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reactivity, and photochemical reactivity.

The demand for new dyes for specialised applications, i.e. applications outside the conventional polymer
coloration fields, has increased dramatically in recent years, and there is a strong case to be made for the
establishment of an international directory of such substances. Here some of the more important speciality
dyes are reviewed. For convenience, dye applications are classified according to the relevant property of
the dye chromophore that is exploited, i.e. light absorption, light emission, elecirical behaviour, chemical

]

INTRODUCTION

Dye research and development has always been domi-
nated by the market demands of the textile industry, which
is not surprising in view of the fact that this industry is by
far the major consumer of synthetic dyes. As a con-
sequence of this, the much smaller non-textile users of
dyes have been relatively neglected, and such industries
have usually had to make the best of available textile dyes
for their own particular needs. Only when the potential
manufacturing turnover was very large were the major dye
companies prepared to invest time and money in develop-
ing specialised dyes for non-textile applications. For
example, relatively little effort outside academic circles
has been put into the development of indicators and stains
for analytical and biological use, whereas colour formers,
now used extensively in pressure-sensitive copying paper.
have received a great deal of industrial attention and are
manufactured in large quantities.

In recent years there has been a change in attitude,
however. Market pressures for new textile dyes have
diminished dramatically, whilst demands for speciality
colorants, many emanating from the so-called high tech-
nology sector, have increased almost exponentially. The
large dye companies now take these new outlets very
seriously. and small research groups concerned exclu-
sively with speciality dyes have become the order of the
day. Although colorants of this type are unlikely to match
the traditional textile dyes in terms of total sales value,
nevertheless they can still make a useful contribution to the
profitability of a company, particularly as their unit price
and profit margins can often be exceptionally high. This
is even. more likely if the dye manufacturing company also
holds a commercial interest in the dye application area
itself. The best example of this is the photographic
industry, where a relatively small number of companies
hold almost a monopoly position with regard to their dyes
and intermediates, and also the finished products.
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One notable problem associated with specialised dyes
in the market place is their inadequate documentation. For
example, if a polymer chemist in industry has a need for
a red fluorescent dye with high solubility and stability in
polystyrene, how can he rapidly locate (a) a suitable dye
and (b} a current supplier? The dye might be in the Colour
Index International, hereafier referred to as the Colour
Index, perhaps as a disperse dye or a solvent dye, but it
would be difficult to make specific reference to its fluores-
cence properties. Alternatively the dye might be found in
one of the laser dye catalogues, which list fluorescent
materials. but this time no reference to the properties of
materials in polymers would be given. A similar problem
would be faced by the biochemist looking for a dye which
might be both a stain and a fluorescent material, or the
physicist seeking a near-infra-red dye, or a pleochroic dye
for dissolving in a liquid crystal host. Clearly then, there
is a need for an independent, i.e. commercially disinter-
ested, directory for all speciality dyes manufactured world-
wide, giving details of those properties which might be of
interest to potential users. The need is particularly great
for those colorants which do not fit easily into existing
categories in the Colour Index or whose properties may
not be fully dealt with in that compendium.

The most logical source of such a directory would be the
Colour Index itself in the form or one or more additional
sections or volumes, and in fact the production of such an
extension to the Colour Index library is receiving active
consideration by the Society of Dyers and Colourists and
the American Association of Textile Chemists and Col-
orists, the joint publishers of the work. One of the objects
of the present review paper is to highlight the growing
importance of the speciality dyes and the interest that the
Society has in ensuring the availability of an authoritative
source of documentation of such materials.

In a short review such as this it will not be posstble to do
more than just touch upon the main types of speciality
dyes. It would be inappropriate to attempt to discuss the
theoretical or technical aspects of the applications of such
dyes in any depth. Instead, an overview of the area will be



given, and the reader is referred to the many specialised
books and articles for more detailed information. In
particular, there have appeared three recent textbooks
which are a useful source of further references [1-3]. A
convenient way of categorising specialised dyes, at least as
far as a review such as this is concerned, is in terms of the
physical or chemical property of the dye chromophore
{(e.g. colour, fluorescence, photochromism, electrical
properties, etc.) that is directly relevant to its mode of
application. Before we do this, however, we must ask a
very simple but pertinent question, namely what exactly
do we imply by the term ‘dye’?

A dye has been defined recently as ‘a substance, usually
organic, which is designed to be absorbed or adsorbed by,
made to react with, or deposited within a substrate in order
to impart colour to that substrate with some degree of
permanence [4]. A more general definition, to cover more
than textile applications, need only specify that the sub-
stance be coloured and that it is applied or utilised in
monomolecular disperse form, rather than in particulate
form. The latter restriction permits a distinction between
dyes and pigments. It might even be argued that it is not
essential that the dye be coloured, and that the definition
be widened to cover molecules which absorb electromag-
netic radiation by an electronic excitation mechanism. In
this way fluorescent brighteners and infra-red dyes would
fall within the definition. However, leaving such consid-
erations to ene side, the important point is that we should
not be too restrictive in our opinion as to what constitutes
a dye or not, and we should consider all commercially
useful materials that depend for their effectiveness on their
ability to absorb light by electronic excitation.

In order that dyes can absorb near-ultra-violet, visible,
or near-infra-red radiation, they must possess a de-
localised r-electron system, and it is this system which is
directly or indirectly involved in the practical exploitation
of a dye. The relatively high energy possessed by n-
electrons leads to colour, since electronic transitions
betweer: occupied and unoccupied molecular orbitals
can involve energies falling within the visible region of
the spectrum (approx. 400-750 nm). Alternatively the
high degree of moability of w-electrons can lead to
interesting electrical properties, with or without the
intervention of light. The n-electron system will also have
a high ground state (chemical) or excited state
(photochemical) reactivity, leading to such phenomena as

halochromism, thermochromism and photochromism.

In Figure 1 we can see those principal features of the n-
electron system of a dye which can be commercially
exploited. These five different characteristics (light ab-
sorption, light emission, electrical properties, chemical
reactivity and photoreactivity) then form the basis for the
following discussion [5).

SPECIALISED APPLICATIONS DEPENDENT ON
LIGHT ABSORPTION

Light absorption is responsible for the colour of a dye, and
of course this is by far the most important property as far
as commercial applications are concerned. Traditionally
dyes are used to impart colour to otherwise colourless or
drab objects, for aesthetic or for practical reasons. The
coloration of most substrates (textiles, leather, furs, sol-
vents, waxes, etc.) is dealt with thoroughly in the current
Colour Index, but there still remain specialised coloration
applications that need documenting and the appropriate
dyes cataloguing. These include, for example, dyes for
plastics, anodised aluminium, smoke dyes, cosmetic {e.g.
hair) dyes, dyes for jet printing and biological stains.

It is not generally appreciated that the ability of a dye
molecule to absorb light depends critically on the orienta-
tion of the molecule with respect to the direction of the
electric vector of the incident light wave. This phenome-
non, referred to as the polarisation of absorption, was for
a long time of academic interest only, but in recent years
has become of practical significance in the field of liquid
crystal display devices [6]. When a dye is dissolved in a
liquid crystal host there is a tendency for the molecules to
align themselves with the host molecules. Consider, for
example , the cell depicted in Figure 2(a). where the dye
and liquid crystal molecules are oriented parallel to the
glass surfaces of the celi. Light incident upon the cell has
its electric vector (E) in the same direction as the long axis
of the dye molecules. When light is absorbed by a molecule
there is an associated transient dipole moment, M, pro-
duced in the molecule. which has a specific direction
within the molecular framework. In this case M is coinci-
dent with the long axis of the dye molecule, and thus in
Fiqure Z2(a} E and M are parallel and light will be absorbed
efficiently. The cell therefore shows an intense colour,

Consider now what happens when an electric field is
applied across the cell gap (Figure 2(b)). The liquid crystal
and dye molecules, and thus M. are rotated into an

Dyes

|

n-electron system
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Light Light Electrical Chemical Photochemical
absorption emissfon properties reactivity reactivity
Colour Fluorescence Redox Colour change Photochromism
L Phosphorescence Photo-induced Photosensitisation
activity

Figure 1 — Principal exploitable properties of dye chromophores
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Liquid crystal molecules

G—a

Dye molecules (transition moment M )

{a) No voltage applied, cell coloured
(b) Volitage applied across cell, cell colourless

Figure 2 — Dyed phase-change liquid crystal display

orientation perpendicular to the cell surfaces, and, since
the E value of the light wave is no longer parallel to M,
there will be minimal light absorption. The cell now
appears colourless. If the applied electric field can be
directed in a specific pattern, as in the numerals of a digital
display, then a coloured display is produced. The ‘dyed
phase change’ cell of this type is now extremely popular,
and there has been much interest in the development of
dyes which orient wel! in liquid crystal media, and so show
good colour contrast; such ‘pleochroic’ dyes should also
have good solubility in the host and must have good light
fastness [7]. The contrast behaviour of a dye can be
defined by its order parameter, S, which should ideally be
near (0.8 and not lower than 0.7. Some examples of light
fast dyes suitable for liquid crystal displays are shown in
structures 1-3 {2].

0 S—Ar Ph—S O S—Ph
Ar—S o Ph—S ( S—Ph

2

\
1
Red (S approx. 0.80)

Yellow (S approx. 0.80)

Blue (S approx. 0.73)
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Dyes with narrow absorption bands are of interest as
laser filter dyes since, provided they have the correct 4
value, they can absorb laser light, which is usually mono-
chromatic, with high efficiency. The narrowness of the
band ensures that transmission of other wavelengths in
visible light is very high, and thus such dyes can be
incorporated into plastics and used as high visibility pro-
tective goggles or windows. Dyes have several other uses
in connection with lasers, as well as the cbvious applica-
tion in dye lasers themselves, which will be discussed later.

Polymeric colorants are another group of specialised
dyes which have grown in importance in recent years, and
these have been the subject of a recent review [8]. The
Dynapol dyes [9] were developed as potential food dyes,
based on the principle that if the molecular weight of a
polymeric dye is sufficiently high (approx. 20 000) then it
cannot be absorbed in the gastrointestinal tract, and
should pass out of the body unchanged. Such dyes should
then present no toxicological problems, a subject of great
concern today in the field of food additives. This concept
worked well in practice, and a limited range of colorants
were produced and sold for research purposes only. A
typical dye was the blue colorant shown in structure 4 (Poly
B-411).
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Unfortunately further development and commercialisa-
tion of these materials does not appear to have taken place
since their first introduction. It seems probable that, with
ever-increasing restrictions on food colours, this simple
and effective approach to safe food dyes will become a
commercial reality at some future date.

Other polymeric dye systems have been more success-
ful, and this has been notably in the area of plastics and
foam coloration. Although pigments have ideal fastness
properties for such applications, they are not without
problems. In particular dispersion and tranparency can be
problematical, and the relatively low colour value of the
pigments imposes cost disadvantages. Soluble dyes can
overcome all these difficulties, but they are not noted for
their solvent resistance and cannot be used in most
situations. Polymeric dyes, however, can combine the
advantages of soluble dyes with the solvent resistance of
the pigments, particularly if they can be reacted into the
polymer substrate. One class of such dyes that has proved
to be extremely successful is the Reactint range , marketed
by the Milliken company as alternatives to the pigments
for the coloration of polyurethane foams {10]. These
colorants consist of a dye chromophore with at least two
terminal poly(ethylene oxide) or mixed polylethylene
oxide)/poly(propylene oxide) chains, of length five to ten
monomer units, e.g. structure 5. Thus two terminal
hydroxyl groups are present. Such dyes are usually liquid,
and are soluble in water and in the monomers used in
polyurethane manufacture. They can then be easily dis-
persed in the monomers, and after polymerisation they



become an integral part of the polyurethane structure by
virtue of the terminal hydroxyl groups reacting with the
diisocyanate monomer. Thus the colour strength is much
higher than with a pigment, and the sclvent fastness is
outstanding. It is not surprising therefore that the
Reactints have made considerable inrcads into a market
once dominated exclusively by pigments.
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The Milliken company also manufacture a similar group
of dyes with much longer poly(alkylene oxide) chains,
known as the Versatints [11}. These colorants, which were
in fact developed some time before the Reactints, have
approx. 50-100 monomer units per chain, and this
renders them incapable of staining white fabrics, and so
they are used as fugitive textile coding dyes in the textile
industry.

Other types of polymeric dyes have been described in
the patent literature, and a number are used commercially
for colouring plastic bottles, where solvent extractability
must be very low, particularly in beverage bottles. Dye 6
is an example of such a dye that can be copolymerised into
typical polyester formulations, giving coloured clear plas-
tics [12].

HOOC,

Another group of dyes which depend on their special
light absorption characteristics for their commercial value
are the so-called infra-red dyes. In fact it is debatable if
these are dyes within the usual definition of such com-
pounds, since they do not necessarily have to be coloured,
even though many of them are. As with conventional
organic colorants, these have extensively conjugated n-
electron systems, but in this case the transition energy for
the first electronic absorption band is exceptionally low,
and the band falls beyond 750 nm., possibly as far as 1500
nm in a few cases. Applications of the infra-red dyes are
many and diverse, ranging from solar energy traps (for
example in sall water evaporation or in horticutural
plastics) to laser absorbers in electro-optic devices. It is in
the latter area where most attention is currently directed,
because of the rapid development of solid-state diode
lasers, which are inexpensive and are thus ideal for general
use in optical data recording and reading (e.q. compact
discs). As such lasers emit in the near infra-red, dyes with
correspondingly matched absorption bands can be used to
absorb the radiation efficiently and so to convert it to
thermal energy, which then becomes the basis of the
recording rmechanism. For example. the local heating

effect caused by the dye can melt a plastic layer, or can
cause a phase change in a liquid crystal film, and the data
so recorded can be read off by scanning the altered layers
with a second low-energy laser beam.

Near-infra-red absorbing dyes are relatively rare, but
examples can be found in most of the major chemical dye
classes. Some examples are shown in structures 7-9. The
most fruitful classes are the phthalocyanines, cyanines,
quinones, methines, and most recently the azo dyes, e.g.
structure 10 [13].
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APPLICATIONS DEPENDENT ON LIGHT EMIS-
SION

Not only can the conjugated n-electron system of a dye
absorbiight. but in favourable cases it may also re-emit the
radiation as fluorescence. Fluorescence emission occurs
from the first excited singlet state of the molecule and is
very short-lived once the irradiating source is removed
(lifetimes are typically of the order of 10 s}, This is much
more readily observed than phosphorescence emission.
which is long-lived emission from the first excited triplet
state of the molecule. Because phosphorescence is such
a relatively slow process {approx. 10 10" s) it can
usually only be detected at low temperatures in rigid
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media, since vibrational collisions with the solvent induce
thermal deactivation of the triplet state at ambient tem-
peratures. Consequently phosphorescence from organic
dyes is of little practical interest. One of the few exceptions
to this is the use of phosphorescent naphthalene deriva-
tives in rigid resins for applications in modern postal
sorting [14].

Fluorescence is a much more frequently encountered
property of dyes, and the applications of this are numer-
ous. We are all familiar with the use of fluorescent dyes in
certain fashion shades and in high visibility inks and paints
for advertising and safety applications. In the latter areas
the dyes may first be incorporated in a polymer matrix and
processed as pigments. The ubiquitous fluorescent bright-
eners now used to brighten white textiles, paper and other
substrates are a particularly important commercial appli-
cation of fluorescent organic materials. There are many
other uses for fluorescence which are less well known, but
are nevertheless important and offer other specialised
outlets for organic dyes.

Dye lasers are of increasing technical importance, and
are based on dyes which fluoresce with high quantum
efficiency. The principle of their operation can be under-
stood by reference to Figure 3. Highly monochromatic
radiation from a conventional laser, e.g. a ruby laser, is
directed into a cell containing a solution of the fluorescent
dye. The cell has parallel end surfaces, one of which is
silvered to give total reflection and the other thinly silvered
to be only 50% reflecting. The intense incident laser beam
can promote the dye molecules very rapidly to the first
excited singlet state, where the molecules remain until
spontaneous emission (fluorescence) occurs from a few of
the molecules. As with conventional lasers, any photons
of spontaneous emission that travel along the cell axis are
reflected back and forth by the reflective cell ends, and
these photons cause stimulated emission fromall the other
molecules in an extremely short time interval. Thus laser
light is emitted from the partially reflecting end of the cell,
and this light now corresponds to the fluorescence band of
the dye. Thus the original monochromatic radiation from
the driving laser has been converted into a broad band of
wavelengths. and by using filters other wavelengths of
laser radiation can be selected at will. Dye lasers can thus
greatly extend the versatility of other conventional lasers.

100% reflecting

surface _._ _
— — —— — — —
-- Laser dye
; solution
Primary laser 50% reflecting ~
(monachromatic) surface
Dye laser
emission

{fluorescence band}
Figure 3 — Basic design of a dve laser system
The dyes themselves must fulfil certain important crite-
ria. and these have been discussed in detail by Drexhage

[15]. For example, the dyes must fluoresce with high
quantum vield. and must show good photostability. In
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addition they must be produced commercially in a state of
high purity, and consequently they often command a high
unit price, even though the structures themselves are
relatively commonplace. Typical examples are Rhodam-
ine 6G {C.1. Basic Red 1) (11) and Coumnarin 30 (12).
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Dyes have other specialised applications in laser tech-
nology, such as their use as Q-switches, for mode locking
and pulse shaping, as optical isolators, and for frequency
doubling and other non-linear optical applications [16].
Although researches in these areas are still in their infancy,
interesting future developments may be expected.

Fluorescent dyes with high photostability and solubility
in plastics are of current interest as solar energy collectors
[17]. Thus large sheets of fluorescent plastic can absorb
solar visible radiation and by a process of flucrescence and
total internal reflection can guide the energy to the edges
of the plastic, i.e. concentrate the emission over a small
area, and might also convert the wavelengths of the
radiation to values more compatible with silicon phote-
voltaic cells. (Silicon cells are most efficient at wavelengths
longer than 600 nm, whereas solar radiation is rich in
wavelengths shorter than this.) Although the ideal dye sys-
tem has vet to be found, potential demand could be high.

Mention has already been made of dyed liquid crystal
display devices and the properties of them may be en-
hanced if the dyes are also fluorescent. Using suitability
designed pleochroic flucrescent dyes, u.v.-visible light
illuminated displays have been developed, which combine
exceptionally high visibility with superior viewing angle
relative to conventional displays [18].

Fluorescence provides an extremely sensitive method
of photometric analysis that has been exploited in many
ways. On a large scale dyes such as fluorescein (C.I. Acid
Yellow 73) are used as tracer dyes for drainage systems
and in the laboratory fluorescent dyes are used in chemi-
cal, biochemical and medical analysis where extremely
low detection limits are required. Fluorescent stains are
also of value in histology, as exemplified by dye 13, Lucifer
Yellow CH. which will selectively stain neural cell func-
tions. Fluorescence from the dye then permits detection of
such structures, which may be as small as 1 pm in
diameter.

The most extensive use of fluorescence in commerce is
of course in the area of whitening. The fluorescent bright-
eners may not be dyes in the true sense, but in so far as they
are coloured by fluorescence, and are tailored to have
substrate substantivity, they are conveniently regarded as



such. There has appeared recently an excellent review of
developments in the field of brighteners for the period
1973-85 [19]. Commercially available brighteners are
well covered in the current Colour Index.
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ELECTRONICS-RELATED APPLICATIONS OF
DYE CHROMOPHORES

The highly mobile r-electrons of dye molecules can result
in various electrical properties that can be exploited
usefully. The longest known example of this is the use of
photosensitising dyes in photography. Silver halides are
light sensitive, but only respond to wavelengths shorter
than about 500 nm, and thus produce a photographic
system that responds to images in a way that closely
parallels the hurman eve, it is necessary to add dyes which
absorbs beyond 500 nm, and which can transfer the
absorbed light energy to the halide. Suitable dyes are the
cyanines, and the first example was cyanine (C.1. 48380)
itself, which was discovered by C H G Williams in 1856,
the same year as Perkin's discovery of mauveine. How-
ever, the photosensitising action of this dye was not
discovered until 1875 by Vogel. The sensitising process is
now known to involve either transfer of an electron from
the dye in its photoexcited state to the silver halide. or
direct energy transfer from the dye, so producing an
electron in the conduction band of the silver halide crystal
lattice.

The redox properties of many dye systems are well
known, and may take place with or without photochemi-
cal excitation. In fuel cells, for example. the redox prop-
erties of certain dyes (metal complexes) can be used to
bring about the problematical cathodic reduction of oxy-
gen. in conjunction with the oxidation of the fuel at the
anode [20]. The photoelectrical properties of dyes at
electrodes have been reviewed by Gerischer and Willig
[21]. and the photoconductivity, photovoltaic and semi-
conductor properties by Meirer [22], Dyes have important
applications in elecirophotography. e.q. xerography and
photolithography, and here their ability to absorb light and
sensitise the photoconductivity of incrganic (e.q. zinc
oxide) or organic (e.g. polywinylcarbazole) layers is ex-
ploited. The latent image is produced on such layers by
first charging them in the dark to approx. 500-800V, and
then removing the charge in the exposed areas of the
image by the photoconductive pracess. (In the areas not
exposed 1o light the layer acts as an insulator and retains
the charge.) The image can then be developed by causing
the charged areas to attract a very fine coloured powder
{'toner’), which can be permanently fixed by heating to its
melting point. Within the field of electrophotography dyes
find two other uses: firstly as the colorant in the toner (a
passive role). and secondly as ‘charge control agents™ [23].
The latter materials are incorporated in the toner to ensure
that its static charge is neither toc high nor too low, and

will stay at its correct level over long periods. They are
negatively charged substances, i.e. anionic, and particu-
larly effective are the 1:2 chrome complex azo dyes [23].

A potential application of the photoredox properties of
dyes that has attracted much attention by research chem-
ists, but which has yet to find any commercial outlet, is in
solar energy conversion. One approach is to use an
electrolysis cell, in which solar energy causes dissociation
of water into hydrogen and oxygen. so providing a
valuable and ecologically acceptable chemical fuel. Vari-
ous systems have been devised which work in principle,
but have serious practical limitations {24]. Some of the
dyes that have found use are porphyrins, the dimethylvi-
ologen dication, fluorescein. eosine (C 1. Acid Red 87) and
Rose Bengale B (NYC, WSS. C.I. Acid Red 94).

A second approach to solar energy conversion is to
produce electricity directly in a photovoltaic cell. For
exampie, certain dyes of the merocyanine or phthalo-
cyanine type will produce a voltage across the layered
system when exposed to sunlight {25]. As et the effi-
ciency of such devices is much inferior to that achievable
with conventional silicon photocells, but there are poten-
tial cost savings with the former, and interest in dye-based
cells is likely to continue.

It can be seen that whenever scientists attempt to
replace inorganic materials by organics for various electri-
cal applications, dyes and dye-like molecules are the first
to receive consideration. Thus as long as there is a
commercial need to replace inorganics by the cheaper,
more easily produced, purified and fabricated organic
equivalents, development of novel electroactive dyes and
dye—polymer systems will continue apace.

APPLICATIONS OF DYES BASED ON THEIR
CHEMICAL REACTIVITY

The relatively complex structures of dyes and their highly
conjugated nt-electron systems ensure that they are chemi-
cally reactive. In most instances such reactivity is a disad-
vantage, particularly where it leads to irreversible degrada-
tion of the chromophore during or after application to a
substrate. However. in special instances the reactivity can
be of great practical value. A well known example is in the
field of acid-base pH indicators, where the basicity or
acidity of a dye can be utilised to bring about a colour
change over a narrow pH range. Many such materials are
described in the literature and many chemical suppliers
have their own range of indicators. As indicators have
many uses other than in acid-base titrations, such as
imaging dyes in photolithography and colours for various
novelty toys, inks and coatings, there is a need for a wider
listing of indicator dyes. and the Colour Index would be
an ideal location for such a list.

A specia!l type of pH-induced colour change has long
been used extensively by the paper industry, in the field of
colour formers [26]. These are largely triarylmethane
cationic dyes or closely related structures which exist as
colourless lactones under neutral or alkaline conditions.
but which ring open on contact with acids to give an
intensely coloured salt. In pressure-sensitive copying
paper the lactone is dissolved in a suitable high boiling
solvent, microencapsulated and coated on the underside
of a sheet of paper. The paper is held in contact with a
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second sheet coated with an acid-treated clay or with an
acidic phenolic resin, and when the top sheet is written or
typed on, the microcapsules rupture and the lactone
comes into contact with the clay or resin. The colour salt
of the dye is then formed to give a copy. Such paper has
made dramatic inroads into the carbon copying paper
market. The best known example of an instant colour
former is crystal violet lactone (14), which ring opens in
acid to give the intense violet cation (15} (C 1. Basic Violet
3). The fluorans (16) can be used to give the near-black
colour salts (17). The same approach can be used in heat-
sensitive paper, where a hot stylus can melt the microcap-
sules and so cause an instant coloration on the underlying
acidic substrates. Colour formers are of sufficient com-
merical importance today to warrant consideration by the
Colour Index, particularly as there are many other poten-
tial uses of such compounds.

Thermochromism is a phenomenon also based on the
chemical reactivity of a dye, and this has various applica-
tions in novelty inks, temperature sensors and imaging
technology. There are two distinct ways in which such
heat-induced colour changes can be brought about. Firstly
the internal pH change of certain resins or phenolic
compositions on heating can be utilised so that when a pH
indicator is included a reversible colour change occurs.
The second approach makes use of dyes which them-
selves undergo a reversible change in their chromophoric
structure on heating, but such compounds that are of any
practical value are rare [27]. The bianthrone 18, for
example, changes from yellow to green on heating.

Closely related to the indicators are those dyes which
readily form chelates with metal ions, and which as a
consequence show a pronounced colour change. They
may be used directly in the qualitative and quantitative
detection of metals, or as indicators in titrimetric analysis
of metal ions, and there are innumerable examples to be
found in the chemical literature. Until recently such meth-
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ods were not applicable to the alkali metals, but now crown
ether derivatives have been found to be useful in the
analysis of these. These macrocyclic dyes have been
termed ‘chromoionophores” by Végtle, as they contain a
dye chromophore in addition to a crown ether, ion com-
plexing, moiety, as in structure 19 [28]. This dye shows an
absorption maximum at approx. 475 nm in acetonitrile,
which is similar to that of the parent dye. In the presence
of metal salts the metal cation is complexed within the
cavity of the crown ether, and because of strong interac-
tion between the cations and the nitrogen lone pair
electrons, the visible absorption spectrum then shows a
large hypsochromic shift. The more readily the metal
cation fits into the cavity, and the greater the charge on the
cation. the stronger the effect. For example, sodium ions
displace the band to 445 nm, and calcium ions to 377 nm.
Thus this provides a simple spectroscopic approach to the
analysis of cations with high selectivity. It is also possible
to devise chromoionophores which show bathochromic
shifts on ion complexation, e.g. structure 20 [28]. Deriva-
tives are also known which show high specificity, and
respond to one cation only. Other related systems of
current interest include chiral chromoionophores and
fluoroionphaores, the latter showing medified flucrescence
in the presence of metal cations.
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A special class of indicators are the solvent polarity
indicators, which do not change structurally in solvents of
different polarity, but rather show a change in electron
distribution, and a corresponding change in colour. Sev-



eral of these are described in the literature but few are
commercially available, which is unfortunate as they have
many interesting potential commercial applications. Per-
haps the best example is the zwitterionic dye 21 described
by Reichart and Harbusch-Gornert {29]. This dye shows a
remarkable shift of the absorption band, from the near
infra-red (911 nm) in the very non-polar solvent
tetramethylsilane, to shorter wavelengths as the solvent
porarity increases, e.g. to 519 nm in formamide. It is a
relatively simple matter therefore to assign a particular
solvent to a polarity rating by measuring the position of the
absorption maximum of the dye dissolved in the sclvent.

21

Mention should also be made of the many valuable uses
to which indicator dyes are put in the field of biochemical
assay procedures and medical diagnosis [30]. Such indica-
tors are used for the spectrophotometric determination of
enzyme levels and enzyme activity, and they usually
involve an enzyme-induced colour change process in a dye
or dye precursor molecule. The final chromophore pro-
duced may be a direct product of the enzyme reaction. or
can be formed indirectly by a complex series of reactions.
Such methods offer the advantages of high sensitivity. low
equipment cost and the possibility of visually assessed test
strips. The choice of colour change process depends of
course on the nature of the enzyme-catalysed pracess. and
typical reactions involve redox processes (as in the assay
of reductases or oxygenases), pH colour change after
hydrolytic removal of a protecting group (as with
esterases, glycosidases and transferases) and diazo cou-
pling.

For example, several enzymes of the oxidase type will
oxidise certain substrates with high specificity and at the
same time generate hydrogen peroxide. The hydrogen
peroxide can be used to generate in turn a highly coloured
dye, which can be analysed spectrophotometrically and
thus the original substrate level can be determined. Such
an approach is valuable in clinical chemistry, where
various diagnostically important metabolites in body fluids
can be determined readily (e.g. glucose. uric acid, chales-
terol) with the appropriate specific enzyme. In the detec-
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tion of hydrogen peroxide two popular colour-forming
approaches involve (a) the oxidation of a leuco dye to the
coloured molecule, as in the case of the imidazole 22,
which is converted to the intense blue dye 23, and (b) the
oxidative coupling of two species to give a dye, as with the
well known Trinder reaction, where 4-aminoantipyrine is
coupled to a phenol to give a dye of general structure 24.
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The development of new colorimetric diagnostic proce-
dures is an area of considerable interest at the present
time, and is giving rise to a new area of dye research,
having much in common with the chemistry of photo-
imaging dyes.

PHOTOCHEMICALLY ACTIVE DYES

In general, dyes that show high photochemical activity are
undesirable as colorants as this usually means that they
have poor light fastness properties. However, in certain
instances such reactivity can be of direct practical value.
Mention has already been made of photographic sensitis-
ing dyes and dyes which sensitise photoconductivity,
where these characteristics are electrical in origin, but
there are other types of photosensitiser which operate in
other ways. For example, dyes such as methylene blue
(C.I. Basic Blue 9) and Rose Bengale B (25} are good
sensitisers of singlet oxygen. and so can be used as
‘photocatalysts’ in many preparatively useful photo-
oxidations of organic molecules. Polymer-bound dyes are
available, which make the removal of the sensitiser from
the product at the end of the reaction much simpler {31].
Sensitisers such as these and others may produce super-
oxide ion or hydrogen peroxide in the presence of water,
or may generate peroxide radicals, or abstract hydrogen
from substrates. and thereby initiate the photodegration
of other molecules or the cross-linking of polymers on
exposure to light. Another possible application is in the
photo-oxidative bleaching of fabrics, as proposed for
certain phthalocyanine derivatives [32].
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Of current importance are photoactive dyes which can
be used in cancer photochemotherapy [33], e.g. structure
26. Such dyes have the ability to localise selectively in
tumour fissue, and exposure of the ‘dyed’ tissue to visible
laser light induces photo-oxidative destruction of the
malignant cells, leaving healthy cells unharmed. This
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valuable clinical technique is currently undergoing trials in
several countries, and there is growing interest in the
development of more active dyes. The phthalocyanines
look particularly promising in this respect.

Perhaps best known of the photoactive dyes are photo-
chromic compounds, those substrates which show a
pronounced colour change in light, which usually reverts
spontanecusly in the dark [27]. Typical examples are the
fulgides, e.g. structure 27. and the spiropyrans, e.g.
structure 28. Where photofatigue permits, these have
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numerous practical applications, such as light monitors,
reversible sun screens (sun glasses, windows), optical data
recording. and novelty surface coatings. A number of
these are now commercially available.

CONCLUSIONS

As we have seen. dyes are an extremely versatile class of
organic materials, and their applications other than the
obvious one of coloration are legion. Even within the
coloration field there are substrates for dyes which do not
fall within the current remit of the Colour Index and this
includes the hair dyes, cosmetic dyes. dyes for anodised
aluminium, smoke dyes, dyes for clear plastics (particularly
those which can be incorporated into monomers and
cured without degradation) and soluble dyes for jet print-
ing. Applications other than coloration may in most cases
be highy specialised, and the relevant dyes may be of only

limited commercial importance, but it would be useful if
the Colour Index could give some guide as to properties
and availability of such compounds. In some instances, of
course, the specialised dyes are manufactured on a large
scale, as with the colour formers. It is to be hoped that as
we move into the 1990s colour chemists will be increas-
ingly aware of the many and varied new roles that dyes
play in modern technology, and it would be fitting if the
Colour Index, as the internationally recognised definitive
compendium of commercial dyes, were to broaden its
terms of reference to include all new dyes and their
specialised applications.
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