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“The ultimate catastrophe is when theory supersedes practice’

Leonardo da Vinci

INTRODUCTION

A recent suggestion has been made [1] that emphasis in the
dye and pigment industry is now shifting from the replace-
ment of natural products - dyes, fibres and new substrates
etc - to speciality products, quality control and process
improvements. Some newer ideas such as colour formers
for carbonless copy paper are already in the market place
and dyes are becoming of increasing use in information
technology. A cursory examination of current patent
literature will verify that this new era has already arrived. At
present the majority of new ideas for novel dye applications
is centred on the rapid storage and retrieval of information.

Recording and reproduction of information using
photography and photocopying are already well known.
Laser writing and reading, liquid crystal displays and the use
of compact discs, in addition to colour formers are more
recent developments. In all these processes, at some stage
either in manufacture or use, electro-magnetic radiation is
absorbed and hence, can be influenced by the presence of
dye or pigment. Other applications which may prove more
beneficial to society in the fong run may be found in conver-
ting solar to electrical energy and in dye-related drugs.

Very few comprehensive texts covering the whole field
have been published. Chapters devoted to these topics are
to be found in books on colour chemistry by Zollinger [2]
and Gordon and Gregory [3] whilst Nassau [4] gives a
simplified coverage of the origins of colour which includes
electro-optic applications. Okawara et al. [5] have provided
a handbook of data containing some 2700 selected dyes for
electro-optical application.

1. CARBONLESS COPY PROCESSES AND
COLOUR FORMERS

The reader will, no doubt, be aware of the almost total
replacement of waxed carbon paper, used in office station-
ery, by pressure sensitive single or multicopy paper. This
innovation dates back to 1957 through the work of B K
Green [6] at the National Cash Register Co. in the USA.
The principle involves the rupture by impact, of microcap-
stules and the release of a virtually colourless precursor
which can interact with an underlying copy paper layer to
form a colour. Previous attempts [7] in which a solution of
the precursor had been dispersed simply as droplets in a
polymer film, failed because of solvent loss by diffusion and
marking off in storage. Green’s work led to a commercially
successful product through his use of micro-encapsulated
Precursors.

1.1 Microcapsules
Microcapsules are very small (1-500um diam.) containers
in which a fluid or solid is enclosed in a polymer shell.
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Spherical microcapsules containing liquid are more easily
ruptured than those containing solid. They have many
useful functions and are to be found in many different fields.
The reasons for micro-encapsulation include the following:
(a) protection of the enclosed material and improved
storage life,
(b) conversion of a liquid component to a dry solid
system,
(c) ensuring separation of incompatible components,
(d) odour masking, dust control and pH centrol, and,
{e) controlled diffusion of active components through
the shell as for example in delayed drug release.
The manufacture of microcapsules originally embodied
the technique of coacervation and this is still common prac-
tice [9]. The general principle of micro-encapsulation is
shown in Figure 1.
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Figure 1 - Formation of microcapsules

Phase separation results from the interaction of two
oppositely charged, water-soluble polymers such as
gelatine and gum arabic (Acacia gum). Both polymers exist
as negatively charged species in neutral aqueous solution.
Where this mixed solution forms the continuous phase in an
oil-in-water emulsion and when the pH is reduced to 4.8,
only the gelatine becomes positively charged and mutual
electrostatic  attraction between the polymers causes
precipitation around the organic droplets. For microcapsule
use in carbonless copy paper the organic phase, which may
be a chlorinated paraffin [10] contains a colourless dye
precursor known as a colour former. Other means, such as
interfacial polymerisation [11] to form the polymer shell, in
which the reacting monomers are separately contained in
the oil and water phases of the emulsion, is a later
development.

1.2 Colour formers

In manufacture, microcapsules, containing an essentially
colourless dye precursor in sclution, are coated on the
underside of a paper substrate which is then placed in
contact with a second surface coated with an acid clay or
resin. By applying localised pressure to the top sheet the
capsules break and the colour former interacts with the
acidic layer to develop a colour in those regions where
pressure has been applied. By using paper sheets coated
respectively on top and bottom faces with acidic resin and
microcapsules, multi-copies can be obtained.



The majority of colour formers are aminofluoran deriva-
tives as shown in Table 1.

In each case, with the exception of leuco-Methylene
Blue, the formation of colour is brought about by a simple
proton transfer from the acidic layer as shown in Scheme 1.

Scheme 1

Subsequent ring-opening converts the non-planar
precursor containing an sp’ tetrahedral carbon atom (at
position-9 in the fluoran derivatives) into the planar sp?
configuration, familiar as the cause of colour in tri-
arylmethane basic dyes. In fact, although the chemistry of
this type of reaction has been known since the turn of
the century [15, 17|, its exploitation and the synthesis of
new fluorans of improved light fastness has only been
stimulated by the development of micro-encapsulation
over the past twenty years. From this view-point the
Z,6-diaminofluorans containing an alkyl group in the
3-position [16] (Table 1) are of particular importance
since the combination of the electronic effects and steric
hindrance between substituents in pasitions 2- and 3-
causes the formation of a single component black, the most
important colour in pressure-sensitive printing.

Other more complex structures, such as dimeric lactones
[18] which give black on protonation and the replacement
of phenyl groups attached to the central carbon atom of a
triphenylmethane by N-alkyicarbazole groups [19], to give

TABLE 1

Colour formers-structure and resuitant colour

blue colours on acidic coated paper have been proposed.
Alternatives to the lactone ring-opening system include the
following heterocyclic ring systems:
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Thermally sensitive papers employing the same principle
of colour formation by ring-opening, but utilising microcap-
sule wall polymers specifically designed to melt at a certain
temperature, have also been patented [24, 25].

X=0Sor—CH;
[22]

1.3 Acidic developers

Both inorganic and organic acid developers can be used as
proton generators in colour formation. Originally
attapulgite clay coatings on paper were used but this
material has been replaced by acid-treated bentonite—-mont-
morillonite mixtures. Among organic coatings are to be
found phenol-formaldehyde resins, bis-phenols such as
2.2-bis(p-hydroxyphenyl)-propane |26] and 4-alkoxy- or
4-phenoxy-1-naphthol [27]|. Phenolic resins in which
some of the phenolic protons have been replaced by zinc
|28] give improved shelf-life and inhibit yellowing. Ring-
substituted zinc salicylates [29] are also of commercial
importance in acidic coatings, particularly in Europe and
Japan.

Name Malecular structure Colour Reference No.
Crystal Violet (CH3),N ~ NICHy), Reddish [13]
Lactone Blue
TCLg
=0

2-N-dibenzylamino- {CyHs),N Green |14]
-6-N-diethylamino- @ Kj\
fluoran (CH2©]2

O N(C;H5)2
3-N-diethylamino- O Red [15]
benzoftuoran O C‘O\
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(CH, N o~ - O
2-N-phenylamine- \O: Black |16]
3-methyl-6-N-di- C‘O\
ethylamino-
fluoran
(CH,),N S NICH,),

Benzoyl-leuco- \QNK)/ Turquoise (17}

Methylene Blue |
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1.4 Diazonium colour formers
One obvious colour formation potentially of use in pressure
and thermally sensitive systems is the synthesis of azo com-
pounds. Over the past ten years the Ricoh Co. of Japan has
described a number of patents related to the use of micro-
encapsulated coupling components which interact with
diazonium salts to produce coloured images. In practically
every case, the coupling component is exemplified [30] by
Naphtol AS {C.1. Azoic Coupling Component 2). Both the
coupler and a catalyst are encapsulated in a low melting
(50-150°C) vinyl co-polymer while the diazonium salt is
present as a solution in a second coating and this is in
contact with the coating containing the encapsulated
coupler. Image formation takes place by exposing the com-
posite film to u.v. radiation under a transparent document.
Decomposition of the exposed diazonium salt takes place.
Subsequent development by heat causes release of the
encapsulated coupler which can react immediately with the
un-exposed diazonium salt [31]. A catalyst commonly used
is stearamide, C17H3sCONH_, or its N-alkylated {C,-Cs)
derivatives [32] which can be separately encapsulated and
used in a single layer containing both diazo and coupler,
neither of which is encapsulated {33]. Although simple
diazonium compounds stabilised as their zinc chloride
double salts can be used, more complex derivatives are
usually employed. Since aqueous solutions are more diffi-
cult to encapsulate, (water-in-oil emulsions are generally
less stable) only the coupler and/ or catalyst is encapsulated.
In at least one instance, however, [34] both components are
separately encapsulated in a thermoplastic resin and the
capsules dispersed in a single coating layer.

Currently the diazonium colour formers are not of com-
mercial importance.

2. ELECTROPHOTOGRAPHIC PROCESSES

Electrophotography, better known as photocopying or
xerography [35] is one aspect of the more general field of
reprography. It has seen considerable commercial advance-
ment particularly since the expiry of the original patents of
C F Carlson [36]. The process makes use of dyes both in
the generation of electrostatic charge and in the conversion
of this charge tc a permanent visible image.

2.1 Fundamental process of image formation
Electrophotography involves the interaction between light
and electrical energy to produce an image. The mode of
operation has been described recently in detail by Birkett
and Gregory [37]. The main features are given briefly below
with reference to Figure 2 which shows both the principle
and a practical system.

(1) A photoconductive surface in the form of a drum or
continuous belt is given a uniform electrostatic
charge. Although earlier photocopiers relied on a
photosensitive selenium or selenium alloy surface,
organic coatings including dyes or pigments, e.g.,
Cu phthalocyanine, with binders are now used. The
layer is normally charged to approx. 500-800 V by
a corona discharge.

(2) The evenly charged surface is exposed to light trans-
mitted through or reflected from a document. In the
printed areas of this original, light is excluded from
the charged Jayer. The charge is dissipated from the
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Figure 2 - The electrophotographic process (see text for number
references)

exposed areas, thus forming a latent electrostatic
image on the photoconductive layer.

(3) This image is developed by the attraction of
oppositely charged toner particles to the positive
latent image on the photoconductive surface.

(4) The developed image is transferred, again by elec-
trostatic attraction to a paper substrate, by the use of
electrically biased rollers or other means and finally

(5) the image is fixed by heat.

The use of dyes in this context is twofold: firstly, to assist
in the generation of charge on the photosensitive carrier
layer and secondly, by incorporation in toner particles, not
only for black toners, but also, more recently, for colour
photocopying. In addition to photocopying, the elec-
trostatic image can be produced by exposure of the charged
surface (step 2) directly to light from a laser or light emitting
diode, which in turn is driven by a computer. Thus hard
copy of high quality can be produced from information
stored in a computer.

2.2 Charge generation

Since the late 1970’s when the important xerographic
patent protection expired, new organic polymer layers
incorporating charge generating and charge carrier dyes to
widen the spectral sensitivity range have been developed
(stage (1) of Figure 2). A very large number of dye-polymer
combinations have been proposed in the patent literature
for producing an organic photoconductive layer. This layer
may constitute a double layer [38], seen in section in Figure
3, and comprising a thin sensitising charge generation

56//////////////////////5{;— (1)

(2)

¢ ol

(1) Generating Layer

{2) Transport Layer
(3) Blocking Interface
(4) Base electrode

Figure 3 — Section of a photoconductive layer used in photocopying



layer incorporating Cu phthalocyanine or disazo-pigments
of extended structure [39], pentakisazo-pigments in a
polyvinylbutyral binder [40}, disazostilbene derivatives [41]
or squarylium dyes {42} of general structure (1), group R
being alkyl.

(R, N— Ar O @ O Ar—NIR}), (1

The charge transport layers are based on polyvinylcar-
bazole and contain azomethine-, N-diarylbenzidine- or
stilbene-derivatives (see Table 2).

Laser technology applied to photocopying, in the form of
the laser printer, is a more recent development [43]. Here,
a pulsed He-Ne laser operating at a wavelength of
632.8 nm or a semi-conductor laser (750-850 nm) is used,;
a He-Cd laser has also been used. The charged layer
generated by the corona discharge is dissipated by i.r. radia-
tion from the laser through the transport layer to neutralise

TABLE 2

the surface charge. The necessity of an original hard copy
is removed by scanning the photosensitive layer with an
electronically addressed laser beam, the merits of the
system being, additionally, high speed, compactness and
low cost. This advance requires the use of generator and
carrier layers containing dyes which are sensitive in the i.r.
output region of the laser employed. Many dye combina-
tions are now patented, some representative dye structures
being given in Table 2.

2.3 Toners

In the third stage of the photocopying process {Figure 2},
the latent electrostatic image is rendered visible by the
attraction of developer particles. The developer consists of
a carrier (iron, steel or ferrite particles) which carries smaller
toner particles on its surface. The latter are compounded
from thermoplastic resin, black pigment and a charge
control agent {CCA). A typical toner formulation is 90%
resin, 8% pigment and 2% charge control agent. The resin
has a low melting point to facilitate the final fixation stage.
For photoconductive layers which develop a positive

Charge generator and transport dyes used in laser printing

Generator Dyes
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charge, as shown in Figure 2, the toner particles must
possess a sutface negative charge in order to be transferred
readily from the carrier particles to the latent image. The
charge control agent is essential in ensuring that the toner
particles acquire the correct level of negativity; otherwise
poor quality copies result with poor resclution on a stained
background.

Dyes containing ionised sulphonic or carboxylic acid
groups have been examined as charge control agents but
have been found unsatisfactory due to localisation of the
negative charge on the ionised groups and poor solubility
in the resin [37]. Successful control agents were however
found in the 1:2-cobalt-azo dye complexes such as struc-
ture (2) which is devoid of ionisable groups but which sup-
ports a non-localised charge.

- :

O Nz/g H* 2

Oj/Co\*‘O )

Commercially important negative CCA’s are 1:2
chromium(lll)-azo complexes.

Toner production is now estimated at 50 000 tons per
annum and the complexity and variations in current
photocopiers virtually require a different toner formulation
for each type of machine. Electrophotography and related
imaging methods have been reviewed by Weigl [38] and
more recently by Williams [47].

2.4 Colour photocopying

In black and white photocopying the main pigment used is
carbon black (C.1. Pigment Black 7). In colour reproduction
the three pigments used, in addition to black, are either the
same subtractive primaries i.e., vellow, magenta and cyan
as used in conventional printing, or red, green and blue.
Pigments such as C.I. Pigment Yeltow 1 (3), C.I. Pigment
Red 2 (4), or C.1. Pigment Blue 15 (5) have been used. The
pigmented developers are applied separately to the latent
image in three stages corresponding to the yellow, magenta
and cyan content of the original document.

NO, HO_ CH,
H,C N=N-—C {3)
<N N

O

O/
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More extended azo pigments, e.g., C.1. Pigment Yellow
97, quinacridones e.g., C.I. Red 22 or pigments based on
perylene-amides such as Pigment Red 149, have been
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assessed for this purpose [48]. The induction of charge
depends on the structure of the pigment, its electrical
resistivity and in some cases on its degree of crystallinity.
Toners containing thermochromic pigments are also
claimed {49] which provide images of varying intensity,
depending on the temperature. One interesting application
of relevance to textile transfer printing is a process whereby
a computer-designed print-out can be colour photocopied
using developers containing sublimable dyes. The photo-
copy can then be transfer-printed onto fabric. The operation
from computer input to finished sample for customer use
can be achieved in 15 min [50].

Mead process

A recent development in colour photocopying which does
not employ electrostatic attraction of toners has been
described [51A]. The method makes use of microcapsules
containing, in addition to a colour former (see Section 1.2},
a monomer and a photosensitive initiator. By suitable
choice of initiators the capsules can be made sensitive to
blue (420 nm), green (550 nm) or red (650 nm) radiation.
After exposure, the cores of those capsules which have
been polymerised do not release their colour {former when
subject to pressure. By coating a paper with all three types
of capsule and exposing under a transparent document, or
under a transmissive liquid crystal display, a latent colour
image is produced. This image is then placed in
face-to-face contact with an acidified clay-coated layer and
squeezed through the nip of pressure rollers to produce a
final colour print on the clay-coated layer [51B].

2.5 Electronic photography

In electronic photography the conventional camera is
replaced by an electronic camera (in effect a video camera),
and the silver halide film is replaced by a magnetic disc. The
image recorded on the disc can be viewed on a television
monitor, and a full colour copy or print can be obtained if
the system is linked to an appropriate printer. The process
has recently been reviewed by Gregory [52], and it is
predicted that by the year 2000 electronic photography will
have largely replaced silver halide colour photography. The
imminent general introduction of high definition television
will no doubt accelerate this takeover.

The most promising technique for producing the colour
prints is called dye diffusion thermal transfer, or D2T2 for
convenience. Aribbon is coated, in separate segments, with
a yellow, magenta and cyan dye. The ribbon contacts the
receiving sheet and the encoded image signal from the
magnetic disc addresses a thermal head in contact with the
coated ribbon. Where for example a yellow dot is required,
the thermal head heats the yellow ribbon rapidly to a tem-
perature of around 400°C over about 1-10 ms, and the
yellow dye is transferred by a ‘melt state diffusion’ process
to the receiver sheet. In this way, by transferring dots of the
three subtractive primaries to the receiver sheet, a full colour
print is cbtained.

At the present time the problem of reducing dot size to
improve resolution is of greatest importance, but of almost
equal importance is the development of suitable dyes which
fulfil the criteria of adequate transfer, correct colour proper-
ties and high photostability. Good yellows are provided by
azopyridones, magentas by heterocyclic azo dyes, and
cyans by disazothiophene dyes for example [52].



3. DYES FOR LIQUID CRYSTAL DISPLAYS (LCD’S)

LCD usage has been steadily increasing over the last 15
years especially with the advent of personal computers and
electronic dash-board components for automobiles. The
main advantage is low power consumption and operating
voltage. The drawbacks, relating to the necessary use of
polarising layers with attendant loss of brightness and
limited viewing angle have been overcome by the addition
of soluble dichroic dyes to the liquid crystal media, thus
avoiding the necessity of polarisers [53]. These ‘quest-host’
displays are of two types, twisted nematic and dye phase-
change displays. Their mechanistic interpretation has been
described in simple terms [54].

Very briefly, the strong parallel association between
linear liquid crystal (host) molecules and essentially linear
dye (guest) molecules causes both to orient in an electric
field. When the molecules are parallel with the field and
viewed from an ‘end-on’ position, the colour is minimal in
intensity and, conversely, is maximised when the field is
removed. The essential characteristics of dyes useful for this
purpose, in addition to structural linearity, are high light-
fastness, good solubility in the liquid crystal and an absence
of structural isomers. Compatibility with the host is achieved
by using purified disperse or solvent dyes which possess
structural similarities to the host molecules.

3.1 Dye structures for LCD’s

An extensive review of dyes for possible LCD application
has been given by Cox [55] and more recent reviews up to
1986, by Eidenschink [56] and Seki [57]. Although azo-
dyes can give a high degree of ordering in liquid crystalline
media, their photostability is relatively poor [58]. However,
azo dyes continue to be patented for this use, including
disazobenzoxazoles [59], disazobenzthiazoles [60], tris-
azo’s [61] and tetrakisazo-dyes [62].

Although of slightly lower ordering efficiency, aminoan-
thraquinones have been found useful [63] since they
possess improved light stability. Further developments {64]
based on thicethers of anthraquinone led to yellow (6) and
red (7) dyes of good solubility and which, in combination
with a blue dye (8) gave a black to colourless display.
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Inclusion of these thioether or alkyl groups enhances
solubility, but it has been noted [65] that a balance must be
struck since increases in dye concentration can lead to a
lowering in the efficiency of ordering under the necessary
influence of the electric field.

In addition to conventional azo- and anthraquinonoid
dyes for display purposes, interest has been shown in the
amino-1, 4-naphthoquinones [66] such as (9) and the
naphthazarin derivative (10).

@—NH o OH
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These dyes are of a restricted red-blue colour range but
similar dyes based on 4,8-p-alkyl- or p-alkoxyarylamino-1,
5-naphthoquinones, such as {11) can be used to extend the
colour range to green [67].

(] i

3.2 Fluorescent dyes

Anisotropic fluorescent dyes based on perylene-esters and
perylene-di-imides, combining good solubility with high
light-fastness, as a means of improving brightness and con-
trast, are a more recent advance {68]. Using a mixed isomer
of 3,9- and 3,10-bis(4-n-pentyl-bicyclo(2.2.2.} oct-l-yl)
perylene dicarboxylate (structure 12) in a liquid crystal
resulted in an intense emission spectrum at 510-525 nm
when irradiated with u.v. light at 340 nm [69]. Further, the
fluorescence peak at 380 nm, due solely to the liquid crystal
host, was quenched in the presence of the dye. This
behaviour is attributed to an energy transfer between host
and fluorescent dye giving a more efficient excitation than
direct excitation of the dye. A major advantage of an LCD
cell based on this syster is that under bright ambient lighting
conditions, such as direct sunlight, the stronger will be the
fluorescence emission [70]. Such fluorescent displays also
exhibit a wider viewing angle than conventional displays.

O
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@]

(12)

3.3 Dye usage in large format displays

Although it is a relatively easy operation to design trans-
parent electrodes for 7-segment numeric and for alpha-
numeric LCD’s, the area for larger displays requires elec-
trical pulses to be addressed to many elements, similar to
the individual pixels on a conventional TV screen. These
larger displays can however be operated by using rapid elec-
trically switched ferro-electric liquid crystals, providing the
cell width between facing electrodes is limited to a constant
value between 1-5 um. Maintaining a constant cell gap of
this order is difficult and leads to birefringent colours. It has
been suggested [71] that the incorporation of dichroic dyes
might overcome this problem whilst allowing a high switch-
ing speed. Although 5 x 5 cm full colour prototype displays
are available the main research effort has been directed to
replacing the standard cathode ray tube TV by a flat screen
LCD. One major approach has been the development of
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independent colour filters containing dyes, the electrically
addressed liquid crystal pixels acting simply as individual
{on-off) light switches. The primary concept, proposed by
Fisher [72] as early as 1972, consisted of a mosaic of colour
filters of the three primary colours placed on the outside of
a multiply-addressed display system with a pixel diameter
of 100 um. In order to avoid parallax the filter layer is now
placed on the inner electrode of the display and protected
from diffusion into the liquid crystal medium by an inert
polymer layer.

In order to fabricate the multi-coloured micro-dot layer a
photosensitive reprographic process is normally employed.
Figure 4, taken from the review by Uchida [73] describes
such a method using acid dyes in a gelatine base.
Transparent micro-dot electrodes are coated with
photosensitive gelatine and exposed under a mask to u.v.
radiation (a). Unexposed gelatine is removed, (b), and
every third electrode, after coating all electrodes with a
positive photoresist is exposed to light under a second mask
(c). Removal of exposed positive photoresist (d) allows the
gelatine layer on electrodes 1, 4, 7 etc. to be dyed. Stages
{c) and (d) are then repeated for the remaining electrodes
using the second and third colours. Dyes which have been
used for this process include C.1. Acid Yellow 42, C.1. Acid
Red 211, C.I. Acid Blue 83 and C.I. Reactive Blue 13.

Mask
Photosensitive
-#MM Gelatin
(a) W Electrodes
Glass
Exposed Gelatin
z Rz Wz W Rz
{b) ‘ ( Electrodes
] r4——— Mask
Positive

{c) WMVW;— Photoresist

Photoresist
(d)

Dyed

Steps (c) and (d) are repeated for 2nd and 3rd
colours after removal of photoresist,

Figure 4 - Fabrication of a 3-colour microdot mosaic filter

Sugata [74] has used a vacuum sublimation method with
perylene (red), lead phthalocyanine (green), and copper
phthalocyanine (blue), to obtain additive primary colour
filter elements. A method of dyeing a photo-etched
poly(vinyl)alcohol layer has been used [75] as has also
electro-deposition of a dye-polyester-melamine complex
on to transparent indium-tin oxide electrodes [76]. In all
these methods and also in a process where diffusion from
a dye layer into a polymer layer is accelerated by means of
a pulsed laser beam [771, the procedure is prolonged since
each method requires each dye to be deposited separately
and to be protected between applications of each colour.
Finally, transfer printing on coated glass [78] using 1-amino-
4-hydroxyanthraquinone to give a red and 4,8-arylamino-
1,5-naphthoquinone (11) to give green [79] has been
examined.
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4. LASER DYES

Reference has been made earlier to the application of lasers
in reprographic and information display systems. Apart
from this use for dyes, the latter have been found extremely
useful in the development of lasers themselves. Thus it is
possible by using dye-tunable lasers to select individual lines
or broad bands of coherent {in phase) high intensity light
from a large range of relatively inexpensive dyes which
caver the visible, u.v. and near i.r. regions of the spectrum.
In a recent publication Maeda [80] lists as many as 546 dyes
which have been assessed for this purpose.

The term laser is an acronym for Light Amplification by
Stimulated Emission of Radiation. When light is absorbed
by a fluorescent dye molecule the energy of excitation may
be emitted in two ways - either as (a) spontaneous fluor-
escence emission in which the emitted light appears in a
random direction after a short time interval in the excited
state, i.e., the fluorescence lifetime, or {b) as stimulated
emission when a quantum of light of exactly the same wave-
length as that of the spontaneous flucrescence interacts with
the already excited molecule and causes the molecule to
fluoresce. This stimulated fluorescence travels in precisely
the same direction as the stimulating light and will be
coherent with it.

Consequently, for stimulated light to occur there must be
a greater number of dye molecules in the first excited state
than in the ground state. Dye molecules ‘prefer’ to be in the
ground state and in order to achieve this greater number
(sometimes referred to as a population inversion) the
molecules are excited very rapidly by irradiation with
intense light of sufficient energy. The initial excitation is
achieved by laser irradiation and is known as optical
‘pumping’. It is necessary that impurities should be absent,
radiationless transitions avoided and imperfections in the
optical arrangements minimised. Therefore, highly purified
fluorescent compounds and dyes prepared in dilute
(1073-107*M) solutions are used, the resultant laser emis-
sion wavelength corresponding to the fluorescence emis-
sion spectrum of the dye.

A simplified laser system [81] showing how the build-
up of stimulated emission can be achieved, is shown in
Figure 5.

From this description, only progressive stimulated emis-
sion directed along the laser cavity will be reflected from the
right-hand mirror, continue to the left-hand mirror and,
after multiple reflections, will build up in intensity, filling the
whole cavity. The right-hand mirror, being lightly silvered
allows approx. 1% of this coherent light to be transmitted
forming a usable laser beam.

It may appear pointless to use a high energy laser as a
pumping source to produce a lower energy emission
output. The advantage of dye lasers however, lies in their
versatility in converting the essentially monochromatic light
of the pump laser into a broad spectrum of coherent light,
depending on the emission spectrum of the dye. This can
be selectively filtered to give specific wavelengths in the
visible and i.r. region.

4.1 Dye structures for laser use

Dyes suitable for lasers, covering the major part of the visible
and i.r. spectrum are mainly cationic and correspond to
some of the older fluorescent basic dyes such as the
Rhodamines. The dyes shown in Table 3 represent the



TABLE 3
Dyes for laser use [82]

Dye Emission Example Amax Aem Reference
Type Range (nm) {nm) {nm} No.
Oxazoles  360-480 Nm 329 400 [83]
O
NH,
Acridines  440-520 / C,- 402 460 84
N
H
CF,
Coumarins 460-540 m 382 488 85]
H,N o "0
Xanthines 510-570 555 620 (84|
Oxazines  630-720 /@N “ C1o; 601 650 {86
H N o NH,
0 0
_ e
Cyanines  540-1200 ©ir:l>_(c"'—"c”)z CH= S 582 660 87)
l
| C,Hs

major classes [82]. They may be present in the laser cavity
in dilute acidified ethanolic or methanolic solution, usually
with a perchlorate counter-ion. Compared with the corre-
sponding chlorides, the perchlorates possess improved effi-
ciency and do not quench fluorescence. In addition, the
dyes must be photochemically stable. By extending the con-
jugation of the chromophore system with additional
methylene groups, cyanines with both absorption and emis-
sion in the i.r. region are possible.

4.2 Q-switch dyes

A later development in laser technology is the use of Q-
switch dye cells to improve the energy output of mainly solid
state lasers. The term Q- refers to the quality factor of a laser
cavity. By including in the cavity of a solid-state ruby or
Nd:YAG laser |88| a cell containing a solution of a Q-switch
dye or saturable absorber, a sudden release of energy as a
pulse of laser light can result. The position of such a cell is
shown at A in Figure 5. At low intensities of light impinging
on the cell, the absorbance of the dye solution is constant,
but, as the intensity builds up, the absorption coefficient
begins to drop sharply and the solution within the cell
becomes increasingly transparent. Thus the dye cell acts as
a shutter, blocking the light path to the left-hand mirror and
opening up the light path when the light reaches a high

energy level. Dye Q-switching is mostly limited to pulsed
solid-state ruby lasers with stimulated emission at 694 nm,
and Nd:YAG with an emission at 1060 nm. Consequently,
to act as a Q-switch, the dye must have an absorption peak
at approx. one of these wavelengths. Compounds suitable
for the Nd:glass laser emitting at 1060 nm are the dye (13)
absorbing at 1045 nm and the nickel complex (14) (89, 90].

CH,
| (13)
0
CH—CH=CH—CH=CH
N
(CH3)2N\©_\C‘_S oAl
Ni & 1
S (14)

$=C
N(CH,),

This process of decolorisation must be rapidly reversible
with no photo-decomposition and the dyes must be pro-
tected from u.v. radiation by means of selective filters.

REV. PROG. COLORATION VOL. 19 1989 27



100%_ optical pump radiation
reflecting
RN WY U R S S T
b
= ° o/ ° (8 Ry==0 0T
Pad — ] o AN o 0
o N O° o o

QO

|

i — E o —¢

i (a) (b} ] (d) (e} —
: <] -

1

]

Q- o -]
[ S o
s fbl afier b
89% reflecting mirror
A . .
) Excited dye molecule or ion
(a) 0— Spontaneous non-directional emission
{b) o=% Stimulated directional emission
ci{dife) =% o = Progressive stimulated emission
etc. -

Figure 5 - Excitation and fight emission from a laser cavity containing dye

5. DYES FOR OPTICAL DISC RECORDING AND
DATA STORAGE

Optical disc data storage is used in the electronics industry
and in the domestic market as compact discs (CD) for
audio- and visual-recording. The discs consist of a trans-
parent (glass) or opaque reflective (aluminium) base
overlaid with a polymeric layer containing photosensitive
material. Localised thermal or optical changes in this layer
can be induced by a semi-conductor diode laser (i.e.,
recording or writing on the disc) which can be detected at
a later stage by optical means (i.e. reading). It may also be
possible to cause a reversible change back to the original
state so that pre-recorded data may be erased. There are
three modes of operation:

(a) pre-recorded information - read only,

(b) recording and later reading without erasure o inter-
mediate processing facility (i.e. DRAW-Directly
Readable After Writing or WORM-Write Once Read
Manyy},

(c) full writing, reading and multiple erasure and
re-writing.

Both (a) and {b) are commercially available and (c} is the

subject of intense current research and competition.

The standard semi-conductor laser is extremely small,
typically 0.5 mm in length, with a laser beam width of one
micron or less. Pumping is achieved by direct electrical
excitation. As the current is increased the laser functions
firstly as a light-emitting diode until, beyond a critical thresh-
old voltage, there is a strong increase in laser light intensity.
Commercially available lasers of this type emit in the wave-
length ranges 780-840 nm and 1200-1600 nm, the former
being used for data storage and the latter for fibre optic com-
munication [91].

5.1 Infra-red absorbing dyes
In the recording of data on a disc, light energy is absorbed
by an i.r.-absorbing dye contained in a polymer film coating
such as poly(methylmethacrylate). The laser causes the
latter to melt locally and form micro-pits. These pits can
subsequently be read by a lower energy laser beam. The
dyes used in this connection depend on the emission wave-
length of the laser, generally absorbing in the 650-800 nm
region. They include phthalocyanine derivatives and
cyanine dyes as shown in Table 4.

Conventional cyanines have poor light fastness. The
introduction of a cyclic ring system, however, as a central
part of the chromophoric chain gives useful i.r. dyes. They
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are applied in conjunction with a dithiol or o-
phenylenediamine metal complex acting as a singlet
oxygen quencher to inhibit the photo-oxidation of the
polymer medium. One example (18) of the latter [92] is
given in Table 4. Dyes (15-17) are pentamethinecyanine,
squarylium and croconium dyes respectively. In addition,
quinone dyes, which thermally decompose or sublime to
cause micro-pits, are used. Dye {19) a 1,4-naphthoquinone
[93] or (20) a green anthraquinone derivative [94] which
shows only 2% optical transmission at 700 nm are typical
sublimable dyes for this use. Sublimable dyes may be
applied to the disc by sputtering as thin (40 nm) layers and
protected with a polymer coat. As dye solids, they absorb
at longer (30-50 nm) wavelengths than as solutions in a
polymer layer. Dye (20A) is a representative phthalo-
cyanine derivative [95].

5.2 Photochromic dyes

The phenomenon of photochromism, i.e., the reversible
change from a colourless to a coloured form of a compound
when exposed to u.v. or visible light [96] has been a centre
of much recent research work.

The change is also strongly associated with and can, in
many cases, also be induced by heat- referred to as ther-
mochromism [97]. Potentially, such photo-induced
changes have stimulated interest for application in sun
visors, car windscreens, sunglasses and prescription lenses
and more recently, in the visible and i.r. regions for
semiconductor lasers in DRAW systems for optical storage.
Zollinger [2] points out that, in spite of intensive investiga-
tions, very few lasting technical applications have resulted.
With certain exceptions, organic photochromics undergo
irreversible side reactions during recycling leading ulti-
mately to permanent fading. The problem can be illustrated
(43} by the colourless spiropyran precursor (21) in Scheme
2 which undergoes colour generation to (22) on irradiation

C

CH H
3
v © ? NO,
NERd
i -
H, S OCH

C
(22) Amax = 700nm

Scheme 2

3

{21) colourless

with u.v. light. In a poly(methyimethacrylate) layer the dye
shows a 50 % absorbance loss after 9-10 cycles. Other com-
pounds which do not involve bond cleavage mechanisms
offer better prospects for long life photochromic effects [97].
Spiropyrans attached through a flexible side group in a
siloxane chain are also known [98] to give photochromic
polymers. The partial structure of this type of pelymer (23)
is shown. Initial irradiation with green light causes the yellow
colour of the undissociated spiran to be developed and
further irradiation with u.v. light causes dissociation (see
Scheme 2) to the aggregated merocyanine, which is deep
red (Amax D50 nmj.

\
o]

r*'—i—\ CH3 CH3
CHy—Si—(CH,) CONH O — (23)
# w0 H-no,



TABLE 4

Lr. dyes for optical disc data storage

Structure Structure Amax Reference
No {nm) No
P
O ens e
(15) N cH " 651 43|
CoHs CaHs
it
s
O e e I
N N
{ | 667 43
(16) oM, o CoHs 3]
o
Vi
had
5
Qe 0
) N
(17) é,HS o. EoHs 771 143

(18) 806 92)
o NH
s
(19) o Nb 630 93|

c CN
{20) @: |
C

R R
B -
N7

{20A)

740 94]

A more fatigue-resistant system is the fulgide system
which is found in the Aberchrome dyes developed by Heller
and co-workers at the University of Wales [99]. Colour
change arises from cis-trans re-arrangement of derivatives,

o (fo (25)

o (26)
(24)

Photochromic changes in a fulgide - Scheme 3

themselves obtained by ring-closure induced either through
thermal or optical means. Scheme 3 shows a relatively
simple case [100], the fulgide (24) can be ring-closed by u.v.
to give an unstable blue compound (25) and a stable red
derivative (26). The resultant mixture in the solution is
purple, the unstable blue colour being attributable to the
presence of the methoxy group in the naphthalene moiety.

6. PHOTOVOLTAIC DYES AND SOLAR ENERGY
CONVERSION

In the converston of sunlight to electrical energy using solar
cells, photons of light collide with the atoms of the material,
usually silicon, with enough energy to displace electrons
from their valency position so that they move freely into a
higher energy conduction band. This migration leaves
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behind a vacancy or positive hole. When electrons and
positive holes can be induced to move in opposite directions
a current is produced. In conventional solar cells a discon-
tinuity in the conductivity, created by adding impurities or
dopants, is sufficient to cause the charges to separate. Alter-
natively, the discontinuity can be created by means of a con-
tinuous junction, referred to as a Schottky barrier, between
a semi-conductor and a metal. Once this barrier has been
surmounted the positive and negative charges are eftec-
tively separated.

Solar cells with metal-organic semi-conductors utilising
anthracene, tetracene or chlorophyll {C.1. Natural Green 3}
have been fabricated. Figure 6 shows a cross-section of one
such cell in which the active layer, approx. 0.5 micron thick,
consists of a dispersion of metal-free phthalecyanine in a
poly(carbonate) or poly(vinylacetate) layer [101].

Radiation
(S D S S S
{ i -}— Semi-transparent in electrode
05—3.0pm| e R Active layer
_ i —1—— Sn0 etectrode

)

Figure 6 - Crass-section of a solar energy conversion cell {100f

The active region responsible for power generation is
confined to the metal-semi-conductor interface which
allows capture of some 30% of the solar light energy with
a power conversion efficiency of the order of 0.1-1.0%.
Quinacridones, such as 2,9-dimethylquinacridone (C.I.
Pigment Red 122) also give similar power conversion
factors [102] and vapour deposited squarylium dyes
previously mentioned as charge generators (Table 2) have
been used for this purpose [103]. Although power conver-
sion is low when compared with the 15-20% efficiency
obtained with conventional silicon cells, fabrication and
development costs are much lower. Cost reduction may
also be achieved by using collectors to concentrate sunlight
on to photovoltaic cells. By the use of correctly designed
transparent plastic sheets containing fluorescent dye it is
possible to concentrate total internally reflected light
including emitted fluorescence onto the cell, thus
eliminating the necessity of mirror and lens focussing. Low
cost fluorescent dyes with good light-fastness properties
would be required.

A different type of photovoltaic cell has been described
by Chamberlain [104] in which a merocyanine dye, doped,
e.g., with iodine, becomes the active layer. The absorption
properties of the dye make the cell (Figure 7} sensitive to
light of different wavelengths, depending on which face is
illuminated. Merocyanine dyes such as (27) based on the
rhodamine structure have been used, giving up to 0.18%
conversion efficiency.

C,Hs—N

CHCH:'oz_ﬂ'EACQH5 27)

~ S

By including a dopant, the conversion efficiency is
improved. In the excited state a charge transfer complex,
stabilising the cationic form of the dye is suggested accord-
ing to Scheme 4, thus facilitating charge separation.

DM D+ Dopant = D* + Dopant™ Scheme 4
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The effectiveness of the dye depends on this positive
charge delocalisation which, in turn, depends on the
donating ability (e =) of the donor group. A more recent
extensive review [l105] of merocyanine dyes for
photovoltaic use concludes that for efficient conversion the
electron-rich end of the dye molecule must be in close
contact with the alumina layer.

h (+)
[ S A
35 nm +4—— Dye & Dopant
=—— Al
BB 1 AI:m::?um
--‘}— Glass
I
b

Figure 7 - Photovoltaic cell sensitive to different wavelengths

7. BIOLOGICAL AND MEDICAL USES OF DYES

It is no accident that the close association between dye and
pharmaceutical industries, extending over the past 100
years, owes its origin to the fact that certain dyes have
biclogical application. At an early stage, basic dyes, e.g.,
Crystal Viclet (C.I. Basic violet 3) were found preferentially
to stain certain bacteria [106] and others, such as
Acriflavine, were used as anti-bacterial agents. Later, the
sulphanilamide drugs which inhibit the formation of p-
aminobenzoic acid - an essential growth factor in micro-
organisms — became available [107]. Gordon and Gregory
[3] have recently reviewed these developments.

7.1 Photochemotherapy

The application in medicine of certain chemicals with
specific toxic action on cells is known as chemotherapy.
Photochemotherapy, or photodynamic therapy (PDT) is a
more recent advance and, as the name implies, is the selec-
tive absorption of photosensitive materials by rapidly
growing tissues or tumours {cancers) which are then subse-
quently irradiated with light of a wavelength tuned to the
photosensitiser, to destroy the tumour with minimal
damage to the surrounding tissue. Advances in laser tech-
nology and optical fibres have made PDT possible. This
technique has now been used on several thousand patients
with generally encouraging results [108].

In clinical practice, the patient is injected intraveneously
with a few mg per kg of the photosensitiser; time is allowed
for its selective absorption by the tumour which is then
irradiated with light. Localised irradiation is achieved by
laser light directed to the target area by quartz optical fibre
[109]. Among other properties, the efficiency of the
photosensitiser is dependent on an absorption maximum
consistent with the laser emission wavelength maximum, its
concentration and degree of aggregation within the tumour
tissue and on the presence of oxygen.

The mechanism of the breakdown reaction involves the
conversion of the photosensitiser to its excited singlet state
followed by inter-system crossing to a lower, longer life,
triplet state. The latter can react with oxygen to form singlet
oxygen, {'O,) or can abstract a hydrogen atom from the
substrate with the possible formation of a superoxide (O3)
ion. In both cases, further non-photochemical oxidation
impairs the tumour cell function.

A completely different approach to this problem has been
suggested [110] whereby irradiation populates the excited



triplet state. A second pulsed excitation, delayed from the
first by an interval of 15 ns, transposes the excited triplet to
a higher level (see Section 4). This higher triplet state was
found to be highly toxic, even in the absence of oxygen.
Further research on new photosensitisers for this technique
has still to be carried out.

7.2 Photosensitisers and dyes for PDT

Various porphyrins have been used in the early develop-
ment of PDT, some of the more immediately successful
being obtained with haematoporphyrin derivatives [111]. A
popular drug is Photofrin I, one of the active constituents
of which is (28).

This has enhanced specific absorption by tumour cells.
Irradiation is effected by using red (630 nm) light.

One disadvantage of porphyrins is that they are not effi-
cient absorbers in the red region. Water-soluble and lipid-
soluble phthalocyanines [112] absorb more strongly and are
readily synthesised. Thus, zinc tetrasulpho-phthalocyanine
in a monomeric state, at 677 nm, absorbs some 48 times
more strongly than derivative (28} at 630 nm. Lipid-scluble
phthalocyanines include tetra-substituted-4,4',4",4" -
octadecylsulphonamido- [113] and tetra-butyl-metallo-
phthalocyanines [114], which can be incorporated into
liposome membranes which are taken up by mammalian
cells.

cn3 (CHz),COOH

CH;.\' iI (CH,} ,COOH
NH HN
- )\f (28)

CH, (|:HOH
CH,

CHy

It has also been observed [115] that positively charged
dyes can be preferentially absorbed on negatively charged
carcinoma cells and mitochondria surface membranes. The
dye (29), i.e., 1,1"-(2-ethyl)-1,3-dioxylanekryptocyanine
with a Amax = 713 nm, on irradiation, effected a 10,000-
fold reduction compared with control cells in the treatment
of bladder cancer. Such techniques, coupling the use of
photosensitive dyes and laser technology in the fight against
cancer are proving to be most promising. Problems still
outstanding, relating to the transmission of i.r. radiaticn
through healthy tissue and its power tolerance remain to be
solved.

I P CHCH N, /;—CH CH— CH_: N—CH,— CH><I

(29)
COMMENT

The term ‘innovative’ used in the title of this review refers
to the application of dyes rather than their synthesis. The
initial quotation by Leonardo da Vinci may be understood
to mean that if an idea works, then the question ‘why’ is to
be answered at a later stage. It is noticeable, particularly in
patent literature that this order of activity is followed. It
appears to go against current thinking that theory is
followed by practice!

The average reader of this review may not be aware of
some of the described developments, particularly in electro-
optical and reprographic applications. Conversely, many
physicists and chemists working in these areas lack the
specialist knowledge of the colour chemist. There thus
appears to be a gap (interface!) between the two areas which
the Society of Dyers and Colourists could bridge. O'Brien
|116] has stated that specialist groups could be formed
under the auspices of the Society. In the author’s opinion,
the establishment of such a group could lead to a stimulation
and a widening interest in the uses of colorants outside their
conventional applications and serve a useful function for
physicists working in the fields of electro-optics and infor-
mation technology.
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