 
bility between the ionic and nonionic regions of  the 
system. The position of  the ions on the chains as well 
as the nature of the ionic group has an influence on the 
state of aggregation. 

7. Polymeric stabilizers 
The growing use of polymers in place of traditional 
materials, such as metals, glass, wood and stone in 
building and construction applications, has intensified 
the search for improving durability where resistance 
to the outdoor environment degradation or to cata- 
strophic combustion is important. 

Polymer degradation can be utilized positively in 
several areas such as: (i) recycling for conversion of 
polymers to a useful chemical after their initial use so 
that they do not become an ecological waste problem, 
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e.g. hydrolysis of waste packing materials or auto- 
motive foams to monomers; (ii) agrochemical or drug 
delivery systems based on chemical erosion of a poly- 
mer; (iii) controlled degradation for determining the 
structure of the natural polymer, e.g. protein, or for 
obtaining valuable low molecular substances from 
them, e.g. glucose from cellulose. 

However, polymers under weathering conditions 
are susceptible t o  deterioration, which restrict their 
use in outdoor applications. The departed chemical 
and physical properties of the polymers from the 
initial optimum may result in changed appearance as 
discoloration and a transparent material becomes 
opaque, or damaging mechanical properties which 
make them technologically so useful. The flaking of 
paint and perishing of rubber are regrettably well- 
known examples of the deterioration suffered by most 
organic polymers after prolonged exposure to air and 
light. Hence, the protection of polymers against 
atmospheric ageing and degradation is a prerequisite 
for their successful technological development and 
applications. The most important destructive agents 
for polymers are the environmental factors as well as 
the aggressive conditions of processing or service 
especially in the presence of other additives in the 
polymer itself, added either for a specific purpose or 
present as an impurity. The applications of func- 
tionalized polymers as stabilizers in the field of chain- 
breaking antioxidants, ultraviolet and flame retard- 
ants, have recently received considerable interest 
[276-285]. 

7.1. Polymeric antioxidants 
The basic oxidative chain reactions occurring in poly- 
mers subjected to weathering conditions or high- 
temperature processing is a chain reaction mechanism 
which occurs by a sequence of reactions leading to the 
formation of hydroperoxide groups. The first step in 
the oxidation cycle is the generation of a free radical 
at some points on the polymer hydrocarbon chain, 

polymer --, R" (9) 

A hydrocarbon radical could arise from a variety of 
applied stresses, such as heating or mechanical dam- 
age when the polymer is stretched, flexed, or milled. 
Once generated, the radical could undergo further 
reactions resulting in breaking or in crosslinking of the 
polymer chain, or it could combine with another radi- 
cal to form inactive products. The radical can also 
react with a ground-state diradical oxygen molecule to 
give a peroxy radical, 

R" + 02 ~ RO2 (10) 

followed by a hydrogen abstraction reaction 

RO2 + R H ~ R-OOH + R" (11) 

The autoxidation reaction is therefore autocatalytic in 
character as a result of both the chain reaction behav- 
iour and the formation of large amounts of labile 
hydroperoxide groups which are potential free-radical 
initiators. 

The loss of desirable mechanical, physical, chemical 
and electrical properties brought about by oxidation is 

due to the change in molecular weight distribution of 
the polymer via decomposition or crossliking. Chain 
scission which causes a decrease in chain length has 
been shown to occur by the decomposition of the 
formed hydroperoxide groups [303], 

R R R R 
I I I I 

--C C-C-- ---* - - C - C "  + C HO" (12) 
I I I II - +  

H OOH H O 

Crosslinking occurs as a result of either the combi- 
nation reaction between two of the parent radicals 
involved in the oxidation mechanism or by the attack 
of one of the radicals on an unsaturated point of a 
chain. 

Thus, antioxidants are needed for fabrication and 
long-term use of most polymers to prevent the initia- 
tion of the chain or to interrupt the chain propagation 
step of the autoxidation reaction. However, the 
protection given by conventional antioxidants against 
deterioration is often short-lived under some service 
conditions due to their loss, either by volatilization or 
by leaching processes and, thus, a relatively high con- 
centration of antioxidants are required. 

Recently, many attempts have been carried out to 
increase the inhibition efficiency of small molecule 
antioxidants by producing high molecular weight 
antioxidants or by chemically combining them with 
the polymers they are protecting. Polymeric anti- 
oxidants have great potential because they do not 
readily migrate out of the polymer system and give 
solvent and detergent resistant polymers. The most 
important classes of antioxidants which have been 
incorporated into polymers are the phenol and aniline 
derivatives [304], as shown in Table V. 

7.2. Polymeric ultraviolet-stabilizers 
Polymers in outdoor applications are usually exposed 
to damaging sunlight radiations and hence they are 
susceptible to photodeterioration. The most damag- 
ing part of the solar radiation is at -33000cm -~ 
(300nm) in the near ultraviolet while the shorter 
wavelength radiations, below 300 nm, are absorbed by 
the ozone layer of the outer atmosphere which 
protects the Earth's surface from this harmful solar 
radiation. The spectral composition and intensity of 
solar radiation at the Earth's surface varies with the 
time of day, location and weather conditions due to 
changes in the thickness of the ozone layer. 

Photoinitiation may be attributed to the chromo- 
phoric groups present as impurities or created during 
processes. Absorbed ultraviolet radiation leads to the 
excitation of the polymer or it returns to the electronic 
ground state with the reemission of the energy in a 
non-harmful form. Photochemical reactions are chain 
cleavage and lead to the formation of functional 
groups, which may be starting points for degradation, 
or lead to autoxidation in the presence of oxygen. 
Thus, it is of considerable practical importance that 
polymers should be protected against the effects of the 
solar radiation to increase their durability [286-302]. 
However, the solubility of a conventional stabilizer in 
the matrix is often less than the minimum effective 
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T A B L E V Monomeric and polymeric stabilizers 

A Monomeric and Polymeric Reference 
Antioxidants 

R•CO--Z-•NH-Ph 
(a) Z:NH, R-Me [308-315] 

(b) Z=O, R:H,Me [316,317] 

(c) Z:SO2NH , R=H [318,319] 

(d) Z=CH2SO2NH , R=H [318,319] 

{e) Z=OCH~CHCH~N-, R=Me [320-323] 

OH R' 

(a) Z:CH2NH-, [318,319] 

(b) Z:CH20-, [318,319] 

(c) Z:SO2NH-, [318,319] 

(d) Z=NH-CS-NH- [324] 

Bu-t 
Z OH 

R ~B!-t 
(a) Z=nothJng, R=H [325] 

(b) Z=CO0, R=H,Me [326,327] 

(c) Z=COOCH2, R=H,Me [328,329] 

(d) Z=COOCH2CMe2CH2,R:H,Me [330-332] 

(e) Z:COO(CH2)2OCH2,R:H,Me [333,334] 

(f) Z=COO(CH2CH20)mCO,R=H [335-337] 

(g) Z:COS(CH2)m,R:H,Me [338] 

m=1,2,3 

(h) Z=CONH, R=H [339] 

(k) Z=CONHCH2OCH2,R=H,Me [329] 

(i) Z:OCO(CH2)2, R:H [340,341] 

(m) Z=O(CH2)2OCO,R=H [342,343] 

.Bu-t 

Bu- 

(a) Z=_CH2_, @ =Qa [345] 

t-Bu 
(b) Z=-O~CH2, [344] 

t-Bu Q: (~ )b ,c  

(c) Z:COO(CH2)2~CO(CH2) 2 [346,347] 

Me 

|174 
XO R a 

R ~ ~OX 
(a) Z=nothJng,X:H,Ac, [348] 

R:R'=alk 

(b) Z:CONHCH2,X:H,R=RI=Me [349-351] 

(c) Z=-~>-,X=H,R:Me,R'=H [352,353] 

O. 

R:H,Me, R':Me 

[3s4] 

T A B L E  V Continued 

A Monomeric and Polymeric Reference 
Antioxidants 

t-Bu   -coo M, 
H O - ~ - M e  
t-Bu" 

~ H 

B MonomerJc ultraviolet absorbers 

[355,356] 

[357] 

OH 
R~Z--O-~COR R':H,Me 

(a) Z=CO, R=Ph [358-366] 

(b) Z:CO, R:Me [358-363] 

(c) Z=COOCH2?HCH2,R:Ph [367-369] 

OH 

(d) Z=(CH2)nOCH2?HCH2, [370,371] 

OH 

R=Ph, n=1,2 

(e) Z=COO(CH2)2, R=Ph [372] 

R 

(a) Z:CH20,R:H,R':OH , [373,374] 

R''=COPh 

(b) Z:CH20,R:COPh,R'=R''=H [373] 

(c) Z:CO,R:R''=OH,R'=H [375] 

(d) Z=CO,R:OMe,R'=R''=H [376,377] 

OH 
~ - C H 2 ~ C O R  [378] 

R=Me,Ph 

 SO2NH2 [3791 

[380-382  

. 0  [38o-382] 

Z=-~/-CH~O, R=H,-Z--// 

R~,,COO(CH2)n~I l 

(a) n:I,R:COOPh,R'=OH [383] 

(b) n:O,R:COOPh,R':OH [383-386] 

(c) n=O,R=OH,R'=COOMe [387] 

(a) Z=NH, R:COOEt [388] 

(b) Z:O, R:NMe 2 [389-391] 
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TABLE V Continued 

A Monomeric and Polymeric Reference 
Antioxidants 

X~CH2)2 N - ~ C O O H  [392] 

(a) R:H, R' =COOalk,R' ' :Oalk [393] 

(b) R=OalR,R'=COOalk,R''=H [394] 

(c) R=H,R'=Oalk,R'' =COOalk [395] 

~ Cm-C-COOEt [396] 
I I 
Ph CN 

C MonomerJc and polymeric flame 
retardants 

~ CH2P+Ph3 Ci- [400] 

TABLE V Continued 

A Monomeric and Polymeric Reference 
Antioxidants 

Z 

O-P-(OR')R Z:S,O [401,402] 

R':Et,Bu, R:OEt,CI 
Z 

' X ~ ( C H 2 ) n - ~  R 2 
(a) n:O, Z:S,O, R:Ph [403] 

(b) n:1, Z:O, R:NH 2 [404] 

(c) n=1, Z=O, R=Oalk [405] 

~CH20-P(OEL) 2 [405] 

~ . ~ - - - H  H2PO ~ [406] 

I•)-S02NH 2 [ 4O7 ] 

0 
~_ ,, 

CH2OCHI--2P-OH [ 409 ] 

0 
~_ " 

CH2OCH2-~-OH [4O9] 

BrCH2CH2OCH2 
0 

X~.-'~- ( OCH2CH2C1 ) 2 [410] 

concentration, leading to loss of significant amounts 
of absorbers from polymers by physical means 
through exudation, volatilization or through solvent 
extraction during fabrication and end use. Moreover, 
blended-in ultraviolet-absorbing additives tend to 
aggregate in spots within the film and therefore cannot 
provide full protection. These problems are parti- 
cularly acute in the stabilization of thin films and 
coatings. Recent attention with stabilizers grafted o n  

to polymers has shown that these disadvantages 
decreased with an increase in stabilizer molecular 
weight. Polymeric ultraviolet absorbers have been 
prepared through polymerization of the polymeriz- 
able vinyl group directly attached to the absorbers, as 
shown in Table V. For example, vinylbenzyl m o n o -  

m e r s  having o-hydroxy-benzophenone substituents 
have been copolymerized with styrene and other 
monomers to give a polymer composition (0.5 to 
10%) having good ultraviolet stability in plastic 
articles, films, lacquers, oil-base varnishes, etc. 

Polymeric ultraviolet stabilizers are more resistant 
to solvent extraction, volatilization during high- 
temperature processing and exudation from plastics, 
than low molecular weight stabilizers. Thus, over a 
long period of time or in the presence of solvents, 
polymeric stabilizers appear to be more permanent 
and superior to conventional additives. 

7.3. Polymeric flame retardants 
A rapid increase has occurred in replacing conven- 
tional materials with synthetic polymers; very large 
amounts are used in the construction and decorative 
finishing as paints and other coatings of buildings. 
The increasing use of polymers has increased fire 

hazards resulting in damage to structures and death 
or incapacitation of occupants of buildings. Thus, the 
flammability characteristics of polymers are a barrier 
to their increased use in buildings because they: (i) 
make a major contribution to the rate of fire growth, 
i.e. increase fire load; (ii) generate dense smoke and 
toxic fumes as a result of burning, which make prob- 
lems for fire fighters due to limiting visibility and the 
use of breathing apparatus; and (iii) rapidly lose their 
property due to combustion. 

Thus, the problems involved in reducing the fire 
hazards associated with the use of synthetic polymeric 
materials are very complex from ecomonic and social 
points of view. The nature of the combustion process, 
which occurs when a fire starts, may be represented as 
shown in Fig. 3. The initial stage of a fire is a source 
of ignition which decomposes the polymeric materials 
to inflammable volatile products. Thus, for con- 
tinuous burning to occur, (i) the application of heat 
must be sufficient to decompose the polymer, (ii) the 
temperature must be sufficient to ignite the products 

I 
polymer + heat 

I 

thermal q 
I . . . . . . . . . . . .  

decomposition '~ 

volatile inflammable 
products 

- -  heat+CO Z+HZO +etc  : ! ,, 

. . . . .  Points at which the cycle may be broken. 

Figure 3 The combustion process cycle. ( - - )  points at which the 
cycle may be broken. 
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of decomposition and (ii) the amount of heat trans- 
ferred from the flame back to the polymer must be 
sufficient to maintain the cycle. 

Hence, to reduce flame spread once ignition has 
taken place, i.e. to make the polymer fire-retardant, it 
is necessary to break the cycle, which may be done in 
one of three general ways: (i) by modifying the poly- 
mer so that the initial mode of the thermal degra- 
dation process is changed, resulting in the evolution of 
less flammable products; (ii) by inhibiting burning or 
quenching the flame; or (iii) by reducing the feed-back 
of heat from the flame to the decomposing polymer so 
that transfered heat is not sufficient to cause evolution 
of flammable gases. 

The production of fire-retardant grades of commer- 
cial polymeric materials can be made by use of appro- 
priate additives which have a dual purpose; to ensure 
that polymeric material does not present a fire haz- 
ard and to enable the hazard of the other flam- 
mable materials to be reduced. Many halogen and 
phosphorus-containing compounds possess an out- 
standing position in this respect. Unfortunately, con- 
ventional flame-retardant additives usually induce the 
formation of greater volumes of more toxic fumes and 
volatilize before they perform their action. Recently, 
the introduction of flame-retardant substances chemi- 
cally bonded to the polymeric materials has been intro- 
duced via monomeric flame retardants, as shown in 
Table V, to overcome the problems of volatility of 
conventional retardants [305-307]. 

8. Polymeric corrosion inhibitors 
Recent years have seen a considerable increase in the 
size of merchant ships, particularly tankers and bulk 
carriers. The cost of these vessels and their operation 
(interest, capital repayment, insurance, etc.) are corre- 
spondingly high. These charges continue whether the 
ship is in service or out of service undergoing main- 
tenance or repairs, hence it is necessary to extend the 
effective life of the protective paint systems and to 
minimize time out of service when maintenance does 
become necessary. 

At present the factor limiting the intervals between 
dry dockings is the performance of the antifouling 
composition applied to the underwater hull to prevent 
attachment and growth of marine plants and animals 
[51. 

The coatings applied to protect steel hulls against 
corrosion were capable of providing even longer 
periods of maintenance-free service [411]. The cor- 
rosion of steel requires moisture and oxygen, and is an 
electrochemical process. Potential differences on the 
surface of steel arise from a variety of causes, includ- 
ing: (i) the presence or absence of millscale (the oxide 
film formed on steel when it is hot rolled); (ii) local 
differences in the composition of the steel; (iii) local 
variations in heat-treatment of the steel. The elec- 
trochemical corrosion cell is set-up at a break in mill- 
scale on steel immersed in seawater, in which the 
potential difference is between the scale-free areas that 
become anodic and the scale-covered areas that become 
cathodic. Millscale is a major cause of corrosion in 
seawater, there being a potential difference of about 
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0.3V between the scale-free and the scale-covered 
areas. The anodic and cathodic reactions are as fol- 
lows: 

Anode 4Fe --* 4Fe 2+ + 8e (13) 

Cathode Be- + 4H20 + 202 --* 8OH (14) 

The initial anodic (Equation 13) and cathodic 
(Equation 14), products - ferrous ions and hydroxyl 
ions - diffuse from the surface and react to form 
ferrous hydroxide (Equation 15), which in turn is 
oxidized by dissolved oxygen to hydrated ferric oxide, 
rust (Equation 16), 

4Fe 2+ + 8OH- --* 4Fe(OH)2 (15) 

4Fe(OH)2 + 02 --* 2Fe203-H20 + 2H20 (16) 

It should be noted that: (i) the ferrous hydroxide is not 
precipitated in contact with either the anodic or 
cathodic areas but at some intermediate point, and 
hence does not stifle the corrosion reaction; (ii) con- 
ditions at cathodic areas become alkaline, requiring 
protective paints to have good alkali resistance. 

Corrosion can be prevented by stopping the flow of 
corrosion currents in the cells, which is possible by: (i) 

anod ic  inhibition: the anode reaction (Equation 13) 
can be suppressed by paints that supply electrons to 
the metal surface; or paints that reinforce the naturally 
occurring oxide film on the surface; (ii) cathodic inhi- 
bition: suppression of the cathodic reaction (Equation 
14) is in general not practicable because paint films of 
normal thickness are so permeable to water and oxy- 
gen that the reaction proceeds almost unhindered; (iii) 
resistance inhibition: preventing the flow of corrosion 
currents by impeding the movement of ions in the 
electrolyte surrounding the metal, i.e. by interposing a 
high resistance in the electrolytic path of the cells, is 
the most general mechanism of protection by paints. 
The resistance of a paint film is affected by (1) the 
presence of electrolytes in the film, hence water- 
soluble impurities in pigments must be kept to a mini- 
mum, (2) the presence of electrolytes beneath the film, 
hence the importance of surface cleanliness prior to 
paint application, (3) penetration of the film by water 
and electrolytes from the outside, highly crosslinked 
films being in general more resistant to such penetra- 
tion, and (4) its thickness, hence the practical import- 
ance of applying thick films. Thus, based on these 
considerations, it is clear that the essential require- 
ments for protective paint coatings on ships bottoms 
are that they should be (a) applied to a clean steel 
surface free from millscale, rust or other contami- 
nants, (b) provide a high electrical resistance between 
the metal and seawater, and (c) withstand alkaline 
conditions. 

Poly (4-vinylpyridine) and its derivatives, including 
quaternary alkyl halide salts and betaines, such as 
those prepared from sodium chloroacetate, function 
as effective inhibitors for preventing corrosion of 
metals, including iron, aluminium, magnesium and 
brass, in non-oxidizing acid solutions [412 414]. 
Sodium poly (styrene-sulphonate) also forms a protec- 
tive coating on phosphated mild steel which prevents 
rusting [415]. Polyvinylimidazoles, (X) and (XI), are 
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IX) (Xl) 

effective anticorrosion for copper at elevated tem- 
perature environments through the complex forma- 
tion between copper and nitrogen atoms which inhibit 
oxygen adsorption on the copper surface [416]. 

9. Polymers in stone preservation 
Natural building stone is often associated with a sense 
of permanence and durability. However, some types 
of stone are subjected to relatively rapid decay that 
may result in the deterioration of carved work, i.e. 
lead to the toss of  works of  high artistic value. Thus, 
it is important to preserve our ancient monuments by 
the treatment of stone to prevent its decay. 

The causes of stone decay are either physical or 
chemical: 

1. Physical processes: they involve two types of  
damage: (i) Frost damage is due to the expansion of  
water upon freezing and occurs only in those features 
of a building that are frequently frozen while wet. The 
frost susceptibility of  a stone is governed by its pore 
size distribution, because the pore structure governs the 
natural degree of saturation, and because it governs 
the magnitude of the stresses that may be generated 
upon freezing; (ii) crystallization damage is the 
crystallization of salts within the pores of  a stone that 
causes a powdering or a blistering of the surface, or 
leads to the formation of  deep cavities. Sulphur diox- 
ide in the atmosphere leads to the formation o fCaSO 4 
from limestones and to both C a S O  4 and MgSO, from 
magnesium limestones. Other common sources of 
salts include the soil, seawater, and unsuitable clean- 
ing materials. The resistance of  a limestone to this type 
of damage is dependent on its pore-size distribution 
and the durability decreasing as the proportion of fine 
pores increases. 

2. Chemical attack: the chemical reaction of  C a C O  3 

with SO 2 and CO2 dissolved in rain water cause rapid 
deterioration in the case of  calcareous sandstones, 
which consist of  grains of silica bound solely by a 
matrix of C a C O  3. 

Since water is involved in almost every type of stone 
decay, water-repellent surface treatments were used as 
promising preservatives. Many water repellents have 
been described for the preservation of stone [417], e.g. 
the deposition of  barium salts within the pores of  
calcareous stones, in which BaSO 4 causes less crystal- 
lization damage than C a S O  4 in view of  its lower sol- 
ubility [418, 419]. Impregnation of  stone with molten 
wax immobilizes soluble salts but it may increase the 
rate at which the stone picks up dirt and it is also 
difficult to achieve practical adequate penetration of 
immersion. Such treatments have no long-term pre- 
servative effect and may even accelerate decay due to 
absorption of rain or ground water at some unprotec- 
ted point, its evaporation from behind the water- 
repellent layer, and any salts in solution crystallize 
there, lead to spalling of  the treated surface. 

However, the important factors that govern the 
selection of a treatment are the cost and the effective- 
ness, i.e. the relative lifetimes, of the various treat- 
ments, and the quantity of material that is required to 
treat a given area depends on the porosity of the stone. 
An impregnation treatment should consolidate friable 
stone and prevent further deterioration caused by salt 
crystallization, either by making the salts inaccessible 
to water or by making the stone more resistant to 
crystallization damage. Increased resistance to crys- 
tallization damage could be achieved by an increase in 
the stone's tensile strength or by a modification of  its 
pore structure. In order to achieve adequate penetra- 
tion the treatment should have a high surface tension, 
a low contact angle and very low viscosity at the time 
of  application. 

From the Young equation 

co s0  - 7sa- -  7SL (17) 
7LA 

where 0 is the contact angle, 7sA and ~)LA are the 
surface-free energies of  the solid and the liquid, and 
?sc is the interfacial energy. For  wetting, 0 must be 
minimized; for perfect wetting 0 = 0. Hence, for good 
wetting, large 7LA is needed, and 7SA--?SL should be 
small but must be positive. 

The choice of treatment may be further restricted by 
considerations of such properties as flammability, 
toxicity, vapour pressure, water miscibility, and elastic 
modulus upon curing. The viscosity requirement is 
usually the governing factor which is met in one of two 
approaches. 

1. By dissolving a resin in a solvent of low viscosity, 
but this approach suffers from a number of disadvan- 
tages: (i) the possible migration of the resin back to the 
surface as the solvent evaporates [420]; (ii) large poly- 
mer molecules may be too big to enter the smallest 
pores of  the stone. 

2. The impregnation of  monomers followed by in 

situ polymerization of  functionalized vinyl monomers, 
alkoxysilanes or epoxide. For  example, the radical 
polymerization of methacrylate esters with trimethylo- 
propane trimethacrylate as crosslinker has been 
investigated [421,422]. However, the disadvantages of  
this are the inhibition of  the polymerization by oxy- 
gen, and the viscosity increases as the polymerization 
commences on mixing, which inhibits penetration. 

Curing polymerizations of  a alkoxysilanes (XII), 
which depend on the hydrolysis and on the loss of  
alcohol by evaporation, have received most attention 
[423]. However, the main limitation of this system is 
that the loss of  alcohol makes it impossible to achieve 
a complete pore filling, which can be solved by replac- 
ing the methyl groups by some larger groups. Com- 
pounds containing two expoxide groups and have a 
low viscosity, such as 1:2-, 3:4-diepoxybutane, 
diglycidyl ether, 1,4-butanediol diglycidyl ether, dilu- 
ted with tetramethoxysilane, to decrease the viscosity, 
have cured with 1,8-diamine-p-methane [424]. The 
drawback of this system is the white efflorescence that 
may be produced by reaction of the hardener with 
C 0 2 .  
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(R'O)3Si-R 

(XlI) 

(a) R' = Et; R = OEt 
(b) R' = E t ;R  = Me 
(c) R' = M e ; R  -- Me 

10. Miscellaneous 
10.1. Polymers in improving fibres properties 
Although the use of synthetic fibres has expanded and 
their commercial importance grown, many of these 
polymeric materials have some disadvantages. These 
drawbacks include: (i) poor dyeability due to the 
unreactive structure; (ii) the collection of static elec- 
tricity on fabrics; and (iii) the obviousness of depos- 
ited dirt (soil). 

For a fibre to be dyeable, some physical or chemical 
interaction must take place between the dye and the 
fibre, so that the dye is not removed by subsequent 
processing, e.g. washing. For example, polymeric 
fibres, such as polyacrylonitrile, polypropylene, have 
little affinity for dyestuffs due to their unreactive struc- 
ture. Functionalized polymers can be used to provide 
active sites to improve the dyeability of fibres. This 
improvement of dyeability can be achieved by using 
comonomers selected to confer affinity for dyestuffs 
on the resulting copolymers either by copolymeriz- 
ation, grafting, or blending technique. The most com- 
mon modified fibres contain either acidic or basic 
groups which can be dyed with conventional anionic 
or cationic dyestuffs, respectively. Both types of dye- 
stuffs become anchored within the fibre by salt-like 
bonds. 

Copolymerization of a fibre-forming monomer, 
acrylonitrile, with p-dimethylaminomethylstyrene (2 to 
10%) [425] or vinylbenzylmethyl ether of diethylene 
glycol [426] give fibres with relatively hydrophilic 
composition and which are strongly receptive to acid 
dye. In another modification process, a graft copoly- 
mer formed, e.g. by the reaction of a vinylbenzyl- 
methyl ether of diethylene glycol with a copolymer 
of an N-vinylpyrrolidone and N-vinyl-5-methyloxazo- 
lidinone (70 : 30) is used to confer dyeability of poly- 
acrylonitrile. The dye-receptive polymer is mechani- 
cally trapped between the fibrils of the strand when it 
is subjected to irreversible drying. The product has 
excellent dyeability with acid and direct dyes [427]. 
The graft copolymerization of vinylbenzyl chloride on 
polypropylene fibres by ionizing radiation gives a 
product which has directly, or after treatment with a 
nucleophile, excellent receptivity to acid and direct 
dyes [428]. 

An interesting third method of achieving dyeability 
consits of physical impregnation of the fibre with the 
suitable functionalized monomer followed by poly- 
merization in situ by X-radiation. For example, molten 
polypropylene, from which the fibre is spun, may be 
admixed with poly(vinylpyridine) or a copolymer of 
N-vinyl-pyrrolidone and dimethylaminoethyl metha- 
crylate; the fibres can then be dyed with conventional 
acid dyes. 

The build up of electric charge on polymeric fibres 
attracts dust and dirt particles and thus the fibres 

become soiled. Thus, the problems of antistatic and 
antisoiling are coupled. The successful solution for 
preventing the build up of electrostatic charge and 
soiling is the copolymerization with monomeric 
quaternary salts, e.g. methacrylatoethyldiethylmethyl- 
ammonium methosulphate (XIII), and polyoxyethy- 
lene compounds (XIV), as an antistatic agent. The 
resultant copolymers were less soluble than the orig- 
inal and these agents were not easily removed by 
washing and were active for quite long 

k-COO-(CH2)2-N + MeEt2 MeSO2 

(XlII) 

~ - C O - ( - O C H 2 C H 2 ) m - O H  

(XIV) m - 3 t o  10 

periods. Success in preventing soiling in wear is based 
on: (i) coating fibrics with low energy surfaces which 
will avoid adherence of soil. For example, fluoro- 
chemicals such as (XV), which have a low surface 
tension and are not readily wetted at all even by 
mineral and vegetable oils, are used; (ii) application of 
hydrophilic polymeric finishes to the fabric will repel 
oils and greasy soils and ensure ready wetting of the 
fabric surface by aqueous detergents. 

N~-COO-(CF2)7-CF3 

(xv) 

10.2. Polymeric f locculat ing agents  
By flocculating the finely divided solid particles into 
free-draining agglomerates, most intractable colloidal 
suspensions may be quickly filtered. The settling rate 
of slurries can be greatly increased when treated with 
a solution of polymers having good flocculating 
properties. An interesting application of polymeric 
flocculating agents is the filtration and decoloration of 
various types of slurries, such as bentonite, corn 
starch, and uranium ore [432]. 

In decoloration, which can be followed by the sig- 
nificant improvement of light transmission, normally 
soluble colour bodies are rendered insoluble by associ- 
ation with the flocculating polymer. For example, 
poly(vinylbenzyltrimethylammonium chloride), (XVI), 
was 

~ H 2 - N  + CI- Me3 

(XVI) 

used for the decoloration of blackstrap molasses, in 
which the colour bodies were precipitated as a brown 
floc [429, 430]. Another important application of this 
polymer is the treatment of filter aid, such as diato- 
maceous earth, to yield a material having excellent 
ability to remove bacteria and viruses from a solution 
[431]. Some other functionalized polymers which have 
been applied as flocculating agents are listed in Table 
VI. 

11. Conclusions 
On the basis of the above information, the uses 
of functionalized polymers in technological applica- 
tions is reviewed in an attempt to report the possible 
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T A B L E V I Polymeric flocculating agents 

Functionalized polymer Application Reference 

Q ~--CH2N+He3 
Y : CI 

X- 

X : CI "SO 2 

(~-CH2S+Me2 CI- 

xCH2S03 Na 

X:H, R:-<~CH 2- 

X:H, R : ~  

X:CONH2, R:-<~>- 

N+---R X- 

DecoloratJon of blackstrap molasses 

Filtration to remove bacteria and 

v~ruses from solutions 

To flocculate slurries such as 

bentonite, corn starch, uranium ore 

To flocculate negatively charged 

colloids 

Filtration of sewage sludges 

FlocculatJon of Kaolin slurry 

FlocculatJon of taconJte slurry 

FlocculatJon of uranium ore slurry 

s flocculant 

As hardener for gelatin 

As emulsJfJer 

As flocculant 

As flocculant 

[429,430] 

[431] 

[432] 

[433] 

[43a] 

[435] 

[436] 

[437] 

[438-444] 

[445] 

[446,447] 

[448,449] 

[450-453] 

contributions of polymer science to the development 
of a number of new polymeric materials for a broad 
area of utilization. Accordingly, the application of 
functionalized polymers is broken down into ten main 
areas, (i) conductive polymers, (ii) polymers in energy, 
(iii) polymers in lithiographic processes, (iv) polymeric 
liquid crystals, (v) polymeric surfactants, (vi) ion- 
omers, (vii) polymeric stabilizers, (viii) polymeric cor- 
rosion inhibitors, (xi) polymers in stone preservation, 
and (x) miscellaneous. Emphasis is placed upon the 
correlation of polymer-supported active groups into 
specific applications, and in particular six extensive 
tables list the functional polymers which have been 
synthesized along with the particular uses for which 
they have proved useful. This particular format is 
aimed as a convenient method of reference for those 
specialists already in the field, and also for chemists 
who might feel that a functional polymer may solve a 
particular problem which they might have. 
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