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Preface

The traditional use of organic colorants is to impart color to a substrate
such as textiles, paper, plastics, and leather. However, in the last five years
or so organic colorants have become increasingly important in the high-
technology (hi-tech) industries of electronics and particularly reprographics.

In some of these reprographics applications the organic colorant is used
in its traditional role of imparting color to a substrate, typically paper or
plastic. Examples are dyes for ink-jet printing, thermally transferable dyes
for thermal transfer printing, and dyes and pigments for colored toners in
photocopiers and laser printers. In other applications it is a special effect of
an organic colorant that is utilized, not its color. Examples are electrical
effects, such as photoconduction and the electrostatic charging of toners,
both of which are essential features for the operation of photocopiers and
laser printers, and the selective absorption of infrared radiation, which is
utilized in optical data storage.

In electronic applications the organic colorant is often employed in a
device. Typical examples include liquid crystal dyes, laser dyes, electro-
chromic dyes, dyes for solar cells, dyes for micro color filters, and dyes for
nonlinear optical applications.

These hi-tech applications present many challenges to the dyestuff chem-
ist to devise dyes to meet the often demanding criteria required. This book
describes how those challenges are being met in the important electronics
and reprographics technologies. It also illustrates the vital role that organic
colorants play in these applications. Indeed, it gives a chemist’s view rather
than a physicist’s or engineer’s view of the electronics and reprographics
technologies.

The traditional uses of colorants are well documented in books such as
those by Gordon and Gregory,' Allen,” and Zollinger,® and especially in the
comprehensive volumes of Venkataraman;* they are not discussed further
here. Neither are some of the less traditional, more diverse uses of colorants,
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viii Preface

such as their applications in medicine, security, toiletries, fuel and metal
coloration, thermochromic systems, photochromic systems, and many other
areas. Modern biological uses of dyes, such as affinity chromatography to
obtain highly pure enzymes from gross mixtures, also are not discussed,
since these are treated adequately elsewhere.’
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Historical Perspectives

Can you imagine a world without color? A world of black, white, and shades
of gray. A world devoid of the immense variety and brilliance of both man-
made and natural color. A dull world indeed! However, color is so common
that we tend to take it for granted. Indeed, although everyone is not only
aware of but surrounded by color, very few people understand the origins
of color and fewer still have any idea of the substances responsible for
producing color, namely dyes and pigments.

Mankind has been fascinated by color for several thousands of years.
In ancient times man used color to decorate both himself and his surround-
ings. Even today, thousands of years later, man still uses color for these
purposes. However, unlike the ancient Britons and native Americans who
daubed the colors directly on to their skin, people nowadays usually confine
the color they wear to their garments.

Until the middle of the nineteenth century man obtained his colorants
from natural sources.' These were of both animal and vegetable origin. For
example, the dye prized so highly in ancient Rome, namely Tyrian Purple
(I-1), was obtained from the mollusc Dicaithus orbita.’ In contrast, the red
dye Madder or Alizarin (I-2) was obtained from the root of the plant, Rubia
tinctorum.’

o ll" O OH
L= oy
Br TI‘J
o
H o}
I-1 I-2

Obtaining dyes from natural sources was a slow, inefficient, and very
wasteful process. For instance, many thousands of molluscs were required
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2 Part 1

to produce just one gram of Tyrian Purple. Consequently, a better route for
obtaining dyes was obviously needed.

This better route was provided by Perkin. In 1856 Perkin, while
attempting to prepare the antimalarial drug quinine, obtained instead the
mauve dye Mauveine (I-3).* This somewhat fortuitous discovery of the first
synthetic dye not only heralded the beginning of a major new industry, the
dyestuffs industry, but also initiated the pioneering work upon which our
present knowledge of organic chemistry rests.’

M
) SO
+
PhHN N NH,

I3

In addition to being strongly colored, dyes and pigments have other
unique properties that are readily being applied in some of the high-

DYES & PIGMENTS ‘

( MISCELLANEOUS USES

‘ TRADITIONAL USE ‘

1

Imparting color to a substrate

HI-TECH USE

ELECTRONICS

[T T VAN

REPROGRAPHICS

Z 7T T VAN

Figure I.1. Uses of dyes and pigments.




Historical Perspectives 3

technology (hi-tech) industries. In most cases, however, novel dyes and pig-
ments are required for these new outlets.

The two most important hi-tech areas as far as colorants are concerned
are the electronics industry and the reprographics industry (Fig. I.1), and
each of these may be subdivided further. In the subsequent discussion par-
ticular emphasis will be given to the reprographics technologies, which are
probably less familiar and have been discussed less than the technology
applications in the electronics area.
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Colorants for Electronics

The age in which we live may well be referred to by future historians as the
electronic age. Silicon chip technology pervades many aspects of our lives
and, as far as one can ascertain, will continue to do so at an ever-increasing
rate. We have already witnessed several examples where electronics tech-
nology has replaced traditional technology. For instance, the switch from

DYES & PIGMENTSJ

WlSCELLANEOUS USES J

TRADITIONAL USE ‘

HI-TECH USE

]TREPROGRAPHICS ’
7T T 1A

ELECTRONICS

Infrared dyes
for
Optical Data Storage

Liquid
crystal
displays

Lasers

Micro
color
filters

Electrochromic
dyes

Nonlinear
optics

Figure II.1. Uses of colorants in the electronics industry.
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6 Part II

conventional watches to digital (electronic) watches and the growth in elec-
tronic toys, including microcomputers, at the expense of conventional toys.
There are many other familiar examples of electronics technology. For
example, electronic calculators, solar cells (used increasingly to power the
calculators), video recorders, laser and light emitting diode (LED) readers
at supermarket checkouts and, more recently, electronic photography. A
number of these new electronics technologies require colorants with special
properties. Occasionally, existing dyes and pigments, specially purified, will
suffice. Usually, however, completely new molecules are required to meet
the challenges presented for colorants in the electronics industry.

The major areas where colorants are required in the electronics industry
are shown in the Fig. II.1. Some of the “older” areas, such as liquid crystal
dyes, laser dyes, and solar cells have been discussed elsewhere' and are
therefore treated only briefly here. However, some of the “newer” areas,
such as nonlinear optics, micro color filters, and electrochromic dyes, are
treated more fully. The use of infrared dyes in optical data storage is dis-
cussed in Chapter 11.

REFERENCES

1. P. F. Gordon and P. Gregory, in: Critical Reviews in Applied Chemistry (J. Griffiths, ed.),
Vol. 7, pp. 81-89, Blackwell, Oxford (1984).



1
Liquid Crystal Dyes

1.1. INTRODUCTION

In recent years liquid crystals have made a significant impact commer-
cially as a result of their application in electro-optical devices such as digital
watches (and clocks), calculators, and instrument display panels, for
example, in cars and airplanes. The main reasons for the success of these
liquid crystal displays are their visual appeal and, more importantly, their
extremely low power consumption, which results in a longer battery life for
portable units. Only the recent advances of incorporating dyes into liquid
crystals are considered in this chapter; for a review of the theory of liquid
crystal displays, references should be consulted.">>*

Liquid crystal displays devoid of dyes are defective in several respects.
For instance, the color contrast is an unsatisfactory gray on dark gray; the
angle of vision is limited, i.e. the display is only visible when the face of the
display is viewed obliquely; and finally, troublesome polarizers are required.

Incorporating suitable dyes into a liquid crystal overcomes the above
disadvantages. Thus, a whole range of highly desirable color contrasts are
possible, including high-contrast black on white, from just three dyes, viz. a
yellow, a red, and a blue; also, the need for polarizers is eliminated and the
angle of vision is widened. Unfortunately, because of the exacting criteria
that must be met, only a few of the enormous number of commercially
available dyes are useful in liquid crystal displays. Dyes for liquid crystal
displays must be (1) non-ionic, (2) soluble in (compatible with) liquid crys-
tals, (3) highly pure (this is not a regular feature of most commercial dyes),
(4) have a high order parameter,' and (5) produce the correct viscosity for
a rapid response rate.

The first three properties are self-explanatory; however, the fourth
requires some explanation. The order parameter of a dye is a measure of
how perfectly a dye molecule aligns itself with the liquid crystal molecules.

7



8 Chapter 1

This parameter is measured on a scale of 0 to 1, where 0 indicates no
alignment and 1 signifies perfect alignment. Ideally, a dye should have an
order parameter of 1, since this gives the best contrast between the “on—off”
states of the liquid crystal device. The on-off states of a liquid crystal are
induced by the presence/absence of an electric field which can be applied to
selected elements of the liquid crystal cell, thus allowing areas of switched
molecules to coexist with areas of unswitched molecules. This, of course,
permits the desired information to be displayed. In one state the rod-like
liquid crystal molecules are aligned parallel to the electrode surfaces of the
liquid crystal device, whereas in the other state they are aligned orthogonally
to the electrode surfaces. (The type of liquid crystals and the nature of the
electrode surfaces determine whether the on state corresponds to a parallel or
orthogonal alignment of molecules; Fig. 1.1). This means that the molecules
undergo a 90° rotation from the x to y axis (or vice versa). Therefore, if a
dye molecule is perfectly aligned, it too will undergo a corresponding change
in direction. Since the dyes used in liquid crystals have their transition dipoles
oriented in just one direction, the light is only absorbed in one of the states,
on or off, i.e., when the transition dipole of the dye lies perpendicular to the

Dye Molecules —
Liquid Crystal Molecules PR —

¢ ¢ ¢ Incident light

1 Electrode

s R oumen i e Y s—

COLORED
| s Y s Y oo |
—1
— FIELD ON
C ] Electrode
i [0 [] i cooress

L —1 Electrode

Figure 1.1. Orientation of dyes in on-off states of a liquid crystal.
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light wave \_Iy

E = amplitude of electric vector

juawow @jodip uoijisuedy

Figure 1.2. Orientation of azo and anthraquinone dyes for maximum absorption of radiation.

direction of propagation of the light source (Fig. 1.2). Thus, a change is
observed from colorless to the color of the dye in the portion of the liquid
crystal device that is switched (Fig. 1.1).

1.2. DYE TYPES

Disperse azo dyes fit these five requirements quite well and it is
not surprising that these dyes have been examined extensively in liquid
crystals.>® It has become apparent that long, “thin” polyazo dyes, such as
the yellow dye (1-1), the orange dye (1-2), and the magenta dye (1-3) have

O
N N
\\
N—< >—
1-1

OC;H,

O
A\
N N
@ \ @
N NMe,
1-2
N N
A\
o Radat
1-3



10 Chapter 1

15 1-6

() NH, 0
O‘O N—CH,CH,CH,NEt,
O NH, ©

1-7

Table 1.1. Typical Anthraquinone Liquid Crystal Dyes

Dye Color Order parameter (E43)

O‘O Yellow 0.80
O
PhS (0] SPh

O‘O Red 0.80

PhS (o) SPh

OH O OH

Bu*
O‘O Blue 0.73
Bu!

NH, O NH,




Liquid Crystal Dyes 11

desirable properties. However, a serious defect of azo dyes, particularly blues
such as (1-4), is their poor photostability: the ideal liquid crystal dyes should
have high photostability, otherwise they will fade too quickly. Consequently,
attention has been switched from azo dyes to anthraquinone dyes, which are
renowned for their high photostability.” Research has rapidly established
that anthraquinone dyes such as the bluish-red (1-5), the blue (1-6), and the
cyan (1-7) fulfill the criteria for liquid crystal dyes, including that of high
photostability. Further research has produced improved dyes with typical
structures such as those shown in Table 1.1.5'

1.3. FUTURE TRENDS

Fluorescent liquid crystal dyes are also being evaluated to improve the
clarity of the display even further. These dyes must not only fulfill the same
requirements as conventional liquid crystal dyes but also exhibit a high
fluorescence efficiency. Perylene diesters such as (1-8) are showing promise as
fluorescent liquid crystal dyes. These dyes have greater stability to ultraviolet
radiation than other perylenedicarboxylic diesters while possessing good
fluorescent properties and satisfactory order parameters.'' The dyes them-
selves absorb radiation in the 450-500 nm region and are therefore orange
in color. The fluorescence arises from energy transfer between the host liquid
crystal cyanobiphenyl molecules (1-9) and the dye. The stimulated host
molecule transfers its energy to the dye molecule which emits it in the 500
550 nm range (green/yellow) (Fig. 1.3).

et
R anRe e

18

(Mixture of 5/8 isomers)

1-9

Chemical modification of the cyan anthraquinone dyes such as (1-7)
has produced near infrared dyes for liquid crystals. Typical dyes are 1-10,
1-11, and 1-12."

More novel uses of dyes in liquid crystals which have not yet been
realized commercially include flat screen televisions (see Chapter 2, Section 2)



12
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Figure 1.3. Excitation and emission spectra of fluorescent liquid crystal dyes.
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and polymeric liquid crystals."’ The latter could be used for very large dis-
plays in environments such as airports, railway stations, and shops, since
the power consumption would be exceptionally low. Liquid crystals are also
being evaluated for write—erase optical data storage (see Chapter 11).

1.4. SUMMARY

Liquid crystal displays are being used more and more in the electronic
age in which we live because of their visual appeal and their extremely low
power consumption. Dyes offer many advantages in liquid crystal displays
and consequently most displays now incorporate dyes. These dyes must
satisfy a number of demanding criteria and it has been found that the anthra-
quinone class provide the best liquid crystal dyes.

Although the market for liquid crystal dyes will grow, it will never be
large in tonnage terms. However, the specialized and ultrapure (anthra-
quinonoid) dyes are likely to command a very high price, so the sales
value could be quite considerable.
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Micro Color Filters

2.1. INTRODUCTION

The field of micro color filters'™ is another expanding area in which
dyes and pigments are being used. A rather unusual aspect of this application
is that the three primary additive colors of red, green, and blue are required.

Normally, it is the three subtractive primary colors of yellow, magenta, and
cyan that are required for most electronics (and reprographics) applications.

Image Sensor

e N

Ccs LC/TFT

Line Sensor Display

(e.g. Flat screen TV)

Figure 2.1. Applications for micro color filters. CS, Crystal shutter; LC/TFT, liquid
crystal/thin film transistor; CCD, Charge Coupled Device.
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The three main applications for micro color filters are shown in Fig.
2.1. Two of these are as sensors in scanning devices to convert colored
graphics or text into digitized information: this enables nonimpact printers
such as ink jet and thermal to produce a full-color hard copy print. They
are therefore essential in devices such as electronic cameras (see Chapter 8,
Section 6.1) and color copiers (see Chapter 7, Section 2.3). The third appli-
cation, namely displays, is perhaps the most glamorous one. Here, color
filters are used in conjunction with liquid crystals, usually twisted nematics,
and thin film transistors (e.g., amorphous silicon) to produce full-color flat
screen displays, such as flat screen televisions.

2.2. FLAT SCREEN TELEVISIONS

A flat screen television has several potential advantages over conven-
tional cathode ray tube televisions. These include low power consumption;
clear pictures, even in daylight; and the simplicity of the principle upon

0.8 - @ Color LCD
0.6 + {J Color CRT
Y
0.4 |
0.2 1T
B
} t ;
0 0.2 0.4 0.6 0.8
X

Figure 2.2. Color coordinates for a liquid crystal display TV and a color cathode ray TV,
in Commission Internationale de I’Eclairage (CIE) color space. R, red; G, green; B, blue; W,
white.
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which it is based. However, all these advantages have not yet been realized.
The screen is relatively dark because approximately only 30% of the incident
light is seen for each primary color of red, green, and blue. To overcome
this problem a fluorescent backlight with strong red, green, and blue emission
is used, but this adds significantly to the power consumption of the device
and therefore offsets one of its main attractions, namely low power
consumption.’ Also, it is proving difficult to produce screens larger than
5cm’. As seen from Fig. 2.2 the color space trichromat of a color liquid
crystal display flat screen television is comparable to that of a typical cathode
ray tube television. This means that it can produce the same gamut of colors.
(For details of the construction and operation of flat screen televisions, see
refs. 1 and 2).

2.3. COLOR FILTER PREPARATION

There are two major ways of making color filters: by a dyeing method
or by a pigment vacuum deposition method. Both use the primary colors
for additive color mixing, namely red, green, and blue, as for conventional
cathode ray tube televisions. This enables flat screen televisions based upon
these color filters to use the same incoming signals as a conventional
television.

2.3.1. Dyeing Method

This is a wet process and uses water-soluble dyes. It is an approach
being pursued by several companies including Toshiba and Sharp. The
simplified process is shown in Fig. 2.3. In the first step, photomicrolithogra-
phy is used to produce the required matrix for the first color, for example,
red. The substance used is normally gelatine or fish glue: this is then dyed
with a water-soluble red dye. The process is repeated twice more to produce
the green and blue color filters, thereby giving the complete matrix of red,
green, and blue (Fig. 2.3a; Fig. 2.3b shows a plan view of the complete
matrix).

The red, green, and blue dyes used must be water-soluble, have the
correct spectral characteristics, and be capable of dyeing the substrate. They
should also have good fastness properties, especially to light. Acid, reactive,
or direct dyes are normally used. Typical dyes are CI Reactive Red 120
(2-1), CI Acid Blue 83 (2-2), CI Acid Yellow 42 (2-3), and CI Direct Blue
86 (2-4). The yellow (2-3) and the blue (2-4) are used to produce the green
dye, owing to the scarcity of suitable homogeneous green dyes.
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Figure 2.3. Dyeing method: Color filter formation process. R, red; G, green; B, blue.
(a) Cross-section and (b) overview of color filter.

2.3.2. Pigment Method

This is a dry method and uses pigments that can be deposited by subli-
mation in vacuo.* Again, photomicrolithography is used to produce the
matrix. In the first step, the photoresist is deposited on the substrate in those
areas in which pigment is not to be deposited permanently. The pigment is
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Figure 2.4. Pigment vacuum evaporation method.

then deposited by vacuum evaporation. Treatment with a solvent such as
MIBK/isopropanol then removes the photoresist (plus the pigment
deposited on it) to give the desired matrix of the pigment. The process is
repeated twice more to give the final matrix of red, green, and blue pigments
(Fig. 2.4).

The advantages of the pigment process lie in its simplicity, the pro-
duction of a thinner color layer (typically 0.5 u vs. 3 u for a dye layer) and
especially the higher durability of pigments relative to dyes to agents such
as light. Canon, among others, seems to be pursuing the pigment approach
to color filters.

Typical pigments are the perylene (2-5) for the red, and copper phthalo-
cyanine (2-6) for the blue. These red and blue pigments are generally satis-
factory but until recently the green pigment posed a problem. Lead
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phthalocyanine (2-7) has been used but it is unsatisfactory in several respects.
Both ICI* and Canon’ have patented octaphenyl copper phthalo-
cyanine (2-8) as a green pigment for color filters. It is claimed to have good
properties.
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Figure 2.5. Desired transmittance spectra.

2.4. SPECTRAL CHARACTERISTICS

The ideal spectral characteristics of colorants for color filters are shown
by Fig. 2.5. As seen from Figs. 2.6-2.8, the spectral curves of the red (2-5),
green (2-7), and blue (2-6) pigments are not ideal. However, they are typical
of what is currently available. The green is still the least satisfactory—it is
too blue. This can be corrected to some extend by adding a small amount
of a yellow pigment. Isoindolines such as (2-9) have been used.
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Figure 2.6. Transmittance spectrum of N,N-dimethyl perylenetetracarboxydiimide on glass.
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Figure 2.7. Transmittance spectrum of octa-4,5-phenyl copper phthalocyanine on glass.

2.5. SUMMARY

Micro color filters are finding increased use in both scanning devices
such as charge coupled devices and in displays such as flat screen televisions.
In contrast to the majority of colorants used in hi-tech applications, color
filters require the three primary additive colors red, green, and blue, not the
three primary subtractive colors yellow, magenta, and cyan.

Two general methods are employed for the preparation of micro color
filters: the dyeing method and the pigment method. The dyeing method is a
wet process using water-soluble dyes whereas the pigment method is a dry
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Figure 2.8. Transmittance spectrum of copper phthalocyanine on glass.

process using a vacuum deposition technique. The higher durability of pig-
ments relative to dyes, especially to light, and the advantages of a dry process
seem to favor the pigment method.
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Laser Dyes

3.1. INTRODUCTION

Laser technology is another area in which organic dyes are beginning
to find application. The first continuous laser was demonstrated in 1961 and
operated in the near infrared spectrum.' Since then, several inorganic lasers
have been developed which emit from the ultraviolet through the visible into
the near and far infrared regions of the electromagnetic spectrum (Fig. 3.1.).
However, the fact that these inorganic lasers emit only at very few specific
wavelengths is an obvious drawback. In contrast, dye lasers cover the entire
visible and near infrared spectrum from <400 nm to 1000 nm and have a

uv visible i ir

HeiCd

NN W HeNe | GaAlAs Nd-YAG COp

325 " 442 488 514 6328 780 830 1060 10,600
400 700 )\ (nm)

Figure 3.1. Inorganic laser emissions. He-Cd, helium-cadmium; Ar, argon ion; He-Ne,
helium-neon; GaAlAs, gallium-aluminum-arsenide; Nd-YAG, neodymium yttrium-aluminum-
garnet; CQO,, carbon dioxide.
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far greater tunability than the inorganic lasers. In contrast to inorganic
lasers, which emit very narrow bands (Fig. 3.1), dye lasers emit a broad
band of radiation. This means that any lasing wavelength, whether narrow
or broad, can be obtained from dye lasers by using appropriate filters (wave-
length selectors). Consequently, dye lasers have become increasingly
popular, especially in the field of Raman spectroscopy.”

3.2. BASIC THEORY

Before describing the dyes used it is worth outlining some basic prin-
ciples of the operation of laser dyes and their properties.** The word laser
is the acronym for light amplification by stimulated emission of radiation.
For an atom or molecule to exhibit stimulated emission, it must be capable
of excitation to one of its excited levels and must have a vacant energy level
of lower energy. Lasing occurs when incident radiation interacts with a
molecule that exists in an excited state, thereby causing (or stimulating) the
molecule to decay by emission of radiation to a lower energy level. The
frequency of the radiation emitted corresponds to the difference in energy
between the two energy levels and is found to be in phase with and to travel
in the same direction as the incident stimulating radiation. The incident
radiation must possess a frequency close to but not necessarily the same as
the emitted radiation to stimulate such an emission.

The problem is, of course, that atoms and molecules prefer to exist in
their ground state (lowest energy level) and so a means has to be found for
promoting a high proportion of them into an appropriate excited state in
preparation for stimulated emission to occur. The situation in which the
molecules exist predominantly in an excited state rather than the ground
state is known as population inversion and is brought about by ‘“‘pumping”
the system with a source of energy. In the case of a dye laser the pump
source is usually another laser.

Unfortunately, a good population inversion is not the only criterion for
a successful laser dye, since once the inversion has been attained, an efficient
decay from the excited state back to the ground state must occur upon
stimulation by the incident light. This means that the dye must be an efficient
fluorescer and must not lose a significant amount of energy by alternative
processes such as nonradiative decay and intersystem crossing.

At this point it might seem that laser dyes offer few benefits: they usually
require a second laser to pump them, and their output is lower than that of
the pump laser, since the overall process is never 100% efficient and losses
are inevitable in practical systems. However, as previously mentioned, the
advantage of laser dyes is their tunability. In practice they are used to convert
the essentially monochromatic output of conventional lasers into a wider
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Figure 3.2. Relationship between pump laser wavelength and dye laser wavelength.
(a) Pump laser wavelength; (b) laser dye absorption curve; (c) laser dye emission curve.

band of laser wavelengths (Fig. 3.2). The pump laser emits a wavelength (a)
coinciding with a point on the absorption curve of the dye (b). This causes
a population inversion, and lasing then occurs from the dye (curve c) corre-
sponding to the fluorescence spectrum of the dye.

Because the laser emission is essentially fluorescence of the dye, the
wavelength of the dye laser is always longer than that of the pump laser.
Wavelength selectors are frequently used to isolate just a portion of the dye
laser output, effectively converting the pump laser output into several bands
of usable (though less intense) wavelengths of laser light. This means that a
rather expensive pump laser can be used to generate a much wider output
of laser light using comparatively inexpensive dyes.

3.3. DYE TYPES

As with textile dyes, where many dyes are required to provide a full
gamut of shades, several laser dyes are needed to cover the whole region of
the electromagnetic spectrum from the ultraviolet to the infrared. Each laser
dye is effective only within a 50-100 nm range. Table 3.1 shows how the
spectrum from 400 to 1000 nm can be covered using typical laser dyes. In
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Table 3.1. Laser Dyes
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Table 3.1. (Continued)
Absorption Lasing

max max
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Et Et

the region from 400 to 500 nm, the carbostyril and fluorescein classes provide
effective laser dyes whereas in the region from 500 to 800 nm, xanthenes and
the structurally related oxazines dominate. Paradoxically, these classes of
dye are among the oldest synthetic dyes and were discovered during the last
century. Cyanine dyes are dominant in the infrared region.

Laser dyes have to be very pure since impurities frequently quench the
laser output.® The dyes are usually dissolved in a very pure solvent such as
water, ethanol, or dimethylformamide, and the choice of solvent can affect
the strength and position of the laser output. The solvent therefore gives a
further parameter for control. Weak dye solutions are generally used (e.g.,
107°~10~* molar), and the dye solution is circulated through a cell upon
which a pump laser is focused. The dyes are circulated to prevent rapid
overheating, which occurs under the intense irradiation, and a method of
cooling is usually incorporated into the circulation system as an extra
precaution.

Improvements that could be made to laser dyes include extending their
range of output and improving their stability. For instance, lifetimes of laser
dyes vary from days to months depending on use. This lack of stability is
hardly surprising since fluorescent dyes have notoriously poor light fastness.

The discovery of fluorescence from a new type of excited state, a twisted
intramolecular change transfer (TICT) state, provides the possibility of
superior laser dyes.” Compounds which form TICT states are different from
conventional laser dyes and have the advantages over existing laser dyes of
(a) increased stability and (b) increased tunability of lasing wavelengths.

3.4. SUMMARY

Laser dyes appear to have established themselves fairly quickly. How-
ever, some improvements could be made, such as extending the range of
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output of the dyes and increasing their stability. The lifetimes of laser dyes
vary between days and months depending on use. This lack of stability is
perhaps not surprising in view of the fact that the fluorescent dyes used as
laser dyes have notoriously poor light fastness on textiles and thus have little
-or no importance as textile dyes.
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Colorants for Nonlinear
Optics

4.1. INTRODUCTION

As the name implies, nonlinear optics'™ is concerned with the interac-
tion of electromagnetic radiation with various media to produce new radi-
ation which is altered in phase, frequency, amplitude, etc., from the incident
radiation. The rapid growth of laser technology (nonlinear optic effects
are only observed with laser light) coupled with the telecommunications
industry’s need for sophisticated optical switching devices required for data
transmission in this computer age has prompted an enormous interest in
nonlinear optical materials.

4.2. NONLINEAR OPTICAL EFFECTS
AND APPLICATIONS

Equation (4.1) is the basic equation governing optical effects in
molecular systems:
P=qE+BE*+yE*+- - (4.1)
where P is the polarization induced in a molecule by a local electric field E.
In macroscopic systems Eq. (4.2) applies. It is the same as Eq. (4.1)
except the coefficients are different.
P=yVE+yPE+yYE+- - 4.2

The first term represents the /inear effects and is associated with the refractive
index. It is the second and higher terms which represent the nonlinear effects.
Of these, the most important for practical applications is the second-order

33
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Table 4.1. Electric Susceptibility Functions y®, Terminology Used for the Effect,
and Known Applications

Susceptibility Effect Application
2%0; 0, —0) Optical rectification Hybrid bistable device
1?(~0; 0,0) Electro-optic (Pockels) effect Modulators

Variable phase
retarders
12(-20; 0, ©) Frequency doubling Harmonic generation
1P(—a0; 0., Oy) Frequency mixing Parametric amplifiers

L.R. up convertors

term, BE*. There are several nonlinear optical effects (Table 4.1) but the
phenomenon known as frequency doubling is potentially the most important.

The frequency doubling effect whereby the incident radiation is con-
verted to radiation of double the frequency is especially useful in both
telecommunications and optical data storage. For example, in telecommuni-
cations the most efficient way to transmit data is by using infrared laser
radiation, for example, 1200 nm, produced by an indium-phosphorus laser
diode, along optical fibers.* However, detection of this long wavelength
radiation is inefficient. In contrast, visible radiation is much easier to detect
but is an inefficient transmitter of data. Consequently, an important use of
nonlinear optical materials would be to convert the infrared radiation to
visible radiation by frequency doubling, thus enabling easier detection of the
signals (Fig. 4.1).

Transmission Detection

NLOm m >
A

f 2f
\ ~ 1200 nm ) ~ 600 nm
(Infrared) (Visible (red) light)

Figure 4.1. Frequency doubling effect for optical communications.
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Figure 4.2. Frequency doubling effect for optical data storage.

The second important area for frequency doubling is optical data
storage. Currently, semiconductor lasers which emit in the near infrared at
780 nm are used to write and then read the information (see Chapter 11,
Section 4.3.2). Doubling the frequency of this infrared radiation would pro-
duce near ultraviolet radiation at 390 nm (Fig. 4.2). Since the wavelength is
inversely proportional to the energy of the radiation (Eq. 4.3), the laser
radiation at 390 nm has a wavelength four times less than that at 780 nm,
thus enabling four times more information to be recorded on a given area
of optical disc.

E=% (4.3)

where E=Energy, h=Planck’s constant, c=Velocity of light, A=
Wavelength.

4.3. MOLECULAR POLARIZABILITY

Molecules capable of high polarizability (hyperpolarizability) give the
best nonlinear optical effects. Organic molecules such as 4-1, which have
delocalized pi-electrons and which contain both donor (D) and acceptor (A)
groups, have the largest § values. The relationship between hyperpolariz-
ability and some nonlinear optical effects is shown in Fig. 4.3.
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Molecules with extremely high hyperpolarizabilities (high B values) are
known. However, these do not necessarily produce large nonlinear optical
effects. To produce large nonlinear optical effects, the molecules need to be
aligned correctly: in other words, they must align themselves in the macro-
scopic world in such a way that the individual effects of the molecules do
not cancel each other out (Fig. 4.4). For example, the molecules must crys-
tallize in a noncentrosymmetric fashion if the crystal is to show significant
nonlinear optical effects.

4.4. NONLINEAR OPTICAL MOLECULES

Thus far we have seen that certain molecules can interact with electro-
magnetic radiation to produce nonlinear optical effects and that molecules
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Figure 4.4. Importance of molecular alignment on nonlinear optical (NLO) effects. (a)
Individual molecule—high polarizability ; (b) centrosymmetric—no NLO effect; (c) noncentro-
symmetric—high NLO effect.

with high hyperpolarizabilities are best for this purpose. In order for the
effect to be realized practically, the molecules must align themselves correctly
in the macroscopic state, i.e. in a noncentrosymmetric arrangement. We will
now consider the kind of molecules which give the best nonlinear optical
effects and the reasons for this.

Both organic and inorganic molecules can display nonlinear optical
properties (Fig. 4.5). Theoretically, organic molecules are capable of produc-
ing the largest effects. Molecules containing a delocalized pi-electron system
with asymmetrical charge distribution exhibit very large B values. The largest
B values are obtained for molecules containing substituents that lead to low-
lying charge transfer resonance states: for example, molecules containing a
powerful electron-withdrawing group such as nitro conjugated to a powerful
electron-donating group such as amino. The length of the conjugated path
is also important. Thus, a para substituted isomer is the most effective non-
linear optical material followed by the ortho isomer. The meta isomer, for
which corresponding charge transfer states are not possible, is the least
effective nonlinear material (Fig. 4.6 and Table 4.2).

It is possible to use molecular orbital techniques to calculate the f values
of molecules and hence their hyperpolarizabilities. Such calculations indicate
that extending the conjugation between donor and acceptor groups should
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produce molecules with large S values. This is the case experimentally
(Table 4.3).

Molecular orbital calculations indicate that merocyanine dyes such as
4-2 should have large B values. Indeed, a noncentrosymmetric crystal con-
taining the related dye (4-3) has one of the largest known ¥® values.

Table 4.2. Experimental Values of B for Various
Nitroanilines as well as Nitrobenzene and Aniline

ﬂexp X 1030
Compound [esu] Baaa Per
H,N~<_=_>-No2 345 34 196

@ 10.2 1.7 10.9

HzN‘@ 6 33 4
OzNO 22 — —
Q NHz 1.1 — —_

“ Also listed are the additive contribution f,44 determined from summing the
values for aniline and nitrobenzene and the charge-transfer contribution
Pcr determined by the two-level model.
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Table 4.3. Theoretical and Experimental B Values for a Series of
Benzene and Stilbene Derivatives

ﬁCT 1% 1030 ﬁcxp X 1030
Compound [esu] [esu]

OzN@Nﬂz 19 345
02N O
CH;
Q A\ Q N] 383 450
CH,

MOLECULAR ALIGNMENT

Although the organic dyes referred to above have extremely high

values this potential is not realized practically because the molecules do not
align themselves correctly in the macroscopic state. Hence, many of the
values cancel each other out (Fig. 4.4b). One of the major challenges there-
fore is to obtain media (crystals, liquids, or polymers) in which the molecules

arc

correctly aligned to express their high S values to the fullest extent (Fig.

4.4c). Unlike the S values, which can be calculated theoretically, it is not
possible to either predict or calculate whether molecules will form noncentro-
symmetrical crystals. Experimentation is currently the only reliable method
available.
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Table 4.4. Relative Harmonic Intensity (a Measure of
the f-Value)

Crystalline powder Rel. harmonic intensity
i
NH,—C—NH, 1.0 (0.13)
CH;,3
0O,N NH, 22.0 (3.0)
44
OZN@N
> 160.0 (21.8)
OH
45

* Chiral center.

Several approaches are being tried to achieve the desired molecular
alignment

Incorporation of bulky substituents: for example, a methyl group in
para-nitroaniline to give 2-methyl-4-nitroaniline (MNA) (4-4) (Table 4.4).
Use of bulky counter ions in charged molecules: for example, metho-

sulfate in the dye 4-3 (Table 4.5).
Introduction of chiral centers: for example, the molecule 4-5 (Table 4.4).

Table 4.5. Harmonic Intensity (Relative to m-Nitroaniline)

Crystalline powder Relative harmonic intensity

44

m-Nitroaniline 1

MNA 3
43
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Figure 4.7. Schematic of imparting C,,v symmetry (polar axis, isotropic perpendicular to
the polar axis) to an isotropic medium containing permanent dipoles with an external electrical

field E.

Molecularly aligned polymers: for example, heating a polymer to just
above its glass-transition temperature, T, and then cooling in the presence

of an external field (Fig. 4.7).
Molecularly aligned polymers: for example, doping a polymeric liquid

crystal with a nonlinear optical material and then applying an electric field
(Fig. 4.8).

HCy
HeC/ 2
2% DANS
I C|:H3 i i CH3 ]
—1 CH2—|C CH2—"C
|
C=0 C=0
| l
OR! OR?
L Jdm L dn

R'= —(Chblg— o@ coo@ CN
= —(CHp)g— o@-coo@ OCHz

m=0.5
n=0.5
Figure 4.8. Components of a molecularly doped liquid-crystalline polymer film oriented
by an external field and which exhibited large second harmonic generation (SHG). m=0.5,
n=0.5.
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Field-induced alignment of quasicrystalline dye aggregates: for example,

photolysis of the colorless spiran dye (4-6) in solution to form the cationic
dye (4-7) and application of an electric field.

o
O %
N\ 0 O NO, O N NO,

((,:Hz)z (\(I:HZ)Z
0 o]
¢=o ¢=o
¢ ¢
H:¢” SCH, e SCH,
4-6 4-7

Langmuir-Blodgett techniques: for example, deposition of controlled
molecular monolayers.

Of all these techniques, the most promising are the molecularly doped
polymers with electric field alignment and Langmuir-Blodgett techniques.

4.6. SUMMARY

Nonlinear optical effects offer important advances in several areas,
especially telecommunications and optical data storage. Inorganic and par-
ticularly organic materials having high polarizability (hyperpolarizability)
are capable of exhibiting exceptionally high nonlinear optical effects on a
molecular level; the problem lies in reproducing these effects on a macro-
scopic level. Several techniques are being evaluated to align the individual
molecules to reinforce rather than cancel the individual nonlinear optical
effects. The most promising are molecularly doped polymers and Langmuir-
Blodgett techniques.
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Solar Cells

5.1. INTRODUCTION

The energy output from the sun is enormous; it has been estimated at
3.8 x 10°* W." The amount of energy that falls on the earth’s surface in clear
weather, with the sun at its zenith, is approximately 1 kWm ™. Nature has
been harnessing this energy for millions of years using photosynthesis to
convert the radiant energy into chemical energy. With the recent energy
crises and the controversies over nuclear power, it is hardly surprising that
serious efforts are now being made to convert solar energy into electrical
energy.

5.2. PHOTOSYNTHESIS MIMICS

One obvious approach to the conversion of solar energy is to mimic
nature’s photosynthetic process. In photosynthesis it is the green pigment
chlorophyll (5-1) which utilizes solar energy to synthesize carbohydrates

== R

Me_/ \Et

Rl

R =Me (chlorophyll a)
R =CHO (chlorophyll b)

Me Me
. R3
CO,Me O
CO,CyHso 5.2

51 R'—R*=alkyl, aryl
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Al

Porphyrin ‘ Au
Figure 5.1. A typical solar cell based upon a porphyrin.

from water and carbon dioxide. Chlorophyll is a porphyrin, and considerable
work is being done in synthesizing porphyrins (5-2) as chemicals for con-
verting solar energy into electrical energy.”” For example, Kampas and co-
workers* have produced cells based on porphyrins with efficiencies up to 1%
(Fig. 5.1).

Another group of workers>® has been investigating solar cells based
upon merocyanine dyes, such as 5-3, and phthalocyanine pigments, such as
5-4; the latter are close synthetic analogues of porphyrins. A typical cell

ALO Interfacial
.................................... layer

Figure 5.2. A photocell based upon an organic dye.
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consists of a dye sandwiched between very thin layers of aluminum/alumi-
num oxide and gold. Although the mechanism is not fully understood, it is
known that light shining through the transparent layers of aluminum oxide
is absorbed by the dye which becomes excited and emits electrons. These
migrate to vacant sites in the aluminum surface by way of a complex transfer
process which is assisted by electronegative dopants such as iodine. The
process creates a voltage across the middle layer (Fig. 5.2). Again, the
efficiency of the photocell is low (0.31%).

5.3. MISCELLANEOUS COLORANTS

Several major dyestuff companies are also showing an interest in using
colorants in solar cells. These include BASF’ (mainly perylenetetracarboxy-
diimides) (5-5) and Bayer®® [coumarins (5-6) and 4-aminoanthrimides (5-
7)]. Shell, and in particular, the Agency of Industrial Science and Technology
(Japan), has several patents on merocyanine dyes'’; Teijin'' has a patent
on polymeric fluorescent dyes; and Fraunhofer'” has one on the perylene
pigments disclosed by BASF. BASF" also has patents on metal complex
phenalenes (5-8).
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[
0 ) X o Yo H
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5.4. LUMINESCENT SOLAR CELLS

Dyes are also being used to improve the efficiency of conventional
silicon cells. Silicon cells are of low efficiency (15%-20%) because they utilize
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Figure 5.3. Solid line: the AM1 solar spectrum as a function of wavelength; AM1=one
standard air-mass screening of the solar radiation; Broken line: the spectral response for a
silicon solar cell.

only a part of the solar radiation—unfortunately the low energy (near ir)
radiation (Fig. 5.3). The cell is not sensitive to the higher energy near ultra-
violet and blue radiation which is therefore wasted. If this high energy radi-
ation could be collected and converted efficiently into the longer wavelength
(low energy) radiation to which a silicon cell is most sensitive, then the
efficiency of the cell should be enhanced greatly. In theory this is possible
by using dyes that absorb the ultraviolet and blue radiation and re-emit it
at longer wavelengths, viz. fluorescent dyes. In practice the dye would be
present in a thin sheet of glass or plastic whose faces and edges are all
mirrored to channel the emitted radiation to the edge of the sheet containing
the silicon cells. A practical arrangement of the so-called luminescent solar
cell'* is shown in Fig. 5.4.

Existing dyes do not satisfy the exacting criteria required. The highly
fluorescent dyes available, such as fluorescein (5-9) and Rhodamine 6GP (5-
10), have poor photostability and only a small Stokes shift, i.e., the difference
between the absorbed and emitted radiation is too small (Fig. 5.5a).
Although several dyes could be used in series (Fig. 5.6), this creates
additional problems.
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Figure 5.4. Design for a luminescent solar collector.
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Figure 5.5. The absorption (solid line) and emission (broken line) spectra for (a) Rhoda-

mine B, (b) the tris complex of 2,2'-bipyridyl with Ru (II).
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A different approach to increase the energy separation between the
absorbed and emitted radiation is to utilize phosphorescence rather than
fluorescence.'* Phosphorescence is the emission of light from the lower
energy excited triplet state, Ty, rather than from the excited singlet state, S;,
as is the case for fluorescence. Phosphorescence is therefore of much longer
wavelength than the absorption band (Fig. 5.7). However, it is a spin-for-
bidden process and occurs either rarely or not at all in dyes. Heavy metals
promote phosphorescence by increasing spin-orbit coupling and, indeed, in
ruthenium(II) complexes of 2,2"-bipyridyl, for example, 5-11, the Stokes
shift is much larger than for the fluorescent dyes (Fig. 5.5b). However,
the compounds have lower extinction coefficients than the dyes (15,000 vs.
100,000) and lower quantum efficiencies (0.3-0.5 vs. 0.6-1.0). Therefore,
although these complexes represent a major step forward, the problem is by
no means solved.

Absorption-
emission

\ L AA
NA L NA
NA

N —

Figure 5.6. A multistack system. The dye in each layer absorbs a particular range of
wavelengths (unshaded curves). The solar cells at the edge of each plate can be matched to the
emitted light (shaded curves).
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5.5. APPLICATIONS

Typical uses of solar cells are for powering low energy devices such as
liquid crystal displays and traffic lights. Future uses could include the large
scale generation of electricity using ground-based solar cells.

5.6. SUMMARY

The recent energy crises coupled with the unpopularity of nuclear power
has stimulated the quest for alternative, clean, safe energy supplies. Solar
cells offer such an opportunity. The energy output from the sun is enormous
and nature already harnesses this energy via photosynthesis. Attempts to
mimic photosynthesis by using chemicals closely related to chlorophyll such
as phthalocyanines constitutes one approach. However, the efficiency of
most solar cells, including those based on silicon, is very low and needs to
be improved for them to make a real impact. Luminescent solar cells,
although at an embryonic stage, look attractive because they harness more
of the electromagnetic spectrum than conventional solar cells.
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Electrochromic Dyes

6.1. INTRODUCTION

Electrochromic dyes are those that undergo a color change with electri-
cal energy. Electricity may cause the color change directly, as in dyes for
electrochromic displays, or indirectly, as for dyes for electrochromic printing.

6.2. ELECTROCHROMIC DISPLAYS

The principle here is that colorless bis-cationic molecules such as para-
quat derivatives are reduced electrochemically to the colored radical cation.
For electrochromic displays, the colored radical cation is deposited at an
electrode. The basic process is depicted by Eq. (6.1).

+ + +e - T \+e
R—N/ N/ —R = R—N — N—R 6.1)
J— —_ —e R JR—

Colorless Colored (purple)

Paraquat is where R=Me

The problem has been to overcome aging. Aging is the phenomenon
whereby repeated switching of the display, which is absolutely necessary
for practical display devices, causes the deposited molecules to eventually
crystallize and thereby inhibit the reverse (oxidation) process. Thus, di-
heptylviologen (6-1), the most commonly used viologen in experimental
electrochromic display rigs, can stand only 5000-10,000 oxidation-reduction
cycles.' By introducing steric hindrance and asymmetry into the molecules
to inhibit crystallization, Barltrop and Jackson have improved the aging
properties of viologens.” One of the best compounds is 6-2, which gives at
least 20,000 cycles without aging.
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The work to date has been done primarily by academic researchers
although it is obviously being pursued further by IBM.' Indeed, IBM has
also patented the use of di-phthalocyanines in electrochromic displays.’
Nippon Chemical Industries also has two patents on dyes for electrochromic
displays, although these cover the isomeric 2,2’-bipyridyl system (6-3).°

6-3
n=0,1,2

It is fascinating that close analogues of powerful weedkillers such as
paraquat should be finding use in a totally nonrelated, high-technology
application.

6.3. ELECTROCHROMIC PRINTING

These dyes used in electrochromic printing’ are the same as the colorless
leuco dyes used in thermal printing (see Chapter 8, Section 2) except that
they have been acylated. The dyes are incorporated into a moist paper,
together with sodium bromide; electrical oxidation converts the bromide ion
to bromine and the latter then oxidizes the leuco dye to the dye proper
(Eq. 6.2).

Leuco dye Leuco dye Dye
s s = 6.2)
Br- Br, Br~

Dyes are available which cover the complete gamut of shades from
yellow (6-4) to red (6-5) to blue (6-6).
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The leuco dyes are converted into basic dyes such as Methylene Blue (6-7;
Eq. 6.3). Consequently, they will have poor light fastness on paper. There-
fore, electrochromic printing will have to compete at the cheap end of the
market, i.e., that dominated by thermal and pressure-sensitive printing.

HO,S
o
N N
. —— 1L
(CH3):N S N(CH3), (CHs):N S ﬁ(CHs)z
6-6 6-7

(6.3)

IBM is the most active company in electrochromic printing, having
published several recent patents.® Other companies also showing an interest
include Matsushita’ and Nippon Telegraph and Telephone.®

It is difficult to see any great merit in electrochromic printing, since the
acyl leuco dyes will be more expensive than the conventional leuco dyes used
in thermal printing (because of the additional acylation step), a moist paper
is required, and the fastness properties will be low.

6.4. SUMMARY

Electrochromic dyes are of two types: those used in electrochromic
displays and those used in electrochromic printing. In electrochromic dis-
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plays the dyes are the colored radical cations formed by electrical reduction
of a noncolored bis-cationic compound. The dyes in electrochromic printing
are usually acylated leuco dyes. These are present in a moist paper containing
bromide ions. Electricity oxidizes the bromide to bromine which then effects
oxidation of the leuco dye to the dye proper.
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Colorants for
Reprographics

Reprography is defined as that area of imaging science lying between conven-
tional photography and conventional printing. Chemicals for reprography
is one of the fastest growing areas (ca. 24% per annum) and represents an
extremely large, multimillion dollar market. Electrophotography, perhaps
more familiar as photocopying and laser/light emitting diode printing, is by
far the most important reprographics technology. Thermography and ink-
jet printing are other important areas where colorants are used (Fig. I11.1).
Some of the newer technologies such as ion deposition and magnetography
are still in their infancy. Others, such as photoactive pigment electrophoresis,
have been around for some time but have yet to be commercialized. All
these technologies are discussed in the following chapters with particular
emphasis on the three major technologies of electrophotography, thermog-
raphy, and ink-jet.
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Figure IIL.1. Major reprographics technologies.
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Electrophotography

7.1. INTRODUCTION

Most people have probably never heard of electrophotography, yet it
is by far the biggest of all the reprographics technologies. These seemingly
inconsistent statements make sense only when it is realized that electro-
photography comprises the two very familiar and ubiquitous technologies
of photocopying and laser/LED (light emitting diode) printing.

Until recently, virtually all photocopiers and laser printers produced
only black images. This is beginning to change with the introduction of color
copiers and printers by several major companies. A further development is
the appearance of “intelligent copiers” which combine the dual functions of
photocopying and printing.

Both photocopying and laser printing are well established in the market-
place. A related technology which has yet to establish itself is photoactive
pigment electrophoresis (PAPE), also known as photoelectrophoretic (PEP)
imaging. This technology combines the principles of electrophotography and
electrophoresis. Its attraction is that it can, in theory, produce a full-colored
copy by a one-pass process, thus making full-color copying a faster and
simpler process.

All these technologies are discussed below, with particular emphasis on
the role that organic colorants play in the processes. Some special effects,
such as nonphotocopiable documents, photomicrolithography, prepress
proofing, and transfer printing toners are also discussed.

We consider first the basic photocopying and laser/LED printing
processes.

7.2. PHOTOCOPYING AND LASER/LIGHT EMITTING
DIODE PRINTING PROCESSES

Both photocopiers and laser/LED printers use electrophotographic
processes to produce an image. Not surprisingly, therefore, there is a great
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deal of similarity in the photocopying and laser printing processes. However,
there are also some key differences. The major difference as far as the end
user is concerned is that photocopiers produce only copies of an original
document whereas laser/LED printers produce the original document by
printing text and/or graphics, usually from a computer or word processor.
It also follows that laser printers, unlike photocopiers, have to interface with
a computer. Differences in the actual processes are explained later.

7.2.1. Photocopying Process

As the name implies, electrophotography involves the interaction of
light energy with (static) electricity to produce an image. The basic photo-
copying process is best described in six steps' (Fig. 7.1):

b e e e e e s a6 e s
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(4) Transfer o B
(5} Fix i T 0909090 . Fuse to paper
(6) Clean .

Figure 7.1. The photocopying process using inorganic photoconductors.
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1. The photoconductive surface, usually a drum or a belt, is given
a uniform electrostatic charge. This is positive for most inorganic
photoconductors (the process described) and negative for organic
photoconductors (OPCs).

2. The charged drum or belt is exposed to the subject using white light
to produce a latent electrostatic image on the photoconductor.

3. The latent electrostatic image is developed by oppositely charged
toner particles.

4. The developed image is transferred to a substrate, usually paper.

The image is fixed by heat, usually by a hot roller.

6. Finally, the photoconductor undergoes a cleaning step to make it
ready for the next copy.

bl

The photoconductor is normally charged to a voltage of 500-1000 V
using a corona discharge. Most inorganic photoconductors, such as selenium
and its alloys, are charged positive since they function more efficiently with
a positive charge. In contrast, OPCs function more efficiently with a negative
charge.

As the name suggests, a photoconductor is a conductor of electricity in
the presence of light: in the dark, it is an insulator. In the imaging step, the
document to be copied is illuminated with white light: where there is no
print, the light is reflected on to the photoconductor and causes the electro-
static charge to be dissipated. In contrast, where there is print (usually
black), the light is absorbed and little or no light reaches the photoconductor.
Hence, the electrostatic charge remains intact. Thus, after step 2 there is a
latent electrostatic image of the document on the photoconductor.

This latent image is rendered visible by development. The most common
developer is a dry two-component developer which consists of carrier par-
ticles and smaller toner particles. These are agitated in the machine so that
they develop triboelectric (static) charges (see Section 7.5). For copiers based
on inorganic photoconductors such as selenium, the toner particles develop
a negative charge and are held to the surface of the carrier, which develops
a positive charge, by a weak electrostatic attraction. The developer is then
brushed or cascaded over the surface or the photoconductor: in areas where
an electrostatic charge remains, the toner particles are plucked from the
carrier surface because the attraction between the positively charged photo-
conductor and the toner particles is greater than the weak attraction between
the toner particles and the carrier. At this point, there is a visible toned
image of the original document on the photoconductor.

The fourth step simply involves transferring this image from the photo-
conductor to the substrate, usually plain paper. This is normally done by
applying an electrical potential at the back of the paper of opposite charge
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to the toner particles. (This potential would be positive in the case of copiers
based on inorganic photoconductors.)

The fifth step is that of fixing the image to the paper. This is achieved
by a heat treatment which melts the toner resin (see Section 7.5) and fuses
it to the paper. It is also the reason why copies are warm when they emerge
from a photocopier.

The final step involves cleaning the photoconductor to make it ready
for the next copying cycle. This is normally done by exposing it to light to
remove any residual electrical charge and by removing any excess toner with
a doctor blade.

The process for photocopiers based on OPCs comprises the same six
steps as discussed above. The only difference is that the OPC has a negative
rather than positive charge.” Obviously, the toner particles need to be posi-
tively charged (Fig. 7.2).
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Figure 7.2. The photocopying process using OPCs.
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7.2.2. Laser/Light Emitting Diode Printing Process

The laser printing process can also be described in six steps (Fig. 7.3).
As in photocopying, the first step involves giving the photoconductor drum
or belt a uniform electrostatic charge, shown as negative in Fig. 7.3 (step 1).
The second step, the write step, is a complete contrast to the exposure step
of photocopying. In the write step, a laser is used to write on the charged
photoconductor drum the information stored in the printer’s memory.
Printers normally store a whole page of information in an all-points address-
able manner so that text and/or graphics can be printed. At the points where
the laser radiation hits the charged photoconductor, the charge is dissipated.
This means that the image to be printed has a zero electrostatic charge but
the background area remains charged (step 2). This is a complete reversal
of the situation in conventional photocopying, in which the image to be

1. Charge

Laser

2Write 0 e e e e - e o - —

3. Develop

4, Transfer

6. Clean Q TN

Figure 7.3. The laser/LED printing process (using an OPC).
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copied remains charged whereas the background area has zero charge
(see Section 7.2.1).

The third step is the development step. Here, the developer uses a toner
which has the same electrical charge as the photoconductor, in this case
negative, so that it is repelled from the negatively charged background into
the uncharged image areas (step 3). This technique of development using a
toner that has the same electric charge as the photoconductor is termed
reverse development. Again, this step is different from the development step
in conventional photocopying.

The fourth, fifth, and sixth steps of transferring the developed image
from the photoconductor to the final paper substrate, fixing it by heat, and
cleaning the photoconductor are the same as in photocopying.

The first commercial laser printer was the Xerox 1200, introduced in
the early 1970s.® Today, there are many laser printers on the market ranging
in price from $2000 to greater than $250,000.*

The Xerox 1200 used an array of flashlamps as the light source. Other
light sources such as the cathode ray tube have also been used, but, as the
name implies, all the current laser printers use lasers as the light source.
Until recently the continuous wave gas lasers were used, for example, the
helium-neon laser (632.8 nm) used in the IBM 3800 and the helium-cadmium
laser (325 and 442 nm). These gas lasers were used because their light output
matched the spectral sensitivity of the available photoconductors, i.e. arsenic
triselenide and blue OPCs for the helium-neon laser and selenium for the
helium-cadmium laser, and because they have a reasonable power output.
However, continuous wave gas lasers are relatively large and inefficient and
require acousto-optic modulators to digitize the beam.’

The solid state semiconductor lasers such as the gallium-aluminum-
arsenide laser are used in the new generation of laser printers. They are very
small (transistor size), very efficient, and can be current modulated. They
emit in the near infrared (780-830 nm) with a lower output power than the
gas lasers. Consequently, they require OPCs having a spectral response in
the near infrared. Although several of these are now available’ (see Section
7.4.3), there is a need for OPCs with improved sensitivity since this could
be a limiting factor in the search for even faster laser printers. For example,
in the IBM 3800 the laser energy is 2.5 mW and the dot exposure time is
62.5nS so that the exposure energy on the photoconductor is only
1.4x10"°Jem ™2,

Laser/LED printing has become important because it has combined a
well-established technology (electrophotography) with a rapidly emerging
technology (semiconductor lasers) to produce printers which are fast (8-250
pages per minute), high quality (up to 600 lines per inch), quiet, and produce
both text and graphics. Laser/LED printing is the fastest growing area in
reprographics. It has been estimated that the laser printing market will grow
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from $600 million in 1985 to $8000 million in 1990.° Continuing improve-
ments in laser technology and in OPCs will result in even better laser printers
which means that laser printers will be a dominant force in page printers for
some considerable time.

7.2.3. Color Copying Process

Colored copying’ can either be monochrome (one color other than
black) or full color. With monochrome copying, the process is almost ident-
ical to that already described for conventional black copying: the only
difference is that the carbon black used as the pigment for a black toner is
replaced by a dye or pigment of the appropriate color for a colored toner.
These dyes and pigments are discussed in Section 7.5.3. The actual copying
process for a full-color copy is much more complex than that for a mono-
chrome copy and is described briefly below.

In theory, any color can be obtained by the use of three primary colors.
For the subtractive color mixing used in the photocopying process the three
primary colors are yellow, magenta, and cyan. Thus, the first requirement
for full-color copying is having yellow, magenta, and cyan toners. The next
requirement is having photoconductors that are sensitive to red, green, and
blue light. This may be achieved by using a single panchromatic photo-
conductor or three different photoconductors. Here, OPCs are utilized
increasingly because of the ability to fine tune their properties, including
spectral sensitivity (see Section 7.4.3).

As in conventional monochrome copying, the first step is to give the
photoconductor a uniform electrostatic charge. The colored document to be
copied is then exposed to blue light (by using a blue filter). As seen from
Fig. 7.4 blue light is absorbed by the color yellow; therefore, the yellow
parts of the document do not reflect any of the blue light on to the photocon-
ductor and so the charge remains intact in the areas of the photoconductor
corresponding to the yellow areas of the document. The same is true of the
black part of the document, since black absorbs all visible radiation. In
contrast, the magenta and cyan areas of the document will reflect the blue

| 1

Y M c Blue Green Red

| " i i >
)}
400 700 400 500 600 700

Figure 7.4. Absorption curves of the yellow-magenta-cyan (YMC) trichromat and the
complementary spectral colors.
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Figure 7.5. Principle of full-color photocopying.

light on to the photoconductor and dissipate the charge (Fig. 7.5a). The
latent electrostatic image on the photoconductor is then developed with a
yellow toner (yellow being the complementary color to blue) (Fig. 7.5b) and
the developed image is transferred to paper (Fig. 7.5¢).

The document is then illuminated with green light. In this case, the
magenta and black portions of the document absorb the green light and
the yellow and cyan portions reflect it (see Fig. 7.4). The resulting latent
electrostatic image (Fig. 7.5d) is developed with a magenta toner (magenta
being the complementary color to green) (Fig. 7.5¢), and the developed
image is transferred to paper (Fig. 7.5f).

Finally, the document is exposed to red light. Here, the cyan and black
parts of the document absorb the red light; the yellow and magenta areas
reflect it on to the photoconductor. The resultant latent electrostatic image
(Fig. 7.5g) is developed with a cyan toner (cyan being the complementary
color to red) (Fig. 7.5h), and the image transferred to paper (Fig. 7.51).

The latest generation of color copiers, such as Canon’s Color Laser
Copier, are based on semiconductor lasers. The process is somewhat different
than the conventional color copying process described above. In a color
laser copier, light scans the original document and is reflected on to a charge
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coupled device (CCD) line sensor. The 5000 CCDs which make up the array
are grouped into units of red, green, and blue filters (see Chapter 2, Section
3). Each filter screens out two colors, allowing only light of the filter color
to reach the sensor. The CCD converts the light into a digital signal which
is sent to the copier printing unit. A semiconductor laser then writes the
digitized data on the photoconductor. The resulting electrostatic image is
then developed with a toner and transferred to paper. The process is carried
out four times, one each for the yellow, magenta, cyan, and black toners, to
produce the full-color copy. The image is then fused to the paper.® Laser
copiers still require a four-pass process but the digitized image allows easy
electronic manipulation such as image enlargement or reduction. Also, a
photoconductor sensitive to the 780 nm radiation emitted by the semicon-
ductor laser is required rather than a panchromatic photoconductor as for
conventional color copiers (see Section 7.4).

Full-color copying is a complex process that results in a number of
associated technical problems. Some of these are machine problems, such as
keeping the photoconductor and paper in register during the three passes
(expose—develop-transfer) ; some involve the photoconductor; some involve
the charge control agent, (CCA) (see Section 7.5.2); and some involve the
dyes and pigments used in the colored toners (see Section 7.5.3). All are being
addressed with some degree of success. For example, a recent innovation by
Colorocs’ is to use an intermediate transfer belt upon which the three color
images are superimposed before final transfer to the paper followed by
fusion. This is considered to improve the registration of the image.

Color copying is receiving increasing attention from the traditional
major players such as Xerox and Canon as well as many others, including
Eastman-Kodak (Color Edge), Colorocs, Ricoh, Sharp, and Toshiba.

7.3. KEY CHEMICAL COMPONENTS

As is evident from Section 7.2 the two key chemical components for
both photocopying and laser/LED printing are the photoconductor and the
toner. The photoconductor is a chemical or combination of chemicals which
makes the whole electrophotographic process work. It can be either an
inorganic-based material such as selenium or an OPC. With OPCs, one of
the chemicals, the charge generating material, is normally colored. The other
chemical, the charge transport material, is normally noncolored.

The toner is the chemical that produces the final visible image on the
paper. It is usually black but, as already mentioned, color is also becoming
more evident. The toner always contains a colorant. It normally contains a
CCA also. This is typically a dye in the case of black toners. The inter-
relationships described above are illustrated in Fig. 7.6.
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Figure 7.6. Interrelationships between key consumables and chemicals in photocopying
and laser/LED printing. CGM, charge generating material; CTM, charge transport material.

The two key chemical components, namely the photoconductors and
the toners, used in both photocopiers and laser/LED printers, are discussed
in more detail below.

7.4. PHOTOCONDUCTORS

Photoconductors may be divided conveniently into inorganic photocon-
ductors and OPCs. However, certain properties apply to all photoconductors
and these are discussed first.

7.4.1. General Features

The spectral response or spectral sensitivity of a photoconductor is a
parameter of paramount importance. It determines both the radiation source
with which the photoconductor is compatible and, in the case of photo-
copiers, the color of print which can be copied.
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Figure 7.7. Emissions of lasers/LEDs and white light.

Photocopiers use white light as the radiation source. White light com-
prises the radiation spanning the whole of the visible spectrum, i.e. from 400
to 700 nm (Fig. 7.7). In contrast, laser/LED printers use radiation of a
wavelength specific to the laser or LED being used. As mentioned earlier
the older laser printers used gas lasers such as helium-cadmium, argon ion,
and helium-neon, all of which emit in the UV/visible region (Fig. 7.7).
However, the new generation of laser printers use the solid state semi-
conductor lasers such as the gallium-aluminum-arsenide laser which emits
in the near infrared at 780 nm. LEDs emit in the red region at 630—660 nm
(Fig. 7.7).

The ideal spectral sensitivity of a photoconductor for copiers is 400
700 nm to match the white light source. As seen from Fig. 7.8, which shows
the spectral response of inorganic photoconductors, this is not always poss-
ible in practice. Selenium has no sensitivity beyond 600 nm. Selenium/
tellurium alloys are better, as are cadmium sulphide and especially arsenic
triselenide. Indeed arsenic triselenide is the best panchromatic inorganic
photoconductor, having good sensitivity across the whole of the visible
spectrum.

In copying black print, especially where the colorant is carbon black,
photoconductors with limited spectral sensitivity, such as selenium, perform
satisfactorily. However, problems occur when colored print has to be copied.
Thus, colors that absorb radiation outside the sensitivity range of the photo-
conductor will not be copied. In the case of selenium, this applies to blue
and cyan colors since these absorb in the red region of the visible spectrum
(Fig. 7.9).
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Figure 7.8. Spectral sensitivities of some inorganic photoconductors. Se, selenium;
Se/Te, selenium/tellurium; CdS, cadmium sulfide; As,Se;, arsenic triselenide; ZnO, zinc oxide
(sensitized) ; a-Si, amorphous silicon.
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Figure 7.9. Spectral sensitivity of selenium photoconductor and absorption curve of blue/
cyan dyes.
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Figure 7.10. Spectral sensitivity of a typical red OPC.

One of the major advantages of OPCs is the ability to fine tune their
receptiveness to light of almost any wavelength. Red OPCs are commonly
employed for white light copiers. Red pigments have maximum absorption
at the middle of the visible spectrum (550 nm), so they provide maximum
spectral sensitivity across the visible spectrum (Fig. 7.10). (The spectral
response of a charge generating material is very similar to its absorption
curve.)

For the new generation of laser/LED printers the photoconductors
have to match the outputs of these devices. These occur in the near infrared
at 780 nm for the lasers and the red at 630-660 nm for the LEDs. OPCs fit
these requirements best. Indeed, some OPCs, especially phthalocyanines such
as X-form metal-free phthalocyanine*, are ideally suited for both lasers and
LED:s, since the spectral response matches the output of both devices (Fig.
7.11). The spectral sensitivity of the photoconductor is also important in
designing nonphotocopiable paper (see Section 7.7.1).

* X-Form metal-free phthalocyanine, also known as the tau-form, is one of three metastable

polymorphs; the other two are alpha, the least stable polymorph, and gamma. The beta form
is the most stable polymorph.



72 Chapter 7

Spectral Sensitivity

LED Laser

700 >\
400

Figure 7.11. Spectral sensitivity of X-form metal-free phthalocyanine.
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Figure 7.12. Test cycle for a potential OPC.
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In addition to spectral sensitivity, there are four other important
parameters for a photoconductor:

1. Charge acceptance (Va)
VA - VD
2. Dark decay V. x 100

A
3. Sensitivity (photodischarge) (t;2 x I)
4. Residual potential (RP)

These four basic parameters are measured for any potential photoconductor,
usually by using the Kawaguchi Electrostatic Paper Analyser, model SP 428
(see Fig. 7.12).

Charge acceptance (V,) is the electrical potential in volts of the photo-
conductor surface after exposure to a corotron (a corona enclosed on three
sides with metal plates) for a certain time period (usually 10 sec in a test
machine). A high charge acceptance is desirable since this results in a better
electrical contrast between the charged and uncharged areas in the latent
electrostatic image, and leads to better print quality.

The dark decay measures the insulating properties of the photocon-
ductor in the dark. It is normally expressed as a percentage (Eq. 7.1). Ideally
it should be as low as possible.

Dark Decay = KéV—VD x 100 (7.1)

A

The photodischarge sensitivity measures the amount of radiation that
is needed to discharge the photoconductor. The photodischarge sensitivity
should be as high as possible. In other words, a minimum amount of energy
should be able to discharge the photoconductor. High sensitivity is especially
important in high speed copiers and printers. The sensitivity in lux-sec is the
light energy (intensity X time) required to reduce the surface voltage to half
its value (Eq. 7.2). The sensitivities of commercial photoconductors range
from about 0.5 to 10 lux-sec.

Sensitivity = #1,, X [ (7.2)
I = light intensity (lux)

t1,2 = time taken to reduce ¥p to ¥p/2 (in seconds)

Figure 7.13 shows the evolution of photoconductor sensitivity.'® There
are several noteworthy features. The first is the enormous overall improve-
ment in sensitivity. As expected, this was particularly marked during the



74 Chapter 7
1
I
Cds AS§93
Se Se-Te OPCV
P / SefPVK OPCIV
E 10% 1= oPCII o
E Zno|
(7]
Z
)
1}
= OPCII
é 104 | _|
[
OPCI
S
106 |
1939 1940 1960 1970 1980

S Carlson’s sulfur plates

Se First selenium plates and drums, Xerox

Se-Te Tellurium-doped selenium, Xerox

Se/PVK Selenium overcoated with PVK, Matsushita, Minolta

AsSey Arsenic triselenide, Xerox

Cds Cadmium sulphide in binder, overcoated with insulator, Canon

ZnOl| Zinc oxide in binder, RCA

Znoll Zinc oxide, strongly sensitized, Konishiroku

OPCI Anthracene, Battelle

OPCII Elfasol plate, Kalle Co, Germany

OPCI Il PVK/TNF, IBM Copier Il

OPC IV Organic photoconductor IBM Il see Table 7-1

OPCV Organic photoconductor Kodak Ektaprint

Figure 7.13. Evolution of photosensitivity of photoconductors.

early period of development. Thus, from 1939 to 1959 the sensitivity
improved by a factor of 10,000! During the next 20 years the sensitivity only
improved by a factor of 100. The second feature is the step change that
occurred in switching from the early photoconductors, such as Carlson’s
sulfur plates and anthracene (OPC I), used at the Battelle Institute, to the
selenium family of photoconductors. Finally, there is the steadily improving
performance of the organic photoconductors which now rival and even
surpass the best inorganic photoconductors in terms of sensitivity.
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As the name implies, the residual potential (RP) is the electrical poten-
tial that remains after exposure of the photoconductor to radiation. Ideally,
it should be zero. The measurement is normally taken at 10t,, (Fig. 7.12).

7.4.2. Inorganic Photoconductors

Selenium is the most widely used inorganic photoconductor. It may be
used alone; as an alloy with other materials (notably tellurium); or as a
chemical compound, as in arsenic triselenide. Other inorganic materials also
function as photoconductors. The most important commercial materials are
cadmium sulphide and dye-sensitized zinc oxide. More recently, amorphous
silicon has also been employed.

Inorganic photoconductors were the first photoconductors to find wide-
spread commercial use. In fact, until the mid-1980s inorganic photocon-
ductors dominated the photocopying market due to a number of attractive
properties: they can be fabricated as a single layer on a drum, have a long
life (100,000-500,000 copies), have good abrasion resistance (are robust),
and have good photoconductive properties. However, they also have a
number of important limitations:

1. Toxicity: Selenium, arsenic, cadmium, and tellurium are toxic, and
special precautions have to be taken in the manufacture, use, and
disposal of these types of photoconductors.

2. Wastage during manufacture: Selenium photoconductor units are
made batchwise, resulting in a 30%-40% scrap rate.

3. Limited spectral sensitivity : They are generally unsuitable for infrared
laser imaging (Fig. 7.8).

4. Unsuitability for high speed copiers: This is due to their lack of flexi-
bility in belt form.

It is for these reasons that the use of selenium-based and indeed other
inorganic-based photoconductors is declining.'*"!

The only other area of inorganic photoconductors in which considerable
research is being done is amorphous silicon. However, this is very high
technology including plasma deposition and many problems are encoun-
tered.'> Nonetheless, Canon use an amorphous silicon photoconductor in
their 7550 machine."

7.4.3. Organic Photoconductors

Because of the deficiencies of inorganic photoconductors, tremendous
efforts are being made to design photoconductors that are superior to
selenium and the other inorganic-based photoconductors. The bulk of this
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Figure 7.14. Trends in OPCs and inorganic photoconductors.

effort is being directed toward OPCs.'®'"'*!* Activity is so intense that more
than 3000 patents have already been filed on OPCs. Indeed, over 600 relevant
patents appeared in one year (1983).'® Most of the patents are Japanese,
with the three leading companies being Canon, Ricoh, and Konishiroku. As
seen from Fig. 7.14, this increased activity is reflected in the marketplace
where greater than 50% of copiers and printers are now based on OPCs, and
this trend is continuing apace."’

The lure of OPCs is the virtually unlimited number of structures that
can be synthesized and tailored for optimum performance. OPCs can be
designed to be nontoxic, although the earlier ones, such as polyvinylcarba-
zole-trinitrofluorenone (PVK-TNF), were Ames positive because of the trini-
troflurenone moiety. In addition, they can be designed to have the correct
spectral sensitivity. Furthermore, OPCs are more cost effective and are easier
to manufacture than inorganic photoconductors. OPCs also have high flexi-
bility in belt form and are therefore suitable for high speed copiers and
printers.

The pioneer of electrophotography, Chester F. Carlson, originally used
organic materials such as anthracene as the photoconductor.'® Anthracene
is a planar organic molecule with a system of delocalized pi-electrons. This
description also applies to most dyes and pigments and therefore it is not
surprising that all the OPCs in use today are based upon dyes or especially

pigments.
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Figure 7.15. Construction of a typical OPC.
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OPC:s are rarely single compounds and tend to be a composite of what
is called a charge generating layer and a charge transport layer. Indeed,
virtually every commercial OPC is of this dual layer type (Fig. 7.15).

Figure 7.15 shows the most common arrangement of an OPC.'° The
base substrate is electrically conducting and is either an aluminum drum or
aluminized polyester film (for belts). Next is a thin charge generation layer,
typically 0.1-3.0 u, comprising the charge generating material dispersed in a
polymeric binder, usually a polycarbonate (e.g. LEXAN 141). In some cases
a very thin (e.g. 0.1 u) subbing layer is applied to the aluminum to improve
the adhesion of the charge generating layer. The top coat consists of a much
thicker charge transport layer, typically between 10 and 30 g, containing the
charge transport material in a binder, usually polycarbonate.

The charge generating materials in the charge generating layer are
invariably pigments, and the charge transport materials in the charge trans-
port layer are electron-rich organic compounds which are usually noncolored
or only slightly colored (e.g. pale yellow).

A variety of organic pigments have been used for charge generation
including polyazos, perylene tetracarboxy diimides, polycyclic quinones,
phthalocyanines, squariliums, and thiapyryliums'® (see Tables 7.1 and 7.2
for structures). The pigments used as photoconductors must be extremely
pure and possess the correct morphology, otherwise their performance is
impaired. For example, traces of impurities can alter deleteriously the photo-
conductive characteristics of a compound. In some cases, the pigments are
purified by sublimation whereas in others a less expensive crystallization
treatment is possible. The crystallinity of a pigment and its particle size are
often important parameters in determining OPC performance.

The charge transport materials are p-type semiconductors (these trans-
port a positive hole), the main types being aryl hydrazones, pyrazolines,
stilbenes, leuco di- and tri-phenylmethanes, aminoaryl heterocycles, and
highly conjugated arylamines.'® Obtaining a good charge transport material
necessitates a trade-off between good OPC performance on the one hand
and good environmental stability, especially to light and aerial oxidation,
on the other hand.
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In general, a particular combination of charge generating and charge
transport material works best. Some examples of such optimum combi-
nations are shown in Tables 7.1 and 7.2. Table 7.1 shows typical OPCs for
white light copiers and Table 7.2 shows typical combinations for laser/LED
printers.

7.4.4. Photoconductive Mechanism

How do photoconductors work? In step 2 of both the photocopying
process”>** (Figs. 7.1 and 7.2) and the laser/LED printing process** (Fig.
7.3), the electrostatic charge disappears as if by magic when it is struck by
radiation. How this occurs in an OPC is shown by Fig. 7.16.

Radiation, which can be either reflected white light in the photocopying
process or laser radiation for laser printers, upon hitting the OPC, passes
through the transparent charge transport layer (hence the need for a non-
colored charge transport material) and hits the opaque (colored) charge
generating layer. The charge generating material absorbs the radiation and
in doing so ejects an electron to form a transient ion-pair complex. The
conductive aluminum substrate is held at a positive potential and attracts
the electron to earth. This leaves a positive hole, i.e. a positively charged
pigment molecule. This positive hole then migrates to the charge generating/
charge transport material interface attracted by the negative potential at the
surface of the OPC: any defects in the charge generating material crystallinity

CTL

CGL +J
G G G G G G
J/// +ve Earth

Figure 7.16. The photoconductive mechanism for an OPC. G, charge generating molecule;
T, charge transport molecule.
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hinders this hole transport by a trapping mechanism. Hence, the need for
high purity, high crystallinity pigments as charge generating materials. At
the interface, an adjacent charge transport material molecule donates an
electron to the positive hole to regenerate the neutral pigment molecule and,
at the same time, form a positive hole in the charge transport layer. This
explains why charge transport materials need to donate an electron easily.
In other words, they must have low ionization potentials and be easily
oxidized. The positive hole is then transported to the surface by a hopping
mechanism, attracted by the negative charge. Once at the surface, it neutral-
izes the negative charge.

Inorganic photoconductors function in a similar way except in this case
it is an electron, not a positive hole, that has to be transported to the surface
(to neutralize the positive charge). For single layer photoconductors a single
material has to perform the dual functions of charge generation and charge
transport. However, some inorganic photoconductors have dual layer struc-
tures like the organic photoconductors—one layer for charge generation and
one for charge transport.

Alithough OPCs are becoming increasingly popular and have several
advantages over inorganic photoconductors, they do have one defect,
namely their shorter lifetime. Typical inorganic photoconductors produce
100,000--500,000 copies. In contrast, the current OPCs only produce 10,000
copies. In practice, this is not a serious drawback. Several manufacturers
make disposable cartridges for copiers and printers. These contain sufficient
materials to produce 10,000 copies. After that, they are discarded and a new
cartridge inserted. An aftermarket has also developed whereby only the OPC
drum is discarded, not the entire cartridge. In machines using belts, the belt
automatically moves to a new portion after 10,000 copies have been pro-
duced, so that 100,000 copies can be made by using a belt of the appropriate
length. There is little doubt that the intense research activity on OPCs will
continually produce improved products.

7.5. TONERS

The toner is the second key component of electrophotography. As
described in Section 7.2, toner is the material that produces the final, visible
image on the paper. It is the dye or pigment used as the colorant that
produces the observed color. However, colorants are also used in toners for
producing effects other than color. For example, they may be used as CCAs
for controlling the electrostatic charge on toner particles. The main types of
toners, their preparation and some basic properties, are described below,
followed by a discussion of CCAs. Special effect toners, such as transfer
printing toners, are discussed in Section 7.7.4.
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7.5.1. General Features

Toners may be either dry or liquid. Dry toners may be subdivided
further into two-component and monocomponent toners, and the latter may
be magnetic or nonmagnetic (Fig. 7.17).

At present, dry toners are by far the most important commercially,
especially dry two-component toners. Dry toners have larger particle sizes
than liquid toners, typically 10-25 y compared with less than 1 y for liquid
toners. The quality produced by dry toners is adequate for most applications,
including the current full-color copiers, but liquid toners are normally used
when very high resolution is required, as in prepress proofing.

The dry two-component toner system is still the most ubiquitous,
although dry monocomponent toners are becoming increasingly important.
A dry two-component toner system is composed of toner particles and much
larger carrier particles. A mixture of the two is known as a developer. This
system was used to illustrate both the photocopying and laser/LED printing
processes (Section 7.2).

In monocomponent magnetic toners the carrier and toner are essentially
combined into one particle. Ideally, the core consists of the magnetic carrier
material such as iron, steel, or magnetite coated with a matrix containing
the resin, colorant, and other additives such as surfactants and CCAs. How-
ever, in practice it is more like a “plum pudding” whereby several magnetic
particles are dispersed in the resin matrix (Fig. 7.18). A monocomponent
nonmagnetic toner is like a magnetic toner but devoid of the magnetic
material.

Toner particles are composed mainly of resin: the other three ingredi-
ents are the pigment, which is usually carbon black, an antioffset wax, and
the CCA (Fig. 7.19). The resins must have low softening points (typically

TONER
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magnetic nonmagnetic

Figure 7.17. Main types of toner.
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Magnetic material

Resin

\
Colorant

Figure 7.18. Typical monocomponent magnetic toner.

Developer
1 .
[ |
Carrier Toner
Resin 90%
Pigment 8%
CCA 2%
50-5001m 10-25m
-~95% 5%

T

Figure 7.19. Dry two-component developer for use with copiers using inorganic
photoconductors.

60-70°C) but high melt viscosities in order to facilitate the final fusion step
to the paper, and they must be good insulators in order to accommodate an
electrostatic charge. Styrene-acrylic resins, such as styrene-n-butyl methacry-
late, are by far the most important resins, accounting for about 80% of the
toner resins used. Polyester resins are the other important resins.

Dry toners can be prepared by a number of methods including suspen-
sion polymerization of a pigmented monomer, but the most widely used
method remains hot melt kneading followed by grinding and classification.
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In the hot melt kneading process the ingredients are premixed and then hot
melt kneaded at 150-200°C. The melt is cooled, crushed, and ground, usually
by jet milling, and toner particles of the desired particle size (10-25 u) are
obtained by classifying (Fig. 7.19). The toner is then made into a developer
by adding a carrier (usually iron, steel, or ferrite) and the suitability of the
toner is assessed by measuring its triboelectric charge using the so-called
“Blow-Off” test.”® The triboelectric charge is expressed as microcoulombs
per gram (uCg ") : typical values are 10-40 uCg~". If the triboelectric charge
is satisfactory, then the ultimate test is to use the toner in a machine to
produce copies: this can involve running as many as 50,000 copies continu-
ously. In the machine test, properties such as toner usage, solid area density,
resolution, and background density (fogging) are assessed.

Basically, liquid toners consist of a dispersion of the toner particles in an
insulating liquid. The toner particles may be the colorant itself, the colorant
containing a binder such as linseed oil or an alkyd resin, or toner particles
similar to the dry toners containing a binder resin and other additives such
as charge control agents.”” The insulating liquid, which must not dissolve the
toner particles, is usually a hydrocarbon from petroleum distillates. Isopar G
and Isopar H are typical liquids.”’ The electrical charge on toner particles
dispersed in a liquid depends upon parameters such as zeta potential rather
than triboelectric effects. The emergence of color copiers (Section 7.2.3)
coupled with the Landa technology®® (which essentially uses a gel rather
than a liquid) is expanding the viability of liquid toners.

7.5.2. Charge Control Agents

A CCA is a chemical that imparts and regulates the electrostatic charge
on a toner particle. It ensures that the toner particles acquire the correct
level of triboelectric (static) charge, i.e. that the charge is neither too high
nor too low, and it keeps the charge constant over long periods of time.
This produces high quality copies with very sharp, distinct images (black or
colored) on a pure white background. Without a CCA, poor quality copies
result, viz. less distinct images on a fogged (gray) background. Most people
are probably unfamiliar with CCAs, because they are a relatively new dis-
covery and most of the information on them is contained in the patent
literature.

CCAs are used primarily in the most important type of toner, the
dry two-component toner, but are also used in monocomponent and liquid
toners.”>** As noted above, dry two-component toners (developers) consist
of carrier particles and much smaller toner particles. The developer is agi-
tated in the photocopier machine, causing both the carrier particles and the
toner particles to develop electrostatic charges; this results in the toner
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particles forming a monolayer on the carrier surface (Figs. 7.1-7.3). In
practice, a nonideal, incomplete surface layer is formed. Whether the toner
particles are positively charged and the carrier particles negatively charged
or vice versa depends on the materials used for the toner and carrier. Also,
whether negatively charged or positively charged toners are required depends
upon both the photoconductor (organic or inorganic) and the process (copy-
ing or printing) (Section 7.2).

7.5.2.1. Negative Charge Control Agents

The two common groups in organic chemistry that carry an inherent
negative charge are the sulfonic acid group and the carboxylic acid group.
Therefore, it is hardly surprising that many organic molecules containing
either sulfonic acid*' or carboxylic acid groups,* or derivatives of these
groups,* have been evaluated as negative CCAs. Generally, however, they
are unsatisfactory. This is probably because the negative charge is localized
on the oxygen atoms, which results in an ionic group in the molecule and
hinders dispersibility in the toner resin. In contrast, 2: 1 chromium complex
azo dyes (7-1), devoid of sulfonic acid or carboxylic acid groups, have been
found to be excellent negative CCAs.* Here, the molecule contains a unit
negative charge which is delocalized throughout the pi-electron system of
the whole molecule. Such dyes exhibit good compatibility with the toner
resin. Apparently, this discovery was made by accident. A black metal com-
plex dye was incorporated into a toner containing carbon black in an attempt
to modify the shade. Instead, the quality of the copies produced by that
toner were so superior to those to which no dye had been added that it was
obvious that some unique effect had been discovered!

ke
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CI Acid Black 63 (7-2), which was marketed by Orient Chemical Indus-
tries as BONTRON 831, is typical of the early 2:1 chromium complex azo
dyes which function as negative CCAs. However, this compound has two
major defects: it is reported to be mutagenic (Ames positive)*’ and has
only borderline thermal stability. Therefore, it has been withdrawn from the
marketplace.

A recent paper implicates the nitro group as the causative agent both
for the low thermal stability and the reported mutagenic response. Therefore,
it is hardly surprising that subsequent CCAs, which are claimed to be non-
mutagenic and have higher thermal stability, are generally devoid of nitro
groups. For example, BONTRON $32 (7-3) contains a sulfonamido group
and BONTRON S34 (7-4), which has a chlorine atom and is one of the
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current market leaders. A patent to ICI* claims the use of analogous cobalt
(III) complexes as negative CCAs. Indeed, CCA 5 (7-5) is now on the
market.

An alternative approach adopted by Hodogaya is to use more pigmen-
tary type materials as CCAs. True pigments, because of their extreme insolu-
bility, are generally nonmutagenic, even if they contain nitro groups (see
Chapter 12). Accordingly, Hodogaya’s SPILON Black TRH (7-6) is a 2:1
chromium complex azo pigment containing several nitro groups based on a
BON-acid anilide coupler. It is claimed to be Ames negative.”®
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Only a few dyes and pigments are good CCAs. From the many types
examined, the best negative CCAs are the 2:1 chromium (IIT) or cobalt
(IIT) complexes of 1-phenylazo-2-naphthols (7-7) devoid of ionizable groups.
Even analogous dyes from the isomeric 2-phenylazo-1-naphthol system
(7-8) perform poorly as CCAs.*

Although the structure of the dye is the single most important parameter
affecting its performance as a CCA, other parameters are also important
(Table 7.3). These include the properties of the counter-ion. In conventional

Table 7.3. Important Parameters Affecting CCA Performance

Parameter Requirement
Dye structure [Dye]” M~
Counter-ion properties High mobility/compatability enhancement
Thermal stability High, for processing at 150-200°C
Solubility (in toner resin) Low
Inorganics Na*, Cl~,...) Low
Water Low
Particle size Small

Morphology Crystalline
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_cr” M*

2-Phenylazo-1-naphthol
(poor)

7-8

textile dyes, the counter-ion is normally the sodium ion (Na™) but the best
counter-ion for CCA performance has been found to be the hydrogen ion
(H™").* This is because it enhances the compatibility of the dye with the
resin but primarily because it is small and highly mobile (see Section 7.5.2.5).

The thermal stability of the dye must be high and its solubility in the
toner resin must be low. These two parameters obviously depend directly
upon the dye structure. Further, the dyes must have low levels of inorganic
ions, such as sodium and chloride, and water. Particle size and morphology
are also important: small crystalline particles are preferable.

7.5.2.2. Positive Charge Control Agents

Positive CCAs are becoming more important as the number of photo-
copying machines using OPCs instead of selenium is increasing. Just as
negative CCAs are molecules containing an inherent negative charge, posi-
tive CCAs are chemicals that generally contain a positive charge.

Nigrosine dyes are the most important type of positive CCA. They are
claimed extensively in patents as positive CCAs.* Nigrosines are dark blue
to black dyes formed by heating nitrobenzene, nitrophenol, or nitrocresol
with aniline, aniline hydrochloride, and iron.*® As such, they are a mixture
of various compounds, especially phenazines. The major component is prob-
ably of the formula (7-9).' Nigrosine oleate is one of the preferred positive
CCA:s.

Other classes of cationic dyes containing a delocalized positive charge
have also been claimed as positive CCAs. The blue triphenylmethane dye
(7-10) is typical.”
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7.5.2.3. Noncolored Charge Control Agents

The 2:1 chromium complex negative CCAs and the nigrosine positive
CCAs described above are highly colored compounds. As such, they are
useless as CCAs for the colored toners used for color copying, since these
use bright yellow, magenta, and cyan pigments and the presence of a dull,
intensely colored CCA would obviously destroy the bright colors of the
pigments. Instead, noncolored CCAs have to be used. Again, noncolored
negative CCAs and noncolored positive CCAs are required.

As mentioned earlier, organic molecules containing sulfonic acid or
carboxylic acid groups, such as the surfactant type molecule (7-11), are
generally poor CCAs. Good noncolored negative CCAs have been obtained
by making noncolored analogues of the 2:1 chromium complex azo dyes.
This is achieved by making the chromium complex of an aromatic ortho-
hydroxy carboxylic acid. Typical examples are BONTRON E81°* (7-12) and
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BONTRON E82 (7-13).”* These complexes are essentially noncolored and
are used as CCAs in colored toners.
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The bulk of the work on noncolored positive CCAs is based on com-
pounds having a quaternary nitrogen atom. The quaternary nitrogen atom
may be attached to four hydrocarbon radicals, as in (7-14), or may form
part of a cyclic structure, as in (7-15).
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Xerox has been particularly active in this area and has a number of
patents on quaternary ammonium compounds of type (7-14)°° and on pyri-
dinium and picolinium compounds of type (7-15),” such as cetyl pyridinium
chloride (7-16). Compounds having an aromatic ring, such as (7-16), are
generally better CCAs.
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In general, the noncolored CCAs are not as effective as their colored
counterparts such as BONTRON S34 and nigrosine.

7.5.2.4. Polymeric Charge Control Agents

Polymeric CCAs are currently being evaluated. The concept here is that
a polymeric CCA will be more compatible with the toner resin. There are
two basic types: one in which a conventional CCA is attached to a polymer
by ionic bonds and one where the polymer itself is the CCA. A typical
example of the former type is given by (7-17). Here, a 2: 1 chromium complex
azo CCA, having a proton as the counter-ion, is mixed with an amino
containing polymer such as dimethylaminoethylmethacrylate. The proton
forms a salt with the amino group and this results in the anionic dye residue
being held to the polymer by an ionic bond.”’

(0] /Me (0] Jr/Me_
N + [Dye] H* —
3 Me
R a R H n

[Dye] H* =2:1 Chromium complex azo dye

There are many examples of the second type where polymers are
chemically modified to produce polymeric CCAs. These include nitration,*®
acylation,59 and quaternization.®

7.5.2.5. Mode of Action

It is not really known how CCAs work. Indeed, the subject has been
treated as a “black art.” However, the following tentative ideas may have
some relevance. The process described is for negative CCAs but applies
equally well to positive CCAs.

Triboelectric effects are a surface phenomenon. The charging process
of the developer probably involves transfer of the CCA counter-ion at the
surface of the toner to the surface of the carrier during contact between the
particles (Fig. 7.20a). The toner particles would then become negatively
charged because of the CCA anions and the carrier positively charged
because of the protons. This mechanism also explains why certain 2:1
chromium (III) or cobalt (IIT) complex azo dyes that have a proton as the
counter-ion are particularly effective CCAs: (1) A proton, being the smallest
counter-ion, is highly mobile; and (2) the single negative charge in the dye
anion is delocalized over an extremely large pi-system, resulting in an easy
removal of the proton. .

The presence of aggregates of the CCA at the surface of the toner
(probably associated with the carbon black) means that the toner will always
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Figure 7.20. Mode of action of CCAs. a: Charging process. b: Toner action.

have a certain minimum level of negative charge. Repeated contact of the
toner and carrier particles will cause further negative charge buildup at
the surface of the toner devoid of CCA (it should be remembered that the
resins used are chosen because they charge triboelectrically), but this will be
limited by the centers of negative charge due to the CCA (repulsion of like
charges). CCAs not at the surface of the toner would have no effect
(Fig. 7.20b).%

This simple picture does explain how a CCA could prevent the charge
on a toner particle from being too low or too high. Some evidence that
CCAs moderate the charge in this way is that removal of the CCA from the
surface of the toner (by leaching with brine containing a dispersing agent)
causes a dramatic drop in the triboelectric charge of the toner.*®

Research on CCAs, especially noncolored CCA:s, is still ongoing. Two
events are driving this research. One is the move away from chromium-
based CCAs because of the fear of forming free chromium VI, a reportedly
carcinogenic chemical. Indeed, Canon and Aunyx have contested a law suit
on the safety of chromium containing CCAs. The second event is the emerg-
ence of color copiers. The colored toners in these machines require different
CCAs than those normally used in conventional black toners. For example,
they must be either noncolored or have a similar color to the yellow,
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magenta, and cyan colorants used in colored toners. Organotin® and
organoiron® complexes are among those being studied.

7.5.3. Colored Toners

At present, color copying is in its infancy. Colored toners probably
account for less than 1% of the total toner market but this situation is
expected to change within the next few years.”’ Two factors will fuel the
increased use of colored toners: (1) the increasing use of color in the graphic
arts and Computer Aided Design and Computer Aided Modelling (CAD/
CAM); and (2) the increasing number of primary publications using color.
The colored toners will not be restricted solely to photocopying, but will
also be used in electrostatic printing (see Chapter 10, Section 2) and the
newer technologies such as photoactive pigment electrophotoresis (see
Section 7.6). However, the swing toward colored copying will never be as
large as that which occurred in conventional photography (>90% of total
film sales are now for colored films rather than black and white),* since one
of the major uses of photocopying is the copying of documents, books,
journals, etc., which employ predominantly black print.

The colorants used in colored toners may be either dyes or pigments.
Both dyes and pigments have been patented for use in colored toners but the
commercial colored toners generally use pigments. Pigments are preferred
because they display higher fastness to light and heat than dyes. One of the
practical advantages of this characteristic is that the colored pigment does
not bleed during the final heat fusion step of the toner to the paper. In
contrast, dyes bleed from the toner resin, especially at the fusion step, which
results in a loss of resolution of the copy.®’

An advantage that dyes possess over pigments is that they dissolve in
the toner resins to give highly colored, transparent toner particles. For high
quality color copying it is essential that the toner particles be as transparent
as possible, since many of the colors of a copy are made up by a combination
of two or more of the three primary colors overlaid upon each other.*® For
example, a black is obtained by having the cyan toner particles on top of
the magenta toner particles, which, in turn, are on top of the yellow toner
particles (Fig. 7.5i). If the toner particles are opaque, then only the color of
the top toner particles would be observed, in this case cyan. Indeed, the
main reason for the sequence of operations shown in Fig. 7.5 is that the
yellow pigment is the least transparent and is therefore deposited first,
whereas the cyan pigment is the most transparent and is therefore deposited
last.®®

Typically, the yellow pigments used in colored toners are benzidine
disazos such as CI Pigment Yellow 12 (7-18)® or, less commonly, monoazo
yellows such as CI Pigment Yellow 1 (7-19).*” The magenta pigments are
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normally quinacridones such as CI Pigment Red 122 (7-20)% or, less com-
monly, Rhodamine lakes such as CI Pigment Violet 1 (7-21).° The cyan
pigments are invariably copper phthalocyanines such as CI Pigment Blue
15:1 (7-22).%7°

Most of the dyes used in colored toners belong to the same chemical
classes as the pigments. Thus, the yellow dyes tend to be azos, such as the
azopyrazolone CI Solvent Yellow 16 (7-23)"" and the azopyridone (7-24),”
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or azamethines such as CI Disperse Yellow 164.” The magentas tend to be
Rhodamine bases such as CI Solvent Red 49 (7-25)" or anthrapyridones
such as CI Solvent Red 52 (7-26).” The cyans are again copper phthalo-
cyanines such as CI Solvent Blue 25 (7-27°" and 7-28""). Anthraquinones,
such as CI Solvent Blue 111 (7-29),”® are also used as cyans.
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The fact that the yellow, magenta, and cyan dyes and pigments belong
to different chemical classes poses another problem: that of triboelectric
charge control. Different chemical classes of colorants display different
triboelectric charging properties, from strongly positive through neutral to
strongly negative” (Fig. 7.21). Nigrosine dyes impart the highest positive
charge to a toner and 2:1 azo chromium dye complexes impart the highest
negative charge, which is why these dyes are used as positive and negative
CCAs, respectively (Section 7.5.2). CCAs are required to regulate the
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Figure 7.21. Effect of the incorporated pigments on the triboelectric charge of the test
toners. Broken line indicates the charge of the pure resin.

electrostatic charge on the colored toner particles but, as stressed in Section
7.5.2, these now have to be noncolored so as not to interfere with the bright
yellow, magenta, and cyan colors of the colorants.

Canon and Xerox are the two major companies that were the first on
the market with colored copiers and, as might be expected, it is these two
companies that hold the most patents on colored toners. Other companies
with patents in this area include Ricoh,”"* Hitachi Chemical,” Sumitomo,®'
Eastman-Kodak,** and Oce.® Most of these companies have also introduced
color copiers into the marketplace.

Because of the problems outlined above, plus the major problem of the
slowness of the process arising from the fact that three or four passes are
required (it currently takes about 12 sec for a full-color copy of an A4 size
document), it is unlikely that the electrophotographic process outlined above
will ever dominate the market for full-color copying. However, the related
technology of PAPE (see Section 7.6) and Mead’s CYCOLOR process (see
Chapter 8, Section 4) could play a major role in full-color copying.
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7.6. PHOTOACTIVE PIGMENT ELECTROPHORESIS

PAPE is closely related to conventional electrophotography. The
phenomenon was discovered by workers at the Xerox Corporation in the
late 1960s***° and has been studied thoroughly since, mainly by Xerox.
PAPE has attracted considerable attention because, in theory, it is ideally
suited to one-pass full-color photocopying.

7.6.1. Basic Process

The PAPE process combines the principles of photoactive pigment
particles, conventional liquid electrophotography, and electrophoresis. It

— Blocking electrode ™
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Figure 7.22. Principle of PAPE. *The blocking electrode has an insulating layer to prevent
particle oscillation by continual charge exchange at the same electrode.™
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depends upon the fact that the photoactive pigment particles, when dispersed
in a highly insulating liquid, undergo a reversal of electric charge upon
irradiation with light.

A simplified version of the apparatus for PAPE is shown in Fig. 7.22.
It consists of a dispersion of a finely divided photoactive pigment in an
insulating liquid which is sandwiched between two electrodes, a transparent
electrode, and a blocking electrode. In the earlier work the trans-
parent electrode (also called the injecting electrode) was NESA glass (glass
coated with a thin layer of tin oxide) and the blocking electrode was baryta
paper.”’ In later work, polyester film (e.g. Mylar) was used as the trans-
parent electrode and a chromium-plated aluminum drum as the blocking
electrode.®

The pigment particles in such a situation acquire an electrical charge,
shown as negative in Fig. 7.22a, because of the contact potential generated
between the solid and the liquid.* An electrical field is applied across the
electrodes such that the transparent electrode is positively charged and the
blocking electrode is negatively charged. In this situation the negatively
charged pigment particles are attracted to the positively charged transparent
electrode as shown in Fig. 7.22a. Light is now shone through an image (e.g.
a transparency) onto the transparent electrode. In those regions where the
light passes through the image and the transparent electrode, it hits the
pigment particles and causes a reversal of the charge on the particles from
negative to positive. These positively charged particles are repelled from the
positively charged transparent electrode and migrate to the negatively
charged blocking electrode. Those particles not hit by light remain at the
transparent electrode forming a positive image of the original. A negative
image is formed on the blocking electrode (Fig. 7.22b).

7.6.2. Full-Color Process

As mentioned earlier, the main attraction of PAPE is its potential for
producing one-pass full-color photocopying. Full-color copying by conven-
tional electrophotography requires at least three passes (Section 7.2.3). To
achieve one-pass full-color copying requires the use of three photoactive
pigments, namely yellow, magenta, and cyan. Ideally, the pigments should
have sharp absorption curves so that each pigment is only sensitive to the
radiation of its complementary color. For instance, the yellow pigment
should only be sensitive to blue radiation, the magenta pigment to only
green radiation, and the cyan pigment to only red radiation (Fig. 7.23).

Pigments used for PAPE should have the correct spectral color (e.g.
yellow, magenta, and cyan) and be photosensitive. Typical of the early
pigments used by Xerox are CI Pigment Yellow 24 (Flavanthrone) (7-30)
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Figure 7.23. Ideal absorption curves. Y, yellow pigment; M, magenta pigment; C, cyan
pigment.

and CI Vat Yellow 2 (7-31), CI Pigment Red 48:2 (7-32), and CI Pigment

Red 122 (7-20), and CI Pigment Blue 16 (7-33), the alpha form of metal-
free phthalocyanine.
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Figure 7.24. Full-color copying using PAPE.

A suitable yellow, magenta, and cyan trichromat of pigments is dis-
persed in a highly insulating liquid, typically a petroleum fraction such as
Sohio Odorless Solvent 3440,%° and the dispersion sandwiched between the
transparent electrode and the blocking electrode. The yellow areas of the
original absorb the blue light and reflect the red and green light (Fig. 7.24a).
The red and green light are absorbed by the cyan and magenta particles,
respectively, causing them to undergo a reversal of electrical charge and
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migrate to the blocking electrode. This leaves a yellow image on the trans-
parent electrode corresponding to the yellow image on the original, i.e. a
positive image (Fig. 7.24b).

In the same way, the magenta image areas absorb the green light and
reflect the red and blue light (Fig. 7.24a). The red and blue light are absorbed
by the cyan and yellow pigment particles causing them to migrate to the
blocking electrode. The magenta particles remain on the transparent elec-
trode forming a positive image (Fig. 7.24b).

Finally, the cyan image areas absorb the red light and reflect the green
and blue (Fig. 7.24a). This is absorbed by the magenta and yellow pigment
particles, respectively, causing them to migrate. A positive cyan image
remains on the transparent electrode (Fig. 7.24b). All these processes occur
simultaneously so that a full-color copy of the original is produced after one
exposure of the original to white light.

7.6.3. Problems of Photoactive Pigment Electrophoresis

Although PAPE is fine in theory, there are a number of practical prob-
lems. One of these concerns available organic pigments. Organic pigments
do not exhibit the ideal narrow absorption curves depicted in Fig. 7.23. They
have broader curves which overlap each other (Fig. 7.25). Consequently,
the photosensitivity of the yellow, magenta, and cyan pigments is not as
specific as desired.

A second problem area is particle interactions. These interactions result
in the agglomeration of the yellow, magenta, and cyan particles and hinder

<)
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Figure 7.25. Typical absorption curves of yellow (Y), magenta (M), and cyan (C) pigments.
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single particle migration. For example, some magenta and cyan particles
may migrate along with the yellow particles.

A third problem is that the particles deposited on the blocking electrode
can impair the migration of further particles. This can be overcome by
repeated cleaning and further exposure steps,” but this reduces the optical
density of the positive image on the transparent electrode and defeats the
objective of PAPE, namely a one-pass full-color copying system.

A fourth problem involves the transfer and fixing of the image from the
transparent electrode to the final (paper) substrate. As discussed in Section
7.5.1, toners in conventional electrophotography consist of pigment dis-
persed in a low melting point resin which is heat-fused to the final paper
substrate. Most work on PAPE has centered on using pure pigments since
these tend to produce the best results. However, if this was to be the case in
practice, then an after-treatment step would be required after the transfer
step to fix the image on to the paper.

Another problem is the difficulty of replenishing the bath in line with
what is removed. As the ratio of colored toner in the bath depends on the
balance of color in each document copied, it is very difficult to continualily
keep the system ““in balance.”

Finally, PAPE uses a solvent-based developer and therefore suffers from
the same disadvantage of liquid toners in electrophotography, namely having
solvent as effluent during the fixation stage.

Ways of circumventing these problems have been described. For
example, Luebbe and Maltz*’ used the fluorescent dye Rhodamine 6GP to
improve the photosensitivity of a red pigment in poly-N-vinylcarbazole.
Croucher et al.*® used a composite particle comprising a colorant and a
photoactive pigment dispersed in a polymeric binder; the particle also con-
tains steric stablizers to minimize particle—particle interactions (Fig. 7.26).

T
COLORAN POLYMER BINDER

2
T~~PHOTOACTIVE

PIGMENT

STERIC
STABILIZER

Figure 7.26. Illustration of an ideal PAPE developer.
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7.6.4. Correlation with Organic Photoconductors

It is not yet fully understood why certain pigments are photoactive and
others are not. However, the phenomenon is obviously closely related to
that of OPCs and it may be that the best OPCs make the best photoactive
pigments. In this case, it may be necessary to optimize the colors of the
charge generating materials to produce acceptable yellow, magenta, and
cyan colors. Indeed, this optimization appears to be happening to some
extent. For example, the three pigments preferred by Xerox are the vanady-
loxy phthalocyanine cyan (7-34), the azo magenta (7-32), and the quinone
yellow (7-35).* Vanadyloxy phthalocyanine is a highly effective charge gen-
erating material for OPCs (Section 7.4.3) and has spectral characteristics for
a cyan that are superior to the alpha form metal-free phthalocyanine (7-33)
used previously. According to Xerox the preferred magenta pigment is still
(7-32), although magenta charge generating materials of the perylene tetra-
carboxydiimide type such as 7-36 must also be strong contenders. Finally,
the preferred yellow is the brominated naphthoquinone furandione (7-35).
Yellow charge generating materials are not used so there is no direct com-
parison of the performance of 7-35 in PAPE with its performance in OPCs.
However, CI Pigment Yellow 96 was deliberately brominated to improve its
spectral characteristics.”

Br
N—*V0<—N
7 {
N
N= =

C—NH

N——
7-34 7-35
" ; Q Q 4 .
Me o O O o) Me

7-36

New photoactive pigments are still being patented. For example, Ciba-
Geigy® has patented isoindoline yellow pigments (7-37) and Eastman
Kodak® has patented aluminum phthalocyanine (7-38).
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To date, a one-pass full-color copying system based upon PAPE has not
reached commercial reality, presumably because of the problems outlined
earlier”® As our understanding of photoactive pigments increases, these
problems should not be insurmountable. However, even if a one pass full-
color copying system remains elusive, PAPE technology could still have a
role to play in monochromatic color imaging.

7.7. SPECIAL EFFECTS

This section deals briefly with some of the more important specialized
uses of electrophotographic chemicals. The four areas selected are (1) non-
photocopiable documents, (2) photomicrolithography, (3) prepress proof-
ing, and (4) transfer printing toners.

7.7.1. Nonphotocopiable Documents

The unauthorized leaking of highly confidential information has
become a serious problem, especially in the case of confidential government
information. The widespread use of photocopiers makes the “mole’s” job
that much easier. A further problem on the horizon is the introduction of
full-color copiers and color printers using electronic scanners. Such copiers
and printers will be welcomed especially by forgers, since they will make the
counterfeiting of items such as currency, cheques, tickets, and passports
that much easier. Consequently, ways of preventing, or at least severely
inhibiting, the copying of all these items are being sought.

The photocopying process depends upon the selective reflection of white
light from the document to be copied. The print, normally black, absorbs
the radiation, and the background, normally white, reflects it. Any non-
photocopiable document must eliminate (or severely reduce) this selective
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reflection of radiation as far as the copier is concerned but still maintain the
contrast as far as the eye is concerned. Basically, there are two ways to
achieve this: (1) make the background nonreflecting, or (2) make the print
as reflective as the background.

Most of the reported work has been done on the first approach, aimed
particularly at preventing copying using selenium-based copiers. As was
described above (Section 7.4), selenium has no spectral sensitivity beyond
600 nm. Matching the absorption characteristics of the paper to the spectral
response of the photoconductor produces a copy that is black, since no
radiation of the appropriate wavelength reaches the photoconductor. In
practice, this means incorporating dyes that absorb all the radiation from
400 to 600 nm: this produces a deep red or maroon paper. However, color-
ants that absorb outside the sensitivity of the selenium photoconductor (400~
600 nm) but still inside the visible spectrum (i.e. in the red region at 600—
700 nm) will be detected by the eye. Thus, black or blue colors, both of
which absorb strongly in this region, provide sufficient contrast on the red
background to be detected by the eye but not by the copier (Fig. 7.27).

Gardner has pioneered the work in this area.” Indeed, the work has
been successful in preventing the copying of documents using selenium-
based copiers and Gardner has formed a company, Nocopi, to market his
products.’*

This approach of a nonreflective background is not ideal (a) because it
uses colored rather than the normal white paper, (b) because reading such
paper is tiring to the eye and, more importantly (c) because many modern
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Figure 7.27. Selenium sensitivity in relation to absorption curves of blue and black colorants.
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photoconductors, such as arsenic triselenide and especially the OPCs, do not
present such windows of spectral insensitivity that selenium photoconductors
present.

A slightly different approach involves using photochromic com-
pounds.” In theory, these noncolored compounds should become colored
on exposure to the UV radiation present in the white light of a photocopier.
In practice, the amount of UV radiation in modern copiers is insufficient to
produce the color change. Otherwise, the mechanism of copy prevention is
as described above for the permanently colored papers.

The second approach to producing a nonphotocopiable document is to
make the print as reflective as the background. This could be achieved by
using fluorescent inks (e.g. red) providing that the fluorescence, which occurs
at longer wavelengths than the absorption, still falls within the spectral
sensitivity of the photoconductor. In theory, this approach should be appli-
cable to most photoconductors. Figure 7.28 illustrates the principle. Thus,
a highly fluorescent red dye selectively absorbs some of the white light radi-
ation: normally this would produce a photocopy. However, if the dye has a
high quantum efficiency and re-emits the absorbed radiation as fluorescence,
then, as far as the copier is concerned, all the radiation has been reflected
back on to the photoconductor and no copy should be produced. As dis-
cussed earlier (Section 7.4), colored print which absorbs outside the spectral
sensitivity range of a photoconductor will not be copied.

An alternative method of copy prevention which would be very effective
requires the compliance of photocopier manufacturers. The method involves
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Figure 7.28. Fluorescence and photocopiability.
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using ordinary white paper that contains a strip of metal or, better still, an
invisible infrared absorbing chemical (see Chapter 11). Each copier would
scan the document with a solid state semiconductor laser prior to copying.
If the infrared absorbing chemical was detected, the copier would default
and refuse to function.®® This approach is attractive since (a) it would func-
tion with any copier (or laser printer) and (b) it allows the use of white
paper. However, as stated above, it would require all manufacturers to
cooperate by incorporating an infrared sensing device in their machines.

7.7.2. Photomicrolithography

Photomicrolithography is the process whereby electrophotography is
used to produce lithographic printing plates. Traditionally, lithographic
printing plates are produced using photoresists. These may be positive work-
ing or negative working and require exposure to strong UV radiation
through a photographic transparency followed by a chemical etching to form
the final plate.”” This process is costly in time, materials, and money. With
photomicrolithography, the paper original is inserted directly into the
machine and the finished lithographic plate emerges 3-4 minutes later.*®

In photomicrolithography an OPC coating is applied evenly to an
aluminum lithographic plate. The red charge generation material, dibromo-
anthanthrone,” which has good sensitivity to white light, and zinc oxide,
which has good sensitivity to near UV radiation,”'® are typical charge
generating materials (Section 7.4). Other charge generating materials with
different sensitivities, such as phthalocyanines, may also be used.'” The
binder resin normally contains carboxy groups to make it alkali soluble so
that the OPC coating on the nonprinted areas after exposure and develop-
ment can be dissolved to expose the lithographic aluminum.*®'%*

The process to produce an offset lithographic printing plate from a
paper original comprises five major steps, as depicted in Fig. 7.29. The first
three steps—charging, exposure, and development with a toner—are exactly
the same as for photocopying (Section 7.2.1). At this stage there is a visible
image of the original document on the OPC-coated aluminum plate (Fig.
7.29). The toner particles are then fused, usually by infrared radiation, onto
the OPC coating. The thickness of the toner mask formed, which is resistant
toward the coat-removing solvent, is typically 3-4 p. In the final stage, the
OPC coating in the areas not protected by the fused toner is removed with
an alkaline solvent to expose the surface of the aluminum sheet.

Dry two-component toners are normally used in photomicrolith-
ography. The toners differ from conventional photocopying toners in having
a smaller particle size (typically 6-7 u compared with 15-20 y) and having
good resistance to the alkaline coat-removing solvent. The fusing tempera-
ture also has to be right and this is achieved by choosing polymers with glass
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Figure 7.29. Steps in photomicrolithography.

transition temperatures in the range 50-120°C. In practice, styrene-acrylic
copolymers are used with the molecular structure modified to achieve the
desired properties.

At least two companies have commercial products. Hoechst has a sys-
tem that uses ELFASOL plates and which already produces around 12
million newspapers per day,” and Polychrome/DaiNippon Ink and Chemi-
cals has the Laser AZ-94K platemaker.'” The importance of this technology
has yet to be determined.

7.7.3. Prepress Proofing

Prepress proofing'®'* is vital to practically all printing, as it provides

an opportunity for the printer and the customer to view a sample of the
printing before the entire job has been run. In this way, changes can be made
before the job goes to press, ensuring that expensive press time, paper, and
ink will not be wasted if adjustments are required.

Color proofing is a very important and critical step in the process of
color reproduction, as color proofs are made at different stages and for
diverse uses in the process. For example, color proofs are required for cus-
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tomer approval, usually before the production run: compatability proofs are
generated for magazines and other periodicals that contain advertisements,
which may be submitted to the printer as color transparencies, color photo-
graphic prints, or art work on board. Proofs of the supplied films in the
printer’s colors and materials are absolutely necessary in these cases to make
sure that all the subjects are compatible, since they must all print from the
same plate on the same press and with the same paper and inks. Finally,
color proofs are used for quality control checks by the printer to assess the
efficiency of the manufacturing processes.

Color proofing processes are either on-press or off-press systems. On-
press systems involve all the normal stages, such as making plates and run-
ning several prints. This system, which for many years was the only way to
make proofs, is not discussed further. The off-press systems are shown in
Table 7.4. Only the more recent color electronic prepress system (CEPS),'®
is considered. These systems first display digitized data as a soft copy on a
screen from which a hard copy can be produced. One major advantage of a
digitized soft copy is that it can be transmitted electronically anywhere in
the world and identical hard copies produced wherever they are needed.

The first digital hard copy proofing systems introduced in 1982 all used
photographic paper to achieve the required quality. However, the newer
systems are based on toners and, to a lesser extent, on dye diffusion thermal
transfer technology (see Chapter 8, Section 6), for example, Dai Nippon
Printing’s prototype $100,000 machine. The technologies employing toners
may be conventional ones, such as Coulter’s ACP electrophotographic pro-
cess, or new technologies, such as DX Imaging’s Electrostatic Master Print
process. Most of these systems use liquid toners because of their higher

Table 7.4. Prepress Technologies and Systems

System “Player”

Overlay 3M Color Key
Enco Naps/Paps Proof
DuPont Cromacheck

Single sheet Agfa-Gevaert Gevaproof
3M Transfer-Key and Matchprint
DuPont Cromalin

Digital (soft) Hazeltine Electronic
Toppan CP 525 MK11

Digital (hard) Hell CFPR 403
Polaroid/MacDonald-Dettwler High Speed
Tektronix 4692 Ink Jet
Iris 2044 Ink Jet
DNP Digital (Thermal D2T2)
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resolution, including modified Landa technology. The colorants used appear
to be similar to those used in conventional toners.

7.7.4. Transfer Printing Toners

This topic combines the technologies of electrophotography and ther-
mal transfer printing (see Chapter 8, Section 6). In transfer printing toners
the conventional colorant, such as carbon black or the dyes and pigments
used in colored toners, is replaced by a heat sublimable dye. Otherwise, the
toners are essentially the same as the standard toners discussed in Section
7.5.1. The process is also the same. Therefore, many colored copies (usually
monochrome, ¢.g. red) of an original can be produced quickly, inexpensively,
and in high quality on, for example, thermal transfer paper. The image can
then be transferred by the application of heat, typically 210°C for 30 sec,
from the transfer paper to a final substrate such as polyester or polyester-
cotton, although more unusual substrates such as anodized aluminum may
also be used. The thermal transfer step is the same as for the conventional
transfer printing of textiles. The advantage of the process lies in its simplicity:
anything that can be photocopied can be reproduced in a variety of colors
on a final substrate: the only equipment required is a photocopier and a hot
iron (Fig. 7.30).

The majority of companies active in the area use conventional textile
transfer printing disperse dyes. These are usually low molecular weight azo
or anthraquinone dyes devoid of water solubilizing groups. Typical dyes are
the azo yellow (7-23),'” the anthraquinone red (7-39),'° and the anthra-
quinone blue (7-40).

O NH, O NHMe
o
oy 900
O NH, O  NHMe
7-39 7-40

The resins used must be thermally stable to withstand the final heat
transfer step and therefore they may differ from the conventional styrene-
acrylic or polyester resins used in conventional toners.

The toners may be part of the standard dry two-component developer
described in Section 7.5.1. This approach has been patented by Coates
Bros.'” Liquid toners may also be used, as in the patents by Ricoh'® and
Toppan Printing.'” However, most transfer printing toner patents are
of the monocomponent magnetic type. These include Coates Bros.,''’
Subligraphics,'*'"" Du Pont,"'? Hitachi Metal,'"> and International Toner
Specialities.'™*
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Figure 7.30. Producing an image using transfer printing toners.
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Figure 7.31. Monocomponent magnetic transfer printing toner.
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The construction of a typical monocomponent magnetic transfer print-
ing toner is shown in Fig. 7.31. The core consists of a magnetic material
such as iron, steel, or magnetite and this is coated with a resin containing
the heat sublimable dye and optionally other additives such as surfactants
or charge control agents.

Matsushita''® provides a variation on the above theme, using sublimable
color formers (see Chapter 8, Section 6.5) instead of sublimable dyes in the
transfer printing toners. An acidic substrate is needed to develop the colored
image.

7.8. SUMMARY

Electrophotography, perhaps more familiar as photocopying and laser/
LED printing, is by far the biggest of all the reprographics technologies. The
two key chemical components are the photoconductor and the toner.

Photoconductors may be either inorganic, such as selenium, or organic.
For a variety of reasons the trend is toward OPCs and greater than 50% of
all commercial copiers and printers now use OPCs. OPCs are predominantly
dual layer systems comprising a colored charge generation layer and a non-
colored charge transport layer. Charge generating materials, which are
normally pigments, are used in the charge generating layer and electron-rich
molecules with low ionization potentials are used in the charge transport
layer. Both types need to have high purity.

Toners may be of the liquid type or, more usually, the dry type. The
key ingredients are the colorant and the CCA. The colorant is predominantly
carbon black but with the emergence of full color copiers, yellow, magenta,
and cyan dyes or especially pigments are required. CCAs control the electro-
static charge on the toner particles. Negatively charged and positively
charged toners are required depending upon the application. Dyes provide
the best CCAs and are used in black toners where the color is masked by
the carbon black. Metal complex azo dyes, especially chromium and cobalt,
provide the best negative CCAs. Nigrosine dyes provide the best positive
CCAs. For colored toners, noncolored CCAs are needed.

PAPE is a related technology to photocopying and laser/LED printing.
Its main attraction is its potential for a one-pass full-color copying system.
As yet, this potential has not been realized commercially.

There are several specialist effects in electrophotography such as non-
photocopiable documents, photomicrolithography, prepress proofing, and
transfer printing toners. Nonphotocopiable documents is an area that is
becoming increasingly important. The variety of photoconductors and
machines make it extremely difficult to prevent universal copying. The two
basic approaches are to make the background as nonreflective as the print
and to make the print as reflective as the background. The best way to
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prevent the copying or printing of confidential documents requires the com-
pliance of machine manufacturers. By incorporating an infrared sensor in
the machine, any confidential document containing an invisible infrared
absorber would automatically cause the machine to abort. Photomicro-
lithography is an inexpensive way of producing offset litho plates for short
runs. Prepress proofing, especially electronic prepress proofing, is an import-
ant area which demands high quality and where toner-based technologies
are playing a major role. Transfer printing toners offer an easy way of taking
an original image and reproducing it on a textile substrate.

REFERENCES

WA W -

O 00 3 N

12.
13.
14.

15.
16.
17.

18.
19.

20.
21.
22.
23.
24.
25.
26.

. R. M. Schaffert, Electrophotography, 2nd ed., pp. 27-30, Focal Press, London (1975).

. R. M. Schaffert, Electrophotography, 2nd ed., pp. 380-396.

. R. A. Myers and J. C. Tamulis, IBM J. Res. Dev. 28, 234 (1984).

. L. Stobie, Pract. Comput. 8, 92, (1985).

. M. H. Lee, J. E. Ayala, B. D. Grant, W. Imaino, A. Jaffe, M. R. Latta, and S. L. Rice,
IBM J. Res.Dev. 28, 241 (1984).

. Barron’s, Investment News Views, June, 49 (1987).

. R. M. Schaffert, Electrophotography, 2nd ed., pp. 178-190, Focal Press, London (1975).

. E. Fordham, Bus. Equip. Digest, October, 24 (1987).

. Colorocs, European Patent 220,663A (1985); ATR Update on Non-Impact Printing,

Second Quarter, p. 28 (1987).

. P. M. Cassiers, IGC Conference, The Copier Industry: New Developments in Photorecep-

tors, Amsterdam, February 21-23, 1979; R. O. Loutfy, A.-M. Hor, C.-K. Hsiao, G.
Baranyi, and P. Kazmaier, Pure Appl. Chem. 60, 1047 (1988).

. Technical Information, Mitsubishi Photoreceptor, 1980; Technical Information, Hitachi

Organic Photoreceptor.

S. J. Hudgens, Lasers Appl., 99 (1985).

Proceedings 1st Photoreceptor Industry Conference, pp. 1-32.

K. Okamoto et al., Soc. Photogr. Scientists Eng., 2nd International Conference on Electro-
photography, p. 152.

E. S. Baltazaai, J. Appl. Photo. Eng. 6, 147 (1980).

A_J. Nelson, Unpublished results of patent survey (1986).

P. Gregory, Fourth International Congress on Advances in Non-Impact Printing Tech-
nologies, New Orleans, March 20-25, 1988, p. 48.

R. M. Schaffert, Electrophotography, 2nd ed., pp. 28 and 380, Focal Press, London (1975).
H. Hoegl, G. Barchietto, and D. Tar. Photochem. Photobiol. 16, 335 (1972). H. Meier,
W. Albrecht, and U. Tschirwitz, Photochem. Photobiol. 16, 353 (1972).

C. H. Griffiths, J. Polymer Sci.: Polymer Physics, ed. 13, 1167 (1975).

E. G. Jones and G. Read, Br. Polymer J., June, 52 (1982).

S. E. Webber et al., Macromolecules 14, 105 (1981).

R. M. Schaffert, IBM J. Res. Dev., January, 75 (1971).

IBM, U. S. Patent 3484,237 (1966).

D. McMurtry, M. Tinghitella, and R. Jvendsen, IBM J. Res. Dev. 28, 261 (1984).

J. H. Perlstein and P. M. Borsenberger, in: Extended Linear Chain Compounds (J. S.
Miller, ed.), Vol. 2, p. 330 (1982). J. H. Perlstein, in: Electrical Properties of Polymers
(D. A. Seanor, ed.), p. 59 (1982); W. J. Dulmage, J. Appl. Phys. 51, 4248 (1980).



120 Chapter 7

27

28.
29.
30.
31

32.

33.
34,

35.
36.
37.
38.

39.
40.

41.

42.

43.

45.
46.
47.
48.
49.

. Eastman Kodak, U. S. Patent 4578,334 (1985); Eastman Kodak, U. S. Patent 4618,560
(1985); Xerox, U. S. Patent 4599,286 (1986); Hoechst, Netherlands Patent 180,048B
(1973); Z. Popovic, R. O. Loutfy, and A.-M. Hor, Can. J. Chem. 63, 134 (1985).
Konishiroku, G. B. Patent 2183,355A (1985).

T. Kazami, Ricoh Tech. Rep. 3, 4-11 (1980).

W. J. Murphy and M. Hashimoto, SPSE, June 1983.

G. DiPaola-Baranyl, C. K., Hsiao, P. M. Kazmaier, R. Burt, R. O. Loutfy, and T. L.
Martin, J. Imaging Sci. 32, 60 (1988). K.-Y. Law and F. C. Bailey, Dyes Pigments 9, 85
(1988).

A. Kakuta, Y. Mori, S. Takano, M. Sawada, and 1. Shibaya, J. Imaging Technol. 11, 7
(1985).

Xerox, U. S. Patent 4529,688 (1983).

R. O. Loutfy, C. K. Hsiao, A. M. Hoi, and G. DiPaola-Baranyl, J. Imaging Sci. 29, 148
(1985).

J. Rochlitz, Chimia 34, 131 (1980).

L. B. Schein and J. Cranch, J. Appl. Phys. 46, 5140 (1975).

R. M. Schaffert, Electrophotography, 2nd ed., pp. 69-72, Focal Press, London (1975).
D. E. Wilson, ATR Forum, June 17-19, pp. 1-12, Copenhagen (1987); Savin, G. B. Patent
2169,416A (1984); du Pont, European Patent 224,912 (1985).

Reprographic Chemicals USA, SRI Survey, Menlo Park, California, pp. 1245, (1982)
R. M. Schaffert, Electrophotography, 2nd ed., pp. 69-93 and 557-578, Focal Press, London
(1975).

Eastman-Kodak, German Patent 2234,736 (1971); Canon, German Patent 2341,173
(1972) ; Eastman-K odak, German Patent 2557,490 (1974); Agfa-Gevaert, German Patent
2700,650 (1976); Electrical Research Institute, Soviet Union Patent 1008,693A (1981);
Xerox, U. S. Patent 4464,452A (1983).

Xerox, German Patent 2249,384 (1971); Canon, German Patent 2324,378 (1972); Xerox,
U. S. Patent 3916,064 (1974); Ricoh, Japanese Patents 7647,437 (1974) and 7738,937
(1975); Bando Chemicals, Japanese Patent 58 005,752 (1981); Canon, Japanese Patent
58 068,754 (1981); Dai Nippon Ink., Japanese Patent 58 127,937 (1982); Minolta,
Japanese Patent 59 015,255 (1982); Metcalfe, German Patent 2214,355 (1971); Hitachi,
Japanese Patent 76 107,833 (1975); Ishihara, Japanese Patent 83 009,416 (1977); Ricoh,
Japanese Patents 80 076,353 (1978) and 80 076,354 (1978); Tomoegawa, Japanese Patent
58 108,546A (1981); Xerox, U. S. Patents 4411,974A (1982) and 4411,975A (1982). Koni-
shiroku, German Patent 3319,759A (1982); Mitsui Toatsu, U. S. Patent 4455,360A (1980).
Xerox, Canadian Patent 941,210 (1970) and U.S. Patent 4442,189A (1983); Ricoh,
Japanese Patent 79 145,542 (1978); Konishiroku, Japanese Patent 84 029,861B (1979);
Nippon Kagaku, Japanese Patent 59 114,546A (1982); Xerox, U. S. Patent 4480,021A
(1983).

. Sumitomo, Japanese Patent 66 012,915 (1963); Canon, Japanese Patent 70 026,478

(1965) ; Hodogaya, Japanese Patents 59 029,253A (1982), 59 029,254A (1982), 74 027,229
(1982), 59 078,361A (1982), 59 078,362A (1982), and U.S. Patent 4433,040a (1981);
Ricoh, Japanese Patents 58 152,256A (1982) and 58 199,354A (1982).

Pesticide Toxic Chem. News, Sept. 25, 6 (1985).

K. L. Birkett and P. Gregory, Dyes Pigments 7, 341 (1986).

ICI, European Patent 162,632A (1984).

Hodogaya, Japanese Patents 58 111,649A (1981) and 58 185,653A (1982).

Orient, Japanese Patent 59 068 374A (1982); Hitachi Chemical, Japanese Patents
84 007,382B (1979), 84 011,901B (1979), 84 026,021B (1979); Canon, Japanese Patents
80 135,855 (1979); 58 215,662A (1982) and 59 064,853A (1982); Xerox, U. S. Patent
4294,904 (1979); Fujitsu, Japanese Patent 59 057,251A (1982); Agfa-Gevaert, European
Patent 122,650A (1983).



Electrophotography 121

50.
51.

52.
53.
54.
55.

56.

57.
58.
59.
60.
61.
62.
63.
. P. F. Gordon and P.Gregory, in: Critical Reports in Applied Chemistry (J. Griffiths, ed.),

65.
66.

67.
68.
69.

70.
71.
72.
73.
74.
75.
76.
71.
78.
79.
80.

81.
82.
83.
84.
85.
86.
87.
88.
89.
. Ciba-Geigy, European Patent 64,946B (1985).
91.

The Society of Dyers and Colourists, Bradford, England, and The American Association
of Textile Chemists and Colorists, Lowell, Mass., Color Index, 3rd ed., Vol. 4, p. 4456.
Kirk-Othmer, eds., Encylopedia of Chemical Technology, 3rd ed., Vol. 3, p. 381, Wiley,
New York (1978).

Hoechst, German Patent 3641,525A (1986).

Orient, G. B. Patent 2090,008A (1980); Ricoh, Japanese Patent 59 188,659A (1983).
Ricoh, Japanese Patent 59 079,256A (1982).

Kodak, U. S. Patent 3893,935 (1975); Xerox, Japanese Patent 79 134,441 (1978),
Canadian Patent 1168,498A (1980), European Patent 53,888 (1980), U. S. Patent 4291,112
(1981).

Xerox, European Patent 5952B (1978) and U. S. Patents 4254,205 (1979), 4286,038
(1981), 4298,672 (1981), 4396,697TA (1981), 4304,830 (1981), 4460,672A (1982),
4454,214A (1982).

Canon, G. B. Patent 1427,760 (1972).

Xerox, German Patent 2529,993 (1974).

Xerox, Netherlands Patent 75 10,084 (1974).

Xerox, U. S. Patent 4397,934A (1981).

Canon, Japanese Patents 61 217,054 (1985) and 61 217,056 to 61 217,063 (1985).
Canon, U. S. Patents 4657,838 (1986) and 4737,432 (1988).

Chemical Week, 64, January 30th 1985.

Vol. 7, p. 67, Blackwell, Oxford (1984).

Xerox, U. S. Patent 3345,293 (1963).

Xerox, G. B. Patent 2059,618B (1979), U. S. Patent 4395,471A (1982); Canon, Japanese
Patents 83 043,736 (1973) and 58 187,949A (1982).

Canon, Japanese Patent 58 189,653A (1982).

Canon, Japanese Patent 58 189,652A (1982).

Canon, Japanese Patent 84 009,906B (1975), Hitachi Chemical, German Patent 3120,542
(1980).

Canon, German Patent 2815,857 (1977).

Ricoh, Japanese Patent 79 145,542 (1978).

Eastman-Kodak, U. S. Patent 4734,349 (1986).

Canon, Japanese Patent 59 057,255A (1982).

Canon, Japanese Patent 59 057,256A (1982).

Canon, Japanese Patent 59 026,757A (1982).

Xerox, Japanese Patents 84 027,904B (1975) and 84 036,258B (1975).

Canon, Japanese Patents 58 203,455 (1982) and 58 211,161A (1982).

Ricoh, G. B. Patent 2184,858A (1985).

H. T. Macholdt and A. Sieber, Dyes and Pigments 9, 119 (1988).

Ricoh, Japanese Patents 76 047,437 (1974), 58 178,365 (1982), 83 009,415 (1978),
59 095,544A (1982).

Sumitomo, Japanese Patent 74 003,632 (1972).

Eastman-Kodak, U. S. Patent 4414,152A (1981).

Oce, European Patent 075,346 (1981).

V. Tulagin, J. Opt. Soc. Am. 59, 328 (1969).

Xerox, U. S. Patents 3383,993 (1968) and 3553,093 (1971).

M. D. Croucher et al., Photogr. Sci. Eng. 27, 185 (1983).

R. Luebbe and M. Maltz, Photogr. Sci. Eng. 24, 205 (1980).

R. J. Gruber and L. M. Carreira, SPSE, p. 236.

Xerox, U. S. Patent 3953,462 (1973).

Eastman-Kodak, G. B. Patent 2084,605B (1984).



122 Chapter 7

92

93.
94.

95.
96.
97.
98.
99.
100.
101.

102.
103.
104.

105.
106.
107.
108.
109.
110.
111.
112
113.
114.
115.

. N. E. Wolff and J. W. Weigl, Electrophotography, in: Encyclopedia of Chemical Tech-
nology, (Kirk and Othmer, eds.), 3rd ed., Vol. 8, p. 819, Wiley, New York (1978).

N. A. Gardner, European Patent 111,597 (1982).

J. Ostroff, Venture 6, 127 (1984); Pulp and Paper, February, 33, 1987; Nocopi, U. S.
Patent 4522,429 (1982).

R. W. James, W. F. Uhl and C. Antonio, U. S. Patent 3597,082 (1971).

Fuji-Xerox, U. S. Patent 4603,970 (1983).

Reprographic Chemicals USA, SRI Survey, Menlo Park, California, pp. 46-74, (1982).
W. Frass, Hoechst High Chem., December, 40 (1987).

Fuji Photo Film, U. S. Patent 4673,627 (1985).

Polychrome G. B. Patent 2103,818A (1981).

Fujitsu, Japanese Patent 87 095,550 (1985); Konishiroku, Japanese Patent 87 111,249
(1985).

Mitsubishi Rayon, Japanese Patent 86 030,261B (1976).

Ipex 88, Birmingham England (1988).

Typeworld 10 (16/17) (1986); ICI Electronics Group, US Continuous Tone Color Image
Market. Siddall, Slade, Eades, 1987.

Shakata Shokai, Japanese Patent 85 053,312B (1985).

Subligraphics, Netherlands Patent 175,673B (1984).

Coates Bros., G. B. Patent 2095,855B (1984).

Ricoh, Japanese Patent 59 012,450A (1984).

Toppan Printing, Japanese Patent 60 024,554A (1985).

Coates Bros., European Patent 78,175 (1983).

Subligraphics, World Patent 8300,235 (1983), European Patent 82,163 (1983).

DuPont, U. S. Patent 4427,412A (1984).

Hitachi Metal, Japanese Patents 84 031,702B (1984) and 60 079,365A (1985).
International Toner Specialities, U. S. Patent 4536,462A (1985).

Matsushita, European Patent 26,096 (1981).



8
Thermography

8.1. INTRODUCTION

Thermography, or thermal printing, is that branch of reprographics
which uses heat as the energy source. The heat is normally supplied directly
from thermal heads or a heated stylus. However, it can also be supplied
indirectly from electrical energy, an example of which is the resistive ribbon
technology developed by IBM (now termed electrothermal printing), and
from lasers.

Thermal printing can be divided conveniently into two main areas:
direct thermal printing and thermal transfer printing. Thermal transfer print-
ing can be subdivided further into thermal wax transfer and dye diffusion
thermal transfer (D2T2) (Fig. 8.1).

As seen from Fig. 8.1, thermal printing originated in 1953 when specially
coated thermally sensitive paper, upon treating with a heating element or
stylus, produced readable marks.' Thermal printing technology developed
somewhat slowly over the next 20 years until the introduction of the Thermal
Transfer process by Nippon Telegraph and Telephone in 1975." This revo-
lutionary new technique enabled printing to occur on plain paper, eliminated
the fading problem associated with the direct thermal process (color
formers), and made full-color imaging possible. More recently, D2T2 and
electrothermal printing (IBM resistive ribbon) have appeared'? (Fig. 8.1).

Pressure-sensitive printing and the new Mead Photocapsule
(CYCOLOR) process are also included in this discussion of thermography,
since these technologies and especially the chemicals employed are closely
related to those in thermal printing. As a rough guide, direct thermal printing
and pressure-sensitive printing represent the lower cost/lower quality end of
thermography whereas dye D2T2, one of the newest technologies, represents
the high quality end. Thermal wax transfer printing represents the middle
quality area.
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THERMAL PRINTING
Transfer Direct
I (1953)
Wax D2T2 :
(1975) (ca 1981) Mead Pressure
) Photocapsule Sensitive
Process
(ca 1984)

Electrothermal
(ca 1984)

Figure 8.1. Subdivisions of thermal printing.

8.2. DIRECT THERMAL PRINTING

Very simply, direct thermal printing®* is the process whereby an image
is produced on thermal paper by using an array of thermal heads. Wherever
a heated thermal head touches the thermal paper a dot of color is produced.
By the correct positioning of the thermal heads, the desired pattern (text or
graphics) is produced. Therefore, an understanding of direct thermal print-
ing can be reduced to an understanding of the construction and operation
of thermal paper.

A cross-sectional view of a typical thermal paper is shown in Fig. 8.2.
It consists of a base layer upon which is a thermally sensitive layer. The

Figure 8.2. Cross-section of a typical thermal paper. Circles, color former; triangles, devel-
oper (bisphenol A).
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thermally sensitive layer contains a color former and a developer dispersed
in a binder. Heat from a thermal head causes localized melting so that the
color former and developer are brought into contact: this produces the color.

The color formers used in thermal paper are essentially colorless organic
compounds that develop an intense color when brought into contact with
an acid. Black is the most important color in thermal printing, and the most
widely used color formers for producing a black are the fluorans of structure
(8-1). Contact with acid generates the intense black color of the chromogen
proper, a cationic dye (8-2) of the xanthene (fluoran) type containing a
delocalized positive charge.

8-1 Colorless 8-2 Black

(a) R=R'=Et

(b) R=Me, R’=@
(¢) R=Et,R'= —@—Me

These color formers are known as “one-dye blacks™ since the black
color is produced from just one dye. Another way of producing black is to
use a number of color formers of colors other than black which, when mixed
together, produce a black color. For example, a mixture of the blue color
former (8-3) with the orange color former (8-4) generates a black color.
Obviously, color formers (8-3) and (8-4) can be used alone to produce blue
and orange colors, respectively, if these are desired, and color formers of

O O NMez Me,;N ﬁMez
H30+ O /
0

—_—
—

CO:H
J (]

NMez NMeZ
8-3 Colorless Blue

MezN
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other colors are available. For example, the red color former (8-5). The blue
color former (8-3), which is known as Crystal Violet Lactone, is very widely
used in pressure-sensitive paper (see Section 8.3).

The developers are usually solid acidic compounds, especially phenols.
The most widely used developer is bisphenol A (8-6). It is inexpensive and
readily available, both desirable attributes since the developer is used in
greater amounts than the color former. However, its coloring sensitivity is
on the low side. In other words, larger energy inputs are required to give
high optical densities (Fig. 8.3).

Two approaches have been adopted to overcome the problem. The first
is to use developers with increased sensitivity. The best of these is benzyl
parabens (8-7), which has excellent sensitivity. However, it is much more

8-7
Cl

8-8 89
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Figure 8.3. Improved sensitivity imparted by dimethyl terephthalate (8-8). BPA,
bisphenol A; CF, color former.

expensive than bisphenol A. The second approach is to incorporate a “sensi-
tizer” to improve the sensitivity of bisphenol A. Two typical sensitizers are
dimethyl terephthalate (8-8) and the amide (8-9). The improved sensitivity
imparted by (8-8) is shown in Fig. 8.3.

The function of a binder is to provide a matrix for the color former and
developer and to bind the thermally sensitive layer to the base paper. Various
polymers are used as binders. Some of the more common binders are poly-

vinyl alcohol, polyvinyl pyrrolidone, hydroxyethyl cellulose, and carboxy-
methyl cellulose.

The requirements of thermal paper are as follows:

1. The color-generating reaction temperature is near to 70°C.

2. High optical densities are obtained with the minimum energy, i.e.
the coloring sensitivity is high.

3. The paper is stable to storage under various conditions and does not
discolor prematurely (i.e. fog).

4. The image, once formed, is durable to various agents such as light,
water, and grease.

To meet these requirements, other additives are used in the thermally
sensitive layer. These include agents to improve the wet fastness, light fast-
ness, fastness to oils and plasticizers, fogging inhibitors, and antistick agents.
Examples of chemicals used to improve the wet fastness include epoxides,
polyacrylamides, carboxy-modified polyvinyl alcohol, and sulfones. Selected
ultraviolet absorbers are used to improve the light fastness. Typical examples
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are the hydroxybenzophenone (8-10) and the benzotriazole (8-11). A mix-
ture of triethanolamine and (8-12) has been claimed to be a fogging inhibitor.

OH HO
/N\ Me
MeO co N |
<N HOCH,——(li—CHzOH
SO;H Me Me

8-10 811 812

Antistick agents, which are added to prevent the paper from sticking to
the hot thermal heads, fall into three types. The first are the well-known slip
agents such as zinc stearate. The second are the fluorinated polymers and
the third are fine inorganic particulate matter such as calcium carbonate,
silicates, and talc.

Thermal paper is used for facsimile printers, calculator and microcom-
puter printers, teleprinters, and analytical apparatus recorders, and for print-
ing tickets in automatic ticket dispensers. It is also used in supermarkets to
print point-of-sale labels.

At present, the current worldwide production of thermal paper is mod-
est: it is estimated at 60,000 tonnes for 1985, which consumes about 900
tonnes of color former. However, it is a rapidly growing market, as witnessed
by the 1000% increase in sales from 1980 to 1985. The current rate of growth
of thermal paper is estimated at 40% per annum.

Thermal paper is manufactured mainly in Japan and the United States.
The major Japanese manufacturers are Jujo Paper, Mitsubishi Paper, Kan-
zaki Paper, and Tomoegawa Paper. In the United States, the major manufac-
turers are Appleton, Nashua, 3M, Labelon, and Graphic Control.

With the advent of less expensive, compact, more powerful lasers, it is
hardly surprising that more and more patents are appearing in which lasers
replace thermal heads as the energy source. Kanzaki Paper of Japan holds
several such patents.” One of these (US 4529,992A), uses lasers emitting at
different wavelengths in the near infrared (800-2000 nm), each laser inter-
acting with a color former of a specified color so that a multicolored image
is produced.

The attractions of lasers are many. They include much faster printing
speeds, lower energy consumption, better resolution, and a noncontact
method. A possible arrangement of a thermal paper suitable for laser thermal
printing is shown in Fig. 8.4. Essentially, the color former and developer are
separated by a thin waxy layer. The waxy layer contains an infrared absorber
which converts the laser energy into sufficient thermal energy to melt the
wax. This allows direct contact between the color former and the developer
so that color is generated.
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Figure 8.4. Principle of direct laser thermal printing.

8.3. PRESSURE-SENSITIVE PRINTING

129

Pressure-sensitive printing®* is closely related to direct thermal printing.
Both use color formers and developers to generate the color. The major
difference lies in the method of bringing these chemicals into contact. Direct
thermal printing uses heat. In pressure-sensitive printing the color formers
are dissolved in a solvent and the solution is contained in microcapsules.
These are coated on the paper. This coated sheet is placed upon a second
sheet of paper containing a coating of the developer on the top side of the
paper so that the two coatings of color former capsules and developer are
in contact (Fig. 8.5). Application of pressure, in the form of a pen, type-
writer, or impact printer, ruptures the microcapsules. This releases the color
former solution which immediately contacts the developer and generates the

color (Fig. 8.5).
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Figure 8.5. Principle of pressure-sensitive printing.

Paper

The color formers used in pressure-sensitive, or carbonless paper, as it
is commonly known, are generally the same as those used in direct thermal
printing (Section 8.2). The important colors are blue and black, black being
predominant in the United States whereas both blue and black are used in
Europe and Japan. However, the general trend is toward black. Blues are
obtained from phthalide color formers such as Crystal Violet Lactone (8-3)
and acyl leucophenothiazines such as Benzoyl Leuco Methylene Blue (8-13).
Blacks are obtained either from the fluorans (8-1) used in thermal printing
(one-dye blacks) or from mixtures of color formers. The constitution of
these mixed blacks is influenced by several factors, including the shade of
black required, the developer to be used (see below) and the properties
required.

Me,N s NMe, Me;N S NMe,
TOD™ e ™0y
—_— —
N

8-13 Colorless

The mixed blacks may or may not contain a black color former as one
component. A typical mixed black contains the black color former (8-1a),
the blue color former Crystal Violet Lactone (8-3), and the green color
former (8-14). The green color former (8-14), known as Fuji Green, is widely
used as a component of mixed blacks.

Et,N ] (0] l
O

N(CH,Ph), N(CH,Ph),

8-14
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A mixed black devoid of a black color former typically contains the
blue color former Benzoyl Leuco Methylene Blue (8-13), the green color
former Fuji Green (8-14), the red color former (8-15), and the orange color
former (8-16).

Et,N (0} NEt,
e
oK

8-15
.
Et,N 0} Me Et,N (0}
O O H30+ O \
OmMm — Me
¢ CO.H
8-16 Orange

In general, the one-dye blacks exhibit better light fastness than the
mixed blacks but the latter have better capsule oil solubility.

Mixtures are also used for blue color formers. The reason for this is to
optimize the performance of the paper by utilizing the different properties
of individual color formers. For example, Crystal Violet Lactone (8-3) gives
a very fast coloring reaction with the developer but the blue dye produced
has poor light fastness. In contrast, the leuco color former (8-17) is slower

“C“@ 28

g . \ ©
SweASW:

C4H9 @
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to develop a blue color but the blue dye formed has better light fastness
than the blue from Crystal Violet Lactone.* Therefore, the most common
blues are a mixture of two color formers, one of which gives a fast coloring
reaction and one which has good light fastness.

The developers used in pressure-sensitive printing are different from the
phenolic developers used in direct thermal printing. They fall into three
categories: (1) clay, (2) resin, and (3) metal salt of an organic carboxylic
acid.

Clay developers adsorb the color former solution from a ruptured cap-
sule extremely rapidly and therefore the coloring speed is fast. They are also
inexpensive. The major deficiency of clay developers is that color formers
generally exhibit a lower level of light fastness than they do with resins
or carboxylate salts. Activated clay (acid-treated montmorillonite) is an
example of a clay developer.

Resin developers actually dissolve the color former and this results in
improved wet fastness and light fastness. However, the speed of color forma-
tion is slower than with clay and the papers are more inclined to discolor
(observed as yellowing). Also, resin developers are more expensive than
clay developers. A typical resin is the condensate of formaldehyde and 4-
phenylphenol (8-18).

HCHO + OH ~— Resin

8-18

The most widely used metal carboxylate developer is a zinc salicylate
(8-19). These are the best technically, combining fast coloring speed with
high wet and light fastness. However, they are more expensive than resins
and clays.

C.H,
OH O
0—Zn—0
(0] OH

CH;
8-19

Resin developers predominate in the United States whereas clay devel-
opers predominate in Europe. In Japan, clays and zinc salicylates are used.
There are various methods of encapsuiation. The two most widely used
methods are gelatin coacervation and interfacial polycondensation. Gelatin
coacervation involves emulsifying the oil (color former dissolved in the sol-
vent) in warm gelatin followed by crash cooling, usually by the addition of
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ice water. This results in microcapsules composed of a gelatin skin and
an oil core. Formaldehyde is then added to harden the gelatin. Interfacial
polycondensation is a more recent method. It uses synthetic materials such
as polyamides and polyurethanes rather than the natural materials of the
gelatin coacervation method. With polyamides, the oil containing dissolved
terephthaloyl chloride is emulsified in an aqueous phase, and a diamine,
such as ethylene diamine, is added. The polyamide is formed at the interface
of the oil and water, effectively encapsulating the oil droplets (Scheme 8.1).

NH
c1oc—©coc1 + HNTNT? O —

Oil droplet

i i
. _ _ /\/NH—
/@/ Polyamide COC NH

Microcapsule

0il
Scheme 8.1. Principle of interfacial polycondensation.

The choice of solvent for dissolving the color former to produce the oil
depends upon several factors such as odor, cost, and effectiveness as a sol-
vent. Chlorinated paraffins are used but the major solvents are alkylated
aromatic hydrocarbons such as (8-20) and especially isopropyl biphenyl
(8-21), and partially hydrogenated terphenyls.

ipr

8-20 821

The world market for carbonless paper is currently greater than that
for thermal paper, but the growth rate is much lower. It is estimated that
1.3 million tonnes per annum of carbonless paper is produced using 2000
tonnes of color former. The principle manufacturers are shown in Table 8.1.

One future trend in carbonless papers could be to make them machine
readable, preferably by an optical sensing system. The standard near infrared
readers are semiconductor lasers at 780 nm and light emitting diodes (LEDs)
at 900 nm: these are used with silicon detectors having a peak sensitivity at
850-950 nm. The current generation of color formers cannot be detected at
these wavelengths, since even the absorption spectra of the blacks do not
extend much beyond the limit of the visible spectrum (approximately
700 nm). Two approaches are possible. One is to use novel color formers
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Table 8.1. Major Manufacturers Worldwide of Pressure-Sensitive Copying Paper

Country Manufacturer
Japan Jujo, Kanzaki, Mitsubishi, Fuji Film, Toppan Moore
United States Appleton, Mead, Moore, Nashua, 3M
West Germany Feldmuhle, Zanders, Kohler, Renker
United Kingdom Wiggins Teape, DRG, Reed
Italy Binda
Spain Sarrio
Finland Ahlstrom
Yugoslavia Aero
Netherlands Moore

that absorb in the infrared. Typical infrared color formers are of the
Yamamoto type or the Appleton type. The Yamamoto compounds® (8-22)
are infrared absorbers because of the increased delocalization caused by the
enforced planarity induced by the bridging link between the two aryl rings.
Indeed, (8-22) is essentially a bridged Crystal Violet Lactone (8-3). Because
of the extra conjugation arising from the Michlers Ethylene moeity (8-23)
the Appleton compounds’ (8-24) are infrared absorbers.

NMe, Me,N ! l NMe,
H;0" I
O CO,H

NMe, NMe,

MC;N

8-22 Colorless Amax 625 and 850 nm (in a thermal paper)

An alternative approach is to use a mixture of existing color formers
with an infrared absorber (see Chapter 11). Ideally, a noncolored infrared
absorber is required in order to preserve the whiteness of the paper. How-
ever, no suitable noncolored infrared absorbers are currently available.
Therefore, pressure-sensitive papers based on this approach will be more
colored, i.e. less white, than those based on infrared color formers. Time
will tell which approach, if any, succeeds.

8.4. MEAD PHOTOCAPSULE (CYCOLOR) PROCESS

The technologies of direct thermal printing and the related pressure-
sensitive printing are used predominately for producing monochrome prints
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Green/black with near infrared absorption (Amax 680 and 875 nm)

(black and to a lesser extent blue). However, the advent of the Mead photo-
capsule process,”' known as CYCOLOR, has extended color former tech-
nology into producing full-color images.

Mead’s photocapsule process is a new technology which combines the
known technologies of microencapsulation and photopolymerization. It
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Figure 8.6, Carbonless capsule cutaway.
Center contains solvent and color precursor.

extends the technology of pressure-sensitive papers (carbonless papers) to
enable the production of full-color hard copies from electronic information.

As discussed in Section 8.3, in pressure-sensitive printing a colorless dye
precursor, a color former, is dissolved in a hydrocarbon solvent and the
solution is contained within a microcapsule (Fig. 8.6). These microcapsules
are in contact with an acidic resin. When pressure is applied to the paper in
the form of writing or typing, the capsule wall is ruptured and the solution
spills onto the acidic resin (Fig. 8.7). The acid immediately converts the
colorless color former into a colored dye, thus producing a legible copy.

The Mead photocapsule process, like the carbonless paper process, uses
a noncolored dye precursor, namely a color former. However, instead of a
solvent in the microcapsules there is a liquid monomer and a photoinitiator
which solidify (polymerize) when exposed to radiation of the appropriate
wavelength (Fig. 8.8). This is currently ultraviolet or blue light. When the
radiation strikes the microcapsules, it penetrates the outer walls and causes
the monomer to polymerize and solidify. In those microcapsules not struck
by radiation, the liquid core remains fluid.

Upon the application of pressure to the selectively exposed sheet with,
for example, a roller, the soft unexposed microcapsules rupture. They form
an image, exactly as in carbonless paper, by spilling their contents onto an
acidic developer layer. In contrast, the exposed capsules are now essentially
solid spheres and therefore do not rupture under pressure. Hence, no image
is formed in these areas (Fig. 8.9).

Figure 8.7. Ruptured carbonless capsule
releases dye on resin layer to produce blue or
black image.
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Figure 8.8. New Mead imaging chemis-
try. A liquid photopolymerizable monomer is
used instead of a solvent in the microcapsules.

To produce a colored image the paper is coated with three different
microcapsules, each containing one of three color formers, viz. a yellow,
magenta, or cyan. By combining these three primary colors, any color can
be generated, thereby allowing the production of full-color prints.

Each “colored” microcapsule is sensitive to a specific narrow band of
radiation in the blue to ultraviolet range, i.e. from 300 to 500 nm (Fig. 8.10).

Figure 8.9. Principle of the Mead photocapsule imaging process. Open circle, exposed
microcapsule; solid circles, unexposed microcapsule. NIP, nonimpact printing; MMIS, Mead
microcapsule imaging sheet.
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Figure 8.10. Spectral sensitivity of microcapsules containing cyan (C), magenta (M), and
yellow (Y) dye precursors.

The wavelengths of light striking the sheet determine which color capsules
will be exposed and polymerized. Thus, ultraviolet radiation at 350 nm poly-
merizes the cyan capsules, ultraviolet radiation at 385 nm polymerizes the
magenta capsules, and blue light at 470 nm polymerizes the yellow capsules
(Figs. 8.10 and 8.11). Application of pressure after each of these exposure
steps would produce the colors red, green, and blue, respectively (Fig. 8.11).

A further important feature of the Mead photocapsule process is the
ability to produce continuous tones (gray scales). This is because the level
of exposure determines the amount of polymerization: this increases
from zero to full polymerization with increasing time of exposure. Thus, on
development (i.e. application of pressure), a gray scale of color is obtained
from high optical density through medium optical density to low optical
density (Fig. 8.12). Having explained the process, we will describe briefly
the chemicals used in the construction of the capsules.

The material used for the wall of the microcapsules must be transparent
to the exposure radiation, viz. near ultraviolet and blue, otherwise the photo-
polymerization would not take place. Although many resins and polymers
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Figure 8.11. Color generation with the Mead photocapsule process. C, cyan; M, magenta;
Y, yellow.

can be used, the two preferred materials are a urea-resorcinol-formaldehyde
resin and gelatin.'

The liquid monomers are unsaturated organic molecules containing at
least one and preferably two or more terminal ethylene groups per molecule.
For example, unsaturated acid esters of polyhydric alcohols, such as tri-
methylol propane triacrylate (TMPTA),"” have been used.

Examples of photoinitiators include diarylketones, quinones, and
benzoin alkyl ethers. It is often advantageous to use a combination of photo-
initiators. For example, for ultraviolet sensitivity a desirable combination is
Michlers ketone (8-25) and benzoin methyl ether (8-26) in a ratio of 2:5.

The phthalides (8-27 and 8-28) are typical examples of yellow color
formers. Magenta color formers are of the phthalide type (8-5 and 8-29)
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Figure 8.12. Production of continuous tones with the Mead photocapsule process. CF,
color former.

8-27 8-28

and the spiropyran type (8-30). Typical cyan color formers are the thiazine
Benzoyl Leuco Methylene Blue (8-13), the oxazines (8-31 and 8-32), and the
diphenylmethane leucauramine (8-33)."

These are the conventional color formers used in both thermal printing
(Section 8.2) and pressure-sensitive printing (Section 8.3). The acylated leuco
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dyes such as (8-13 and 8-32) are also used in electrochromic printing (see
Chapter 6). The acidic resins and clays used as developers are also the
same type as those used in thermal and pressure-sensitive printing. Conse-
quently, the final image will suffer the same problems as those in thermal
and pressure-sensitive printing. In particular, it will have relatively poor
fastness to light. Consequently, the method is not suited to producing docu-
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Table 8.2. Comparison of the Imaging Processes

Silver Electro- Mead
Property Units halide Diazo photography photocapsule
Speed Ergs/cm’ 0.1-100 10*-10° 20-100 1001000
Spectral sensitivity =~ Nanometers Full 300450 300-850 320-500
spectrum
Resolution Line 100-1000 5000 25-100 50-100
pairs/mm
Color image quality — Excellent Good Fair-Good Good
Maximum density
Paper — 2.0 1.8 1.5 1.0-1.7
Film — 4.0 2.0 20 (To be
determined)
Continuous tone — Yes No No Yes
Processing — Complex Complex Complex Simple
Fixing required — Yes No Yes No
Shelf life Years 2 0.5 Unlimited 1.5+
Print cost
Black and white 83 x11 $0.2 $0.02 $0.05 $0.4
Color 81 x11 $2.0 — $0.25 $0.25

ments for archival storage. However, the Mead photocapsule process has
several advantages such as high resolution, low cost copies, and high printing
speed. Overall, it compares favorably with other technologies capable of
producing full-color hard copies (Table 8.2).

The Mead photocapsule process is particularly well suited to computer
color output. For instance, a computer system would output three different
signals to a signal convertor, each corresponding to a different color, namely
yellow, magenta, and cyan. The signal convertor would control a modulated
light source of the three different wavelengths of light: a cathode ray tube,
fluorescent tube, and a liquid crystal device or a laser used as the light source.
However, in order to become more universally applicable and compete for
potentially lucrative markets such as color copying, it is imperative that
photoinitiators sensitive to red, green, and blue light be developed (see
Chapter 7, Section 2.3). No doubt such photoinitiators will be formulated.

How successful Mead’s photocapsule or CYCOLOR process will be
remains to be seen, but Mead’s own commitment to the technology is sub-
stantial. Not only have they formed a separate company, Mead Imaging,
but they are building new premises to house the research group.

The following discussion concerns thermal transfer printing. As men-
tioned earlier, thermal transfer printing can be subdivided into thermal wax
transfer, a middle quality technology, and the more recent dye diffusion,
D2T2, a high quality technology.
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8.5. THERMAL WAX TRANSFER

Thermal wax transfer printing utilizes a transfer ribbon consisting of a
hot-melt ink coated onto a thin substrate (film). Monochrome ribbon is
usually black and color ribbon consists of sequential panels of yellow,
magenta, and cyan. Color ribbon also contains a machine-readable coding
scheme which allows the printer to determine the color at the imaging head
at any point in time.'

The thermal wax transfer imaging process consists of passing the ribbon
past the thermal heads (pixels) to cause the hot-melt ink to transfer from
the ribbon to a receiver sheet such as plain paper or transparencies (Fig.
8.13). The pattern with which the individual thermal heads are heated deter-
mines the shape of the image which is created. Monochrome output is cre-
ated by a single pass of the paper and ribbon by the thermal heads. Color
output is created using three passes to combine yellow, magenta, and cyan."?
The prints have an acceptable appearance and excellent archival properties.>
However, thermal wax transfer printing has two deficiencies:

1. Some of the transferred wax plus colorant resides on the surface of

the receiver sheet; this causes the prints to have poor rub fastness,
i.e. susceptible to smudging.

Figure 8.13. Thermal wax transfer printing process.
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2. It is difficult to produce a good gray scale since the transfer is gener-
ally an “all-or-nothing” transfer.?

Despite these deficiencies thermal wax transfer printing offers a reliable,
inexpensive way of producing either monochrome or full-color output.'*"

8.5.1. Color Sheet

As seen from Fig. 8.13, the color sheet consists of a base film or substrate
coated on one side with a color coat. The color sheet substrate can be one
of a number of heat-resistant plastic films that have good thermal conduc-
tivity and are available in thin film'®'” (<20 ). Paper, especially condenser
paper, is also suitable.” Table 8.3 shows the properties of various materials.
In practice, the most commonly used material is 6 u polyester although 3.5 u
polyester is also beginning to be used.""* Six micron polyester is readily
available, reasonably cost effective, smooth (unlike paper), and has good
thermal conductivity and high tensile strength (cf. paper). A heat-resistant
backcoat is generally not needed since the transfer temperatures are below
the softening point of polyester (ca. 200°C).

Colorants for thermal wax transfer printing must be thermally stable,
especially nonbleeding so as not to lose resolution during the thermal transfer
step, have good light fastness, and be compatible with the waxes employed.
Also, they must be nontoxic. Pigments satisfy these criteria best and indeed
the colorants used are predominantly pigments. Black is the major color and
this is usually carbon black although nigrosine is also mentioned in patents.'’
The yellow pigments are generally azos, the magenta pigments either azos
or quinacridones, and the cyan pigments phthalocyanines. Representative
pigments are CI Pigment Yellow 12 (8-34), CI Pigment Red 51:1 (8-35, azo)
or CI Pigment Red 122 (8-36, quinacridone), and CI Pigment Blue 15:1
(8-37). The pigments are used in amounts of 1%-20%, typically
5%—10%."
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As already mentioned pigments are used in preference to dyes because
of their good fastness properties, especially nonbleeding in the hot wax. The
disadvantage of pigments is their lack of transparency, which impairs faithful
reproduction of full-color images. This effect is particularly evident in over-
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head transparencies. For example, the yellows appear good on paper when
viewed by reflected light but are very poor on overhead transparencies when
viewed by transmitted light. In this case, the yellows are seen as muddy
browns. Dyes, on the other hand, have excellent transparency but are prone
to bleeding. There is, therefore, scope for an improved colorant that has the
transparency (and tinctorial strength) of dyes and the fastness properties,
especially nonbleeding, of pigments.

Many waxes and binders are quoted in patents but a typical formulation
comprises a solid wax (at 25°C), an easily meltable wax, and a binder.'” The
solid wax is normally a paraffin and is generally the major component.
Typical solid waxes are carnauba wax, montan wax, beeswax, and ceresine
wax. Easily meltable waxes are the ester waxes and oxidized waxes."*!” Low-
molecular-weight polyethylene is also used."’

The binders tend to be those employed in conventional systems such as
cellulose ethers and esters, acrylic resins, polyvinyl acetate, polystyrene, and
styrene-butadiene copolymers.'’

Additives may be materials to improve the thermal conductivity, such
as black pigments (e.g. acetylene black, lamp black, graphite, or aniline
black) or metal powders (e.g. aluminum, copper, tin, or zinc). Other addi-
tives may be extender pigments, such as magnesium or calcium carbonate,
clay, kaolin, and silicic acid anhydride (Aerosil)."” Release agents such as
silicones or siloxanes'®'® and terpenes® have also been mentioned in the
patent literature.

The coating is either a hot-melt coating or a solvent coating. Little
information is available on this aspect of the process.
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Important properties of thermal wax transfer ribbon are melting point,
viscosity of the molten ink, and hardness of the ink coating. The inks must
be formulated in such a way that they are hard at normal temperatures and
conditions but exhibit a low enough melting point to effect speedy transfer
with minimal energy. Most inks melt in the range 50-100°C,"” typically 65—
68°C."* An ideal ink has a low viscosity at its melting point to minimize
paper smear. Normally, viscosities are in the range 20-1000 cP, for example,
60 cP at 55°C.*' As mentioned above, it is desirable that the transfer ink
layers are hard, since soft layers are easily soiled. A penetration value of
0.1-50, according to Japanese Industrial Standard K2530," is a desirable
level of hardness for the ink layer.

8.5.2. Receiver Sheet

The receiver sheet is normally plain paper or transparencies for over-
head projectors. Much better transfer occurs on smooth “plain” paper, i.e.
Bekk smoothness greater than 100 sec, and work is ongoing to improve the
transfer to “ordinary” plain paper.”” Currently, these give lower print optical
densities and poorer print definition.

8.5.3. Patent Activity

Thermal wax transfer is a relatively young technology and this is
reflected by the growth in patent activity (Fig. 8.14). Prior to 1983, the
number of patents in any year was a single-digit figure. However, from 1983
onward, the patents increased enormously, with 79 being published in 1985.
As expected, Japanese companies dominate the patenting with giants such
as Ricoh (34), Konishiroku (30), Canon (19), Mitsubishi (15), and Fuji-
Xerox (8) leading the way. It is interesting that of the 28 patents on color-
ants, only one” was on dyes. The remainder were on pigments.

8.5.4. Electrothermal Printing

Ricoh, Fuji-Xerox, Matsushita, and Suwa Seikosha have patents on
electrothermal printing. This process differs from thermal wax transfer print-
ing in that a stylus supplies electrical energy to a resistive base film, thereby
generating the thermal energy to transfer the ink. The ink is essentially the
same as for thermal wax transfer; it is just the energy source that is different.
IBM appears to be the leaders in black electrothermal printing (IBM Quiet-
writer) whereas Seiko Epson is active in colored electrothermal printing.
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Figure 8.14. Patent activity in thermal wax transfer printing.

8.5.5. Laser Transfer

As is the case with direct thermal printing, it is possible to use lasers
rather than thermal heads as the energy source. Indeed, there is a patent
from Tomoegawa Paper®* that describes laser-driven thermal wax transfer.
Interestingly, it is used for the laser fabrication of lithographic printing

plates.

8.6. DYE DIFFUSION THERMAL TRANSFER

The ultimate aim of all the full-color hard copy reprographics technol-
ogies is to capture the lucrative silver halide photographic market, estimated
at 20 billion dollars per annum. The quality of silver halide photography is
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high, so the technology that captures this market must also be capable of
producing high quality images. In addition to quality, low cost (equal to or
less than silver halide photography) and high speed are also desirable attri-
butes. As yet, none of the reprographics technologies fulfill all these require-
ments. However, in the intense battle between the major technologies of ink-
jet, electrophotography, and thermography, it is D2T2 that is most successful
in capturing the silver halide photographic market. There are a number of
reasons for this:

1. D2T2 is unique among the technologies in being able to produce
continuous tones (i.e. a gray scale) easily and without loss of
resolution.

2. D2T2 can produce the high optical densities (up to 2.5) required for
high quality printing. Again, none of the competing technologies can
achieve this.

3. The plastic substrate used for the finished print is very similar in
appearance and handling to current photographic prints.

4. The fastness properties, especially to light, heat, and rubbing, are
good.

5. Finally, but most importantly, D2T2 can undergo a step change in
technology, namely the replacement of thermal heads with lasers as
the energy source. This development, which will probably require
infrared absorbers to convert the laser energy into heat (see Chapter
11), will result in a dramatic improvement in printing speed, print
resolution, and energy costs. Ink jet, for example, cannot undergo
such a step change in technology. In contrast, electrophotography
has already undergone such a step change and the resulting impact
of laser printers in page printing is there for all to see.

8.6.1. Electronic Photography

For over 100 years photography, both black and white and color, has
been based on silver halide technology. It is, therefore, a mature and well-
understood technology and has attained such a high quality that it is the
standard by which all other color hard copy technologies are judged. How-
ever, silver halide photography has some limitations. One of these is cost. A
silver halide film, once inserted into a camera, has to be processed com-
pletely, irrespective of whether only one or all of the exposures have been
used. This can be a nuisance. Furthermore, “bad” pictures (e.g. blurred or
poorly composed) are also developed, even if not printed, because there is
no way of ascertaining the quality of the exposure prior to processing the
exposed film. A second, and arguably more serious limitation, is incon-
venience. Until the advent of “instant photography” (e.g. Polaroid), there



150 Chapter 8

was a considerable time delay involved between taking the pictures and
actually viewing them. This is because the exposed film has to be sent off
for processing (developing and printing). The Polaroid process has over-
come this particular drawback but at a cost—the prints are of poorer
quality.

In the current electronic age of computers, videos, and televisions, it is
hardly surprising that electronic photography is arriving. The basic concept
is extremely attractive. In electronic photography, an electronic camera
replaces the conventional silver halide camera and a magnetic disc replaces
the silver halide film. The magnetic disc will allow up to a maximum of 50
pictures to be taken. At any stage, i.e. whether 1, 10, or 50 pictures have
been taken, the disc can be placed into a printer which is attached to a
television set, and each picture can be viewed on the television screen. If the
picture is satisfactory and a color hard copy print (i.e. “photograph”) is
required, a button is pressed and, after approximately one minute, out pops
a color “photograph.”

Electronic photography has several attractions. The two most important
ones are that it makes photography potentially very inexpensive, and it is a
clean, dry, instant process capable of producing high quality prints.

It is potentially inexpensive because the user pays only for the pictures
that actually print out as a color hard copy. Defective photographs or those
that are deemed unsatisfactory after viewing on the television screen, cost
absolutely nothing if they are not printed out. Like a video tape, the disc is
reusable simply by placing it back in the electronic camera. Indeed, once the
camera and disc have been purchased, these can, in theory, be used for ever.
The only cost incurred is the purchase of the cassette that inserts into the
printer to produce the color hard copy prints.

The electronic camera used in electronic photography is in fact a “still
video camera.” Not surprisingly, therefore, color hard copy prints can be
taken from any video by freezing (pausing) it at any point and printing the
still image.

A further advantage of electronic photography is the ability to elec-
tronically manipulate the picture once it is on the television screen. For
instance, the colors can be altered, objects added or removed, and the picture
enlarged or reduced. This obviously has many attractions, a major one being
greater control over the quality of the photograph.

Widespread use and the eventual domination of electronic photography
is still some way off, partly because of the expense and relatively poor quality
of today’s electronic cameras. However, improvements in this area coupled
with imminent introduction of high definition television will undoubtedly
lead to electronic photography being the dominant photographic technology
in the future. Indeed, it has been postulated that electronic photography will
have replaced silver halide photography by the year 2000.
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8.6.2. History and Development

The thermal transfer printing of textiles, especially polyester, has been
known for many years. In this process, sublimable disperse dyes are printed
on thin paper in the pattern required for the final image. The printed paper
is then placed in contact with the textile substrate to be printed. Application
of heat, either from a hot iron or a hot press, is applied to the paper. This
causes the printed pattern to transfer from the paper support by a process of
sublimation and color the polyester textile substrate®® (Fig. 8.15). Typically,
temperatures of 200°C for 30 sec are needed to effect the process.

In concept, D2T2 appears to be an extension of textile transfer printing
so that by increasing the temperature to 400°C the dye transfer takes place
in milliseconds rather than 30 sec. However, in practice it is more complex
than this because the process involved is a melt-state diffusion process rather
than the sublimation process associated with textile transfer printing. By
using an array of thermal heads to print dots and a trichromat ribbon of
yellow, magenta, and cyan dyes, full-color prints can be produced using a
three-pass system. The amount of dye transferred is directly proportional to

Ink with
Sublimable
Disperse Dyes

Heat

Figure 8.15. Heat transfer printing process.
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the quantity of heat supplied, so that continuous tones can be produced
easily without any loss in resolution. As noted above, this is one of the major
advantages of D2T?2 over competing technologies.

Sony is the company credited with inventing D2T2. They have the first
recorded patents on the subject, with the first patents filed in 1981,” and
were the first into the marketplace with the Mavica electronic camera and
the Mavigraph printer.”® However, the products had a number of teething
problems. Other companies have also launched products, notably Hitachi
and Kodak. Indeed, judging by the intense patent activity, most of the major
Japanese companies, as well as some American and European companies,
are actively engaged in the D2T2 technology. Some companies, such as
Kodak, produce an integrated product of electronic hardware and consum-
ables, whereas other companies produce either hardware (e.g. Hitachi) or
consumables [e.g. Dai Nippon Printing (DNP) and ICI].

8.6.3. Dye Diffusion Thermal Transfer Process

As is the case for thermal wax transfer printing (Section 8.5), D2T2
also uses a yellow, magenta, cyan trichromat color sheet and a receiver sheet.
However, in D2T2 the colorants are dyes rather than pigments and the
receiver sheet is normally white plastic rather than plain paper or overhead
transparencies.

Figure 8.16. The D2T?2 process. (a) Overall view. (b) Cross-sectional view.
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A cross-sectional view of a dyesheet and a receiver sheet is shown in
Fig. 8.16. The base substrate for the dyesheet is either condenser paper or,
more usually, 6 u polyester film. The latter is preferred because of its greater
smoothness and strength (Table 8.3). However, a heat-resistant backcoat is
needed since polyester softens at 200-250°C and the thermal heads reach
temperatures up to 400°C. The backcoat also serves a further purpose in
producing good quality prints since it has the correct frictional properties
to control the friction between the dyesheet and the thermal head.”

The color coat is applied to the opposite side of the polyester to the
backcoat (Fig. 8.16). It is normally applied as a solution of the dye plus
binder in a solvent, followed by evaporation of the solvent. However, it can
also be applied as a dispersion. Either process leaves an amorphous layer of
dye plus binder. In some cases, a subcoat is applied between the color coat
and polyester film to (a) assist adhesion to the polyester film and (b) prevent
diffusion of dye into the polyester film. This is usually an acrylic polymer.*

The receiver sheet is normally about 150 g thick. It can be paper-based
and coated with plastics or it can be based on a white pigmented plastic. In
either case, the surface that receives the dye is coated with a clear, thin
receiving layer. This is normally a (co)polyester or polycarbonate, probably
because the dyes used in D2T2 tend to be disperse dyes used for the dyeing
of polyester textiles (Section 8.6.5). The receiver sheet is discussed in more
detail in Section 8.6.6.

8.6.4. Dyesheet

The substrate is usually polyester, which is available as a 6 u film (e.g.
6 u grade MYLAR from DuPont and 6 u grade MELINEX from ICI), is
relatively cheap, has high tensile strength (cf. paper), is smooth, and has
good thermal conductivity (Table 8.3). Its only drawbacks are that it softens
below the operating conditions and that it is receptive to the dyes used.
Other materials are known such as polyimides which have high melting
points (>400°C), but they are expensive and are not generally available as
thin films.

The backcoat should be thermally stable to 400°C and above. It also
controls the frictional properties of the dyesheet. Polyurethanes are typical
backcoats.”'

The color coat contains binders and dyes. Binders are normally poly-
mers that have some affinity for polyester and help to bind (glue) the dye
to the polyester film. Ideally, they should be thermally stable, have little or
no affinity for the dye (i.e. be able to release it during the heat transfer step),
and provide the inks used for coating with the desired viscosity requirements.
Typical binders are polyvinyl butyral®* and cellulosic derivatives such as
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cellulose acetate, cellulose acetate butyrate,” ethyl cellulose, ethylhydroxy-
ethyl cellulose, and carboxymethyl cellulose.*

The dye is the key component of the whole system since it is the com-
ponent responsible for producing the colored image. In other words, the
dyes produce the color that appears in the final print. Consequently, we
will consider the dyes in more detail.

8.6.5. Dye Diffusion Thermal Transfer Dyes

Dyes for D2T2 have to satisfy a set of demanding criteria. These are
listed in Table 8.4. The color (shade) of the dyes has to be right which is
not as simple as it seems. In order to produce high quality prints, the yellow,
magenta, and cyan colors need to have well-defined spectral characteristics.
This means that they must have the correct hue, brightness, and shape of
absorption curves. Also, for the highest quality printing, a separate black is
required.

The dyes must possess inherently high tinctorial strength or coloring
power. This is necessary to achieve print optical densities up to 2.5, which
are required for high quality prints. In practice, this means using dyes with
high molar extinction coefficients (&5 values).

The dyes must dissolve in the receiving layer of the receiver sheet and
therefore must have solubility in polymers such as polyester. Furthermore,
as most dyesheets are prepared by solution coating, the dyes should also be
soluble in solvents acceptable to the printing industry. These include aro-
matic hydrocarbons such as toluene; alcohols such as ethanol, isopropanol,
and butanol; ethers such as tetrahydrofuran; and ketones such as methyl-
ethylketone and cyclohexanone.

D2T2 dyes must possess high thermal stability to withstand the
operating temperatures of the thermal heads, which reach temperatures up

Table 8.4. Dye Diffusion Thermal Transfer Dyes:
Properties Required

Color: yellow/magenta/cyan, separate black
Strength: optical density to 2.5
Solubility: >3% of ambient temperature in acceptable solvents
Thermal stability: to 400°C
Fastness
Light fastness
Silver halide photography
Heat fastness
Zero migration or transfer
Dyesheet stability
Stable under user conditions for at least 18 months
Toxicology: Ames-ve

Image stability
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to 400°C. Although these high temperatures are reached for periods of only
milliseconds, conventional textile dyes are not normally subjected to tem-
peratures greater than 200°C. Therefore, this high thermal stability is a new
requirement of dyes for D2T2.

The fastness properties of the dyes are extremely important and in
many respects the most difficult to achieve. The light fastness, or degree of
resistance to fading, has proved especially troublesome in the D2T2 process.
For example, many conventional dyes for polyester textiles give excellent
light fastness for this application; however, the same dyes in the D2T2
process can give abysmal light fastness. Thus, the red dye (8-38) gives a light
fastness rating of 6* when used to dye polyester textile fabrics. In contrast,
the same dye only exhibits a light fastness rating of 2-3 when used in the
D2T2 process!*

I
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There are several reasons for the dramatic drop in light fastness of dyes
in the D2T2 application. First, the dyes are held in a thin layer only several
microns thick. This contrasts to the situation in textile fibers where each
fiber, which can be several hundred microns thick, is dyed uniformly. Fading
of the first few microns in textile fibers has virtually no effect since there are
many tens of microns of dyed fiber still remaining. In contrast, fading of the
first few microns of dye in a D2T2 print destroys the color completely!
Secondly, all the dye in a D2T2 print is near the surface and is therefore easily
attacked by singlet oxygen, the main agent responsible for the photofading of
dyes. Thirdly, the white background of a D2T2 print reflects light back
through the dyed layer, so that the light essentially gets a second chance to
attack the dye molecules. Finally, it is well known that white pigments, such
as titanium dioxide, promote the photofading of dyes.”®

The heat fastness of dyes in the D2T2 print is also important. Thus, the
dyes must not migrate (diffuse) in the final print if it is inadvertently exposed
to heat; for example, by leaving it near a central heating radiator or in a
locked car on a hot, sunny day. Any such dye migration would result in a
loss of resolution that would manifest itself as “blurring.”” The heat fastness
of dyes highlights an important point. On the one hand, the dyes have to be
* The rating system is based on the international blue scale of 1-8, with 1 being very poor and

8 excellent. The scale is a logarithmic one, such that light fastness 8 is 28, or 256 times better
than light fastness 1. (See ref. 37 for a fuller explanation.)
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sufficiently mobile to transfer readily under the influence of heat from the
dyesheet to the receiver sheet. However, on the other hand, the dyes, once
transferred, have to be resistant to heat. With dichotomies such as this there
obviously has to be a compromise to achieve both good thermal transfer
and good heat fastness in the final print. Indeed, compromise is required in
attempting to meet all the criteria with just one dye.

Dyesheet stability is another important factor. For example, the color
coat must remain as an amorphous layer for a reasonable period of time
(approximately 18 months) to give the product a reasonable shelf life. Any
tendency of the dye to crystallize or migrate to the surface will result in
printing defects.

Last, but by no means least, is the topical subject of toxicology. Not
only must the final product be completely safe to handle by the consumer,
but the components (chemicals) used to make the final product must also
be safe, since plant operatives handle these chemicals during manufacture,
usually on a large scale. Normally acute toxicity data such as LDs, values
and skin and eye irritation tests are done. However, one of the most import-
ant aspects of the chemical is that it must be nonmutagenic and, by impli-
cation, noncarcinogenic. In other words, the chemical must not cause cancer.
The Ames test, which employs bacteria, is the universally adopted screening
test for mutagens, and new chemicals for commercial use should be Ames
negative (i.e. not cause mutations in bacteria). The toxicological aspects of
dyes and pigments are discussed more fully in Chapter 12.

Since the D2T2 process is, in theory, simply an extension of the mature
textile transfer printing process, it is hardly surprising that the sublimable
disperse dyes used for the latter process were the first types of dyes to be
evaluated for D2T2. Three of the leading yellow, red, and blue dyes for
textile transfer printing are CI Disperse Yellow 54 (8-39), CI Disperse Red
60 (8-40), and CI Disperse Blue 3 (8-41). Indeed, these dyes along with other
dyes used for textile transfer printing were the first to be used in D2T2.%
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More recently, it has been discovered that the process is not one of
sublimation but is rather a melt-state diffusion of the dyes—hence the name
dye diffusion thermal transfer.* This has opened up the possibility of using
dyes that are nonsublimable but which are capable of melt-state diffusion.

The types of dyes evaluated and actually used in D2T2 will now be
discussed. For convenience, this is done by considering each of the three
primary subtractive colors of yellow, magenta, and cyan.

8.6.5.1. Yellow Dyes

In many respects yellow is the easiest of the three colors to satisfy. A
number of chemical classes produce yellow dyes of the disperse or solvent
type needed for D2T2 and most of these have been evaluated.

The quinophthalones, which provide the leading textile transfer printing
dye, have been patented by Mitsubishi*' and Matsushita.*’ These dyes of
general formula (8-42) provide bright, strong yellow dyes which can give
good light fastness providing the right substituents are used (e.g. R =0H).
The drawbacks of this class are the lack of synthetic flexibility to allow fine-
tuning of color, properties, etc., and the poor solubility of the dyes in most
solvents. This makes solution-coated dyesheets difficult to produce.

842 R=H, OH

Another class of dye used for textile transfer printing is azophenols.*?
CI Disperse Yellow 3 (8-43) is a typical dye of this class. These dyes tend
to be relatively dull and have poor light fastness in the D2T2 application.*

HO
AcHN N
N\
N

843

Me

Azopyrazolones are used as photographic dyes* and it is not surprising
therefore that this class has also been evaluated for D2T2.*> Azopyrazolone
is a misnomer, since it has been established that these dyes exist exclusively
in the hydrazone tautomeric form.*® The general formula of the dyes claimed
in ref. 45 is 8-44. Azopyrazolone dyes exhibit poor light fastness in D2T2.
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8-44

Methine dyes are a class of dye that has been used extensively both in
the conventional coloration of textile fibers”’ and as photographic dyes.**
They have been patented by a number of companies for application in D2T2.
For example, Mitsubishi, Matsushita, and Sumitomo have patented methine
dyes based on anilines such as 8-45* whereas Eastman Kodak® have
patented dyes based on tetrahydroquinolines such as (8-46). The dyes are
bright, strong, and display reasonably good light fastness.

NC Me
CN NC e
NC Et
\ N Me If Me
\CHzCH2© CHzCHzOﬁNH @
Me o
845 846

Azopyridones are another useful class of yellow dyes for D2T2. Like
the azopyrazolones they exist exclusively in the hydrazone tautomeric form.*
As a class azopyridones provide bright, strong yellow dyes which can exhibit
good light fastness properties. A feature of all azo dyes is synthetic flexibility:
this allows fine-tuning of the various properties (cf. quinophthalones). These
features have encouraged a number of companies, including Mitsubishi,”'
Mitsui Toatsu,” Sumitomo,” and ICL> to evaluate azopyridone dyes for
D2T?2. Typical dyes are (8-47) (Mitsubishi) and (8-48) (Mitsui Toatsu).

O
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2
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Me CH,CO,Et
847 848
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An unusual approach to D2T2 dyes has been adopted by Matsushita
and ICI. These companies have attempted to use the brightest and strongest
types of dyes, namely basic (cationic) dyes, in D2T2.

Matsushita uses leuco dyes and an acidic receiver sheet.”* A leuco dye
is a colorless dye precursor which, because of its low polarity, transfers
readily with heat. A receiver sheet with acidic sites has to be used to generate
the dye proper; in this case a yellow dye (Eq. 8.1).

R! R3 R! R3
R‘ + R4
- H,O +/ /
R} R}
2 2
R Colorless R Yellow

There are two major problems with this approach: (1) that leuco dyes
tend to have poor light fastness, and (2) an additional heat treatment step
is usually required to develop the color fully.

ICI has taken a slightly different approach.’> Working with some of the
brightest and strongest cationic dyes that are designed for polyacrylonitrile,
and which display excellent light fastness on this substrate, ICI has chemi-
cally modified the dyes to render them thermally transferable. Dye 8-49 is
typical of these modified dyes.

Me Me

P Me

SN ]
|+ N—N OMe 1
Me

849

8.6.5.2. Magenta Dyes

As is the case with dyes for silver halide photography, a magenta dye
has proved more difficult to achieve than a yellow dye. The leading red dye
for textile transfer printing is the anthraquinone dye, CI Disperse Red 60
(8-40). The advantages of anthraquinone dyes are " rightness and good fast-
ness properties, especially to light. Not surprisingly, CI Disperse Red 60 has
been mentioned in a number of D2T2 dye patents.” As expected, the dye
provides bright red prints which exhibit good light fastness. However, CI
Disperse Red 60 has two major defects: (1) it is too yellow in hue to be a
true magenta, and (2) it is tinctorially weak—a general feature of anthraqui-
none dyes.

DNP has attempted to overcome the shade problem by using a mixture
of CI Disperse Red 60 with a bluer anthraquinone dye, namely CI Disperse



160 Chapter 8

Violet 26 (8-50).>° This approach is fine provided the two dyes transfer at a
similar rate to avoid off-tone buildup and that they exhibit similar fastness
properties.

0 NH, 0 NH, /@
o
O OH O NH, \O

ICT has attempted to overcome both the shade and low strength prob-
lems of CI Disperse Red 60.” In theory, the lack of strength can be overcome
by using more dye in the color coat of the dyesheet. In practice, this creates
problems of dyesheet stability, such as dye crystallization. By incorporating
a small amount of an analogous magenta dye, such as 8-51, which exhibits
high dyesheet stability, relatively large amounts of CI Disperse Red 60 can
be used in the color coat. As is the case with DNP, the bluer shade is
achieved by adding a bluer anthraquinone magenta dye.

(0] NH,
400 -

|

O OH

8-51

840 8-50

Azo dyes are by far the most important class of dye® and so azo dyes
have also been evaluated extensively as D2T2 magenta dyes. Three types of
azo dyes have been evaluated: carbocyclic azo dyes, heterocyclic azo dyes,
and hydrazone azo dyes.

Carbocyclic azo dyes are based on benzene and naphthalene intermedi-
ates with azobenzene (8-52) being the backbone of most magenta dyes.
Azobenzene itself is essentially colorless. To obtain magenta dyes, ring A
normally contains two unsaturated electron-withdrawing groups, the most
popular being nitro and cyano, and ring B contains an NN-dialkylamino
group para to the azo linkage. Typical carbocyclic azo magenta dyes are
represented by the general formula 8-53,” with 8-54 being a typical dye.

”%N
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N R
\ .
: R
Y
8-53
X=CN, NO,

Y =H, Me, NHAc
R, R’=C1-C4 alkyl, optionally substituted by electron-withdrawing groups

CN

SC,HCN

8-54

Carbocyclic azo dyes are the “bread and butter” dyes of the dyestuffs
industry. As a class they are tinctorially strong and have good fastness
properties. Thus, higher print optical densities can be obtained from the
carbocyclic azo dyes than from anthraquinone dyes. However, dullness is a
major drawback. Carbocyclic azo dyes are duller than anthraquinone dyes
and this could limit their usefulness in D2T2.

Heterocyclic azo dyes are even stronger than the carbocyclic azo dyes
and significantly stronger (up to four times) than the anthraquinone dyes.
They are also bright—much brighter than carbocyclic azo dyes and, in cer-
tain cases, as bright as anthraquinone dyes. Their fastness properties, how-
ever, are lower than the anthraquinone dyes, especially to light. Because of
these attractive features, a number of companies have patented heterocyclic
azo magenta dyes for D2T2. Both Mitsubishi and Mitsui Toatsu have pat-
ented 1,3,4-thiadiazoles® (e.g. 8-55). In addition, Mitsubishi has also pat-
ented the isomeric 1,2,4-thiadiazoles,” (e.g. 8-56). Both types are claimed to
be bright, strong, and have good fastness properties.

NN MeS)/_N

S A\ S \
N NEt, N NEt,

NHAc Me
8-55 8-56
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ICI® and Eastman Kodak®® have both patented isothiazole azo
magenta dyes, with 8-57 being a representative dye. ICI has also patented®
pyrazoles (e.g. 8-58) and thiophenes (e.g. 8-59) as magenta dyes for D2T2.
It is interesting to note that since a cyano group and a ring nitrogen atom
confer similar properties to a molecule, then the cyano isothiazole dyes
(8-57) should have a similar color, strength, and fastness properties to the
1,2,4-thiadiazole dyes (8-56).

Me CN
!
NNy
7\ .
N N(C;H?),
NHAc
8-57
CN CN Me CN
N/ \ N UN
N
N N\ NC *s N\
| N NE'-Z N N(C2H4OAC)1
CH,CN
NHAc
8-58 8-59

Dicyanoimidazole dyes (e.g. 8-60) have also been claimed as magentas

for D2T2.%
R\
N
IN} \
| N

Me

NC

NC NEt,

NHAc
8-60

The third type of azo dyes evaluated as magentas for D2T2 are those
that exist in the hydrazone tautomeric form (cf. azopyrazolone and azopyri-
done yellow dyes). These are the azonaphthol dyes. Indeed, this type of
dye is used as a magenta in conventional silver halide photography.* The
azonaphthol dyes (8-61) patented by Mitsubishi® are typical.

In addition to the azo and anthraquinone dyes, other dye classes have
been evaluated for magenta D2T2 dyes. One of the most interesting is the
tricyanovinyl type. Mitsubishi has a number of patents® on tricyanovinyl
magenta dyes, with Sumitomo® and Matsushita®® also patenting this class
of magenta dye. Structure 8-62 depicts a typical dye. Tricyanovinyl magenta
dyes are claimed to be bright, strong, and to have good fastness properties.
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N

\ NC \ _Et
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)\ 8-62

8-61

It is interesting that inserting just one extra cyano group into the methine
chromogen causes such a large bathochromic shift from yellow (see Section
8.6.5.1) to magenta.

As was the case for the yellow dyes, Matsushita® and ICI*® have pat-
ented basic dyes as magentas for D2T2. Matsushita again use a colorless
dye precursor (8-63) to generate the magenta dye (8-64) on contact with the
acidic receiver sheet. ICI uses a cationic dye having a large polarizable
anion (e.g. iodide) to induce covalency and reduce polarity. The triazolium
diazahemicyanine dye iodide (8-65) is claimed as a magenta D2T2 dye.

Me Me Me Me
X ORaw
H,0* 7 R
| | + g
Me _R Me
N\
R’
8-63 8-64
- +
Me T

8.6.5.3. Cyan Dyes

To obtain a satisfactory cyan dye for D2T2 is probably the most difficult
task of all. To begin with, very few cyan dyes belonging to the disperse or
solvent dye classes are known. The best cyan chromogen is copper phthalo-
cyanine. Unfortunately, the large molecular size of phthalocyanines results
in unacceptably low diffusion rates in polyester and therefore precludes their
use in D2T2. Consequently, the search for D2T2 cyan dyes has centered
upon three areas:
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1. Tailoring the major classes of dyes used for the conventional color-
ation of polyester. These are anthraquinones and monoazos.

2. Examining the dye types used in conventional silver halide pho-
tography. These are the indoanilines.

3. Evaluating novel types of dyes. These are the naphthoquinones and
heterocyclic disazos.

As mentioned earlier the class of blue dyes used in conventional textile
transfer printing is anthraquinone. Anthraquinone blue dyes are bright and
can have good properties but, like all anthraquinone dyes, they are tinc-
torially weak. Nonetheless, anthraquinone dyes have been evaluated exten-
sively by a number of companies in an attempt to produce a cyan D2T2
dye.

1,4-Bisalkylamino anthraquinones provide the greatest number of blue
disperse and solvent dyes. Matsushita®” and Mitsubishi®® have patented dyes
of this type for D2T2. CI Solvent Blue 36 (8-66) is a typical dye.

o NHCH(CH3y),

O  NHCH(CH,),
8-66

Dyes of this type are really too red to be a true cyan and tend to have
only poor-to-moderate light fastness. Indeed, this latter aspect is exacerbated
by the fact that 1,4-bisalkylamino anthraquinone dyes fade off-shade
(redder).

The introduction of a 2-cyano group into 1,4-bisalkylamino anthra-
quinones not only gives a greener shade (closer to a cyan) but also improves
the light fastness. Indeed, the dye 8-67 is the only textile transfer printing
blue dye to possess high light fastness. Not surprisingly, dyes of this type
have been patented for D2T2 by both Mitsubishi® and Sumitomo.”

o NH,
o
o NHEt

8-67

Mitsubishi’' has also patented dyes of type (8-68) in which the electron-
withdrawing group is an ester group rather than a cyano group.
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o

8-68
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COZMC

NHEt

An alternative approach to greener blue dyes having improved light
fastness is to use 1-(alkyl)amino-4-arylamino anthraquinones. Both ICI**
and DNP’? have patented these dyes for D2T2. CI Solvent Blue 63 (8-69)
is a typical dye.

0 NHMe

Me
8-69

The only true anthraquinone cyan dyes are the CI Disperse Blue 60
types. These have the general formula 8-70. Dyes of this type have been
patented for D2T2 by DNP.”

(o] NH2 0
U
o NH ©
8-70 R =lower alkyl or alkoxyalkyl

A serious disadvantage with anthraquinone dyes is their lack of tinc-
torial strength which results in low print optical densities. For this reason,
monoazo dyes have been evaluated since they are much stronger than anthra-
quinone dyes.

It is difficult to obtain cyan dyes from carbocyclic azo dyes. To approach
this color the dye has to have a multiplicity of both electron-withdrawing
groups and electron-donating groups. These tend to make the dye dull and
worsen its fastness properties. Because of this, only one patent™ has
appeared on carbocyclic azo cyan dyes (8-71) for D2T2.

Heterocyclic azo dyes derived from sulfur and/or sulfur/nitrogen

heterocyclic diazo components can produce cyan colors. These dyes are also
brighter and stronger than the carbocyclic dyes, so it is not surprising that
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CN
OMe
O,;N N%
N NEt,
Br
NHAc
8-71

they have been evaluated more extensively than the carbocyclic dyes.
Mitsubishi has been particularly active in this area, filing a number of patents
on both thiophene’ and thiazole’ azo dyes. ICI® has also patented azo
thiophene cyan dyes. Structure 8-72 represents a typical thiophene cyan dye
and structure 8-73 a typical thiazole dye.

NO,

7\
(o) NO\N\
s \NQNEtz

Me NHAc
8-72 8-73

N OMe
OZN/[»— N\\

S N NEt,

In general, the thiophene dyes give the better cyan colors. However,
both dye types exhibit only moderate light fastness.

The classical cyan dyes used in conventional silver halide photography
are indoanilines.”” These produce true cyan colors. However, their tinctorial
strength and light fastness properties are only moderate. Mitsubishi,”
DNP,” and Eastman Kodak® have patented indoaniline cyan dyes for
D2T2. Typical dyes are 8-74 and 8-75.

CONHMe CONHMe
LoD oDy
: .

8-74 8-75

As mentioned earlier, two novel types of dye have been evaluated in
the search for a satisfactory cyan for D2T2. These are naphthoquinones and
disazoheterocyclics.

Naphthoquinones are smaller molecular-weight homologues of anthra-
quinones. Surprisingly, they are more bathochromic (i.e. give greener colors)
than anthraquinones. Indeed, they are used to produce infrared absorbers
(see Chapter 11). Mitsui Toatsu,®’ Matsushita,*? and Mitsubishi®* have all
patented 1,5-naphthoquinones, typified by 8-76, as cyan dyes for D2T2. In
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addition, Mitsubishi® has also patented a mixture of naphthoquinone and
anthraquinone cyan dyes.

o] NHMe

MeHN 0
8-76

Disazothiophene dyes have been evaluated by ICL*® Normally, disazo
dyes are dull. Surprisingly, disazo dyes incorporating a thiophene middle
component are bright. Not only are they bright, they are also very strong
(€max ca. 70,000, i.e. about five times stronger than anthraquinones) and
exhibit good light fastness in D2T2. Dye 8-77 is typical.

Ol
N
N
S \NQNEt,

Me
8-77

Again, Matsushita® and ICI” have patented basic dyes for D2T2.
Matsushita uses the colorless carbinol dye (8-78) which, on contact with
an acidic receiver sheet, develops the cationic blue diphenylmethane dye,

Michler’s Hydrol Blue (8-79) (Eq. 8.2). ICI uses the iodide salt of oxazine
dyes such as 8-80.

H,0* +
OMe
8-78 879

7 (8.2)

Me
.
Ty«
—Z
N
8-80

Mitsubishi has patented® the use of reactive disperse dyes for D2T2.
The concept here is that the dye, once transferred, will form a covalent
chemical bond with the receiver sheet, thus anchoring the dye firmly to the
receiver sheet. This should give excellent fastness properties both to solvents
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and heat. Of course, modified receiver sheets are required containing free
hydroxy or amino groups to react with the dye (Eq. 8.3).

—S0,CH=CH, + |RS|—OH - —OCHZCHZOZS— (8.3)

E{EF Receiver Sheet

8.6.6. Receiver Sheet

There are three major parts to the receiver sheet, namely the base sub-
strate, the dye receiving layer, and the release agent. The receiver sheet may
be prepared by either a coextrusion process or by a solvent coating process.
Solvent coating is the process normally employed since it offers much more
flexibility both in the actual construction of the receiver sheet and in the use
of additives.

The base substrate is normally a white plastic. DNP*” has claimed a
pigmented polypropylene trilaminate whereas Eastman Kodak®®® claims
white pigmented polyester (MELINEX 990 white base from ICI). Typical
thickness is about 150 p. Plastic-coated paper can also be used.*

The receiving layer has to be a clear substance which is receptive to the
dyes used in D2T?2. Since these are of the solvent and disperse type used for
dyeing polyester fiber (Section 8.6.5), it is hardly surprising that polyesters
are the most commonly used receiving layers. DNP®” uses a S-component
copolyester (Table 8.5), as described in a Toyoba patent.”® The bulky neo-
pentyl glycol disrupts the structure of the polymer, thus allowing easier
uptake of dyes. In physical terms, it lowers the glass transition temperature
(Ty) of the polymer. A mosaic pattern of the receiving layer can also be
employed to improve the gloss.”’

Polycarbonates are also used as a receiving layer. Thus, Eastman
Kodak® has patented high-molecular-weight (>25,000) polycarbonates of

Table 8.5. Typical Copolyester
Receiving Layers

Chemical Parts
Terephthalic acid 4
Isophthalic acid 4
Sebacic acid 1
Ethylene glycol 1.2

Neopentyl glycol 1
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type 8-81 derived from bisphenol A. Addition of a linear polyester or a
poly(caprolactone) to a polycarbonate-based receiving layer is claimed to
improve the light fastness.”'

During the printing stage in D2T2 the dyesheet and receiver sheet are
held together under pressure and the thermal heads reach temperatures up
to 400°C to transfer the dye. Under these conditions the dyesheet and
receiver sheet can fuse together so that subsequent separation after printing
is impossible. Even if the dyesheet and receiver sheet can be separated after
printing, total transfer can occur whereby all the color coat is transferred to
a receiver sheet. To avoid these undesirable occurrences, a release agent is
added to either the color coat of the dyesheet”® or, more usually, to the
receiver sheet either by a surface coating on the receiving layer or as an
integral part of the receiving layer.” The chemicals used as release agents
are the well-known antistick chemicals used in, for example, nonstick frying
pans. Typically, these are fluorinated or phosphated surfactants, silicone
oils, and solid waxes.***

A cross-sectional view of a typical plastic-based receiver sheet is shown
in Fig. 8.17.

8.7. SUMMARY

Thermography is one of the three most important nonimpact printing
technologies, along with electrophotography and ink jet. It can be subdivided
into direct thermal printing and thermal transfer.

Direct thermal printing and the closely related pressure-sensitive print-
ing are based upon color formers. They are both used primarily for mono-
chromatic output (typically blue and black) and represent the low cost, low
quality end of thermal printing. The Mead Corporation has extended color
former technology into a full-color process, the Mead photocapsule process.

The newer technology of thermal transfer printing can also be sub-
divided into thermal wax transfer and D2T2. Thermal wax transfer rep-
resents a middle quality technology. It uses pigments dispersed in a wax as
the color coat and plain paper or overhead transparencies as the receiver
sheet. It is essentially an ‘“‘all-or-nothing” process which makes continuous
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I Very thin silicone layer

Il This i the clear receiving layer which is a copolymer consisting of:

Terephthalic acid 4
isophthalic acid 4
sebacic acid 1
ethylene glycol 1.2
neopenty! glycol 1

Layers IIl,IV and V are the backing sheet which is polypropylene.

Il Polypropylene containing calcium carbonate plus a white pigment
(titanium dioxide) with little voiding.

IV Polypropylene containing calcium carbonate (less than in lll) plus
pigment; this layer is voided (biaxially orientated).

V  As for layer lll.

VI Thin, heat resistant backcoat.

Figure 8.17. Cross-section of a typical receiver sheet.

tone production difficult. In contrast, D2T2 uses dyes rather than pigments
in the color coat and white plastic-based film, especially polyesters, as the
receiver sheet. Good continuous tones and high optical densities can be
obtained, which enables high quality prints to be produced. Thus, D2T2 is
the favorite to capture the high quality markets, including, eventually, the
lucrative silver halide photographic market.



Thermography 1M

REFERENCES

23.
24,
25.

26.

27.

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

38.

. K. C. Freund, SPSE Meeting, August, p. 268 (1986); S. Ito, OEP, July, p. 72 (1984);
T. Seto, OEP, November, p. 28 (1984).

. E. Anczurowski and D. J. Sanders, J. Imaging Technol. 13, 97 (1987).

. Fine Chemical 14(22), 25 (1985); Fine Chemical 15(2), 5 (1986).

. J. C. Petitpierre, J. Tech. Assoc. Pulp Paper Ind. (TAPPI ), September, p. 157 (1983).

. Kanzaki Paper, U. S. Patents 4510,512A (1981), 4520,370A (1982), and 4529,992A
(1982).

. Yamamoto, European Patent 124,377A (1983).

. Appleton, G. B. Patents 1492,913A (1975) and 1496,296A (1975).

A. S. Diamond, Electronic Imaging, October, (1984).

. Chemical Week, February 6, p. 44 (1985); A. Kapoor, Computer Graphic World, February,
p- 105 (1985).

. Mead Corporation literature on the cycolor process (1986).

. Mead, U. S. Patent 4399,209 (1983).

. Mead, European Patent 157,783A (1985).

. Mead, G. B. Patent 2113,860B (1982).

. E. Anczurowski, J. Oliver, and R. H. Marchessault, Chemtech, p. 304 (1986).

. I. H. Mallender, Mini-Micro Systems, p. 217 (1983).

. IGC Conference, Amsterdam, 1985, Armor, Fig. 8.

. Fuji, G. B. Patent 2069,160B (1981).

. Diafoil, Japanese Patent 60 129,295 (1983).

. Pelikan, German Patent 3328,990 (1983).

. Shikoku Paper, Japanese Patent 59 020,465 (1974).

. ICG Conference, Amsterdam, p. xi (1985).

. K. Koshizuka, S. Kitamura, and T. Abe, SPSE 3rd International Congress on Advances in

Non-Impact Printing Technology, August, p. 326 (1986).

Fuji-Xerox, G. B. Patent 2179,169A (1985).

Tomoegawa, Japanese Patent 81 013,168 (1979).

J. W. O’Leary, Imaging Materials (Session 7), in: Trends in Thermal Transfer Ribbons;

Technologies, Economics and Performance, Diamond Research Conference, Santa Barbara,

California (1986).

C. J. Bent, T. D. Flynn, and H. H. Sumner, J. Soc. Dyers Colorists 85, p. 606 (1969);

J. Griffiths and F. Jones, J. Soc. Dyers Colorists 93, p. 176 (1977); C. E. Vellins, in:

Chemistry of Synthetic Dyes (K. Venkataraman, ed.), Vol. VIII, pp. 191-220, Academic

Press, New York/San Francisco/London (1978).

Sony, European Patents 71,404 (1981), 103,024 (1982), 111,004 (1982), 119,275 (1982),

122,296A (1982), and 153,411A (1983); U. S. Patent 4505,975A (1982).

OEP (2), p. 53 (1982).

Eastman Kodak, European Patent 227,090A (1985).

Eastman Kodak, European Patents 227,091A (1985) and 228,065A (1985).

DNP, European Patent 153,880A (1984); Japanese Patent 61 132,387A (1984).

DNP, Japanese Patent 61 094,794A (1984).

Eastman Kodak, European Patent 227,093A (1985).

ICI, European Patent 209,991A (1985).

ICI, European Patent 247,737A (1986).

Eastman Kodak, European Patent 227,095A (1985).

P. F. Gordon and P. Gregory, Organic Chemistry in Color, pp. 282-284, Springer-Verlag,

Berlin/Heidelberg/London (1983).

ICI, Colors for Plastics-Waxoline Polymer Soluble Dyes, ICI Pattern Leaflet 267.



172 Chapter 8

39.

40.

41.
42.
43.

Sony, European Patents 71,404 (1981) and 111,004 (1982); DNP, European Patent 133,012
(1983); Matsushita, Japanese Patent 59 093,391 (1982).

S. A. Brownstein, Thermal Dye Transfer Systems—Design and Performance; G. W. Allen,
Thermal Dye Transfer Media—Design and Performance; P. Gregory, Dyes and Colorants
for Color Hard Copy Technologies; IGC Conference on Color Hard Copy, Amsterdam,
October 21-23 (1987).

Mitsubishi, Japanese Patent 60 053,565A (1983).

Matsushita, Japanese Patents 59 093,391A (1982) and 59 096,993A (1982).

Matsushita, Japanese Patent 60 030,393A (1982); Sony, European Patent 111,004 (1982);
Mitsubishi, Japanese Patent 60 030,392 (1983).

44a. S. M. Bloom, M. Green, M. Idelson, and M. S. Simon, in: Chemistry of Synthetic Dyes

(K. Venkataraman, ed.), Vol. VIII, pp. 331-387, Academic Press, New York/London
(1978).

44b. J. Bailey and L. A. Williams, in: Chemistry of Synthetic Dyes, (K. Venkataraman, ed.),

Vol 1V, pp. 341-387, Academic Press, New York/London (1971).

44c. P. F. Gordon and P. Gregory, in: Critical Reports of Applied Chemistry (J. Griffiths, ed.),

45.
46.

47.

48.

49.
50.

S1.

52.
53.
54.
55.

56.
57.

58.

59.

60.

61.
62.
63.
65.

66.

Vol. 7, pp. 66-77, Blackwell, Oxford (1984).

Mitsui Toatsu, Japanese Patent 61 012,394A (1984).

P. F. Gordon and P. Gregory, Organic Chemistry in Color, p. 107, Springer-Verlag, Berlin/
Heidelberg/London (1983).

The Society of Dyers and Colorists, Bradford, England, and The American Association of
Textile Chemists and Colorists, Lowell, Mass., Color Index, 3rd ed., Vol. 4, pp. 4437-4440
(1971).

Mitsubishi, Japanese Patents 59 078,895 (1982), 60 053,564A (1983); Matsushita, Japanese
Patents 60 229,786A to 60229,73A, inclusive (1984); Sumitomo, Japanese Patents
60 253,594A (1984) and 60 253,595A (1984).

Eastman Kodak, European Patent 229,374A (1985).

P. F. Gordon and P. Gregory, Organic Chemistry in Color, p. 108, Springer-Verlag, Berlin/
Heidelberg/London (1983).

Mitsubishi, Japanese Patents 60 027,594 (1983), 60 152,563A (1984), and 61 244,595A
(1985).

Mitsui Toatsu, Japanese Patent 61 012,393A (1984).

Sumitomo, Japanese Patent 61 262,191A (1985).

Matsushita, European Patent 97,493A (1982).

ICI, European Patent 178,832A (1984).

DNP, Japanese Patent 61 268,495A (1985).

ICI, European Patent 209,990A (1987).

P. F. Gordon and P. Gregory, Organic Chemistry in Color, p. 95, Springer-Verlag, Berlin/
Heidelberg/London (1983).

ICI, European Patent 235,939A (1986); Mitsui Toatsu, Japanese Patent 62 099,195A
(1985); Mitsubishi, Japanese Patent 61 227,092A (1985).

Mitsubishi, Japanese Patents 60 030,394A (1983) and 62 032,147A (1985); Mitsui Toatsu,
Japanese Patent 61 012,392A (1984).

Mitsubishi, Japanese Patent 60 030,392A (1983).

ICI, European Patent 216,483A (1985).

Mitsubishi, Japanese Patent 61 227,091A (1985).

. Mitsubishi, Japanese Patent 60 030,391A (1983).

Mitsubishi, Japanese Patents 59 078,896 (1982), 60 028,451 (1983), 60 028,452 (1983),
60 028,453 (1983), and 60 031,564 (1983).

Sumitomo, Japanese Patents 59 129,263A (1983), 59 129,264A (1983), and 61 163,895A
(1985).



Thermography 173

67.
68.
69.
70.
71.

72.
73.
74.
75.
76.

71.
78.
9.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.

Matsushita, Japanese Patent 59 093,389A (1982).

Mitsubishi, Japanese Patents 60 151,097A (1984) and 60 172,591A (1984).
Mitsubishi, Japanese Patent 60 053,563A (1983).

Sumitomo, Japanese Patent 60 234,893A (1984); G. B. Patent 2183,668A (1984).
Mitsubishi, U. S. Patent 4507,221A (1983); Japanese Patents 60 131,292A (1983),
60 131,294A (1983), and 60 217,266A (1984).

DNP, Japanese Patent 62 124,152A (1985).

DNP, Japanese Patent 61 284,489A (1985).

Mitsui Toatsu, Japanese Patent 62 132,684A (1985).

Mitsubishi, Japanese Patents 60 239,291A (1984) and 60 239,292A (1984).
Mitsubishi, Japanese Patents 60 239,291A (1984), 60 239,292A (1984), and 62 033,688A
(1985).

Ref. 47, p. 4443 and ref. 44(b).

Mitsubishi, G. B. Patent 2161,824A (1984); Japanese Patent 61 019,396A (1984).
DNP, Japanese Patent 61 268,493A (1985).

Eastman Kodak, European Patent 227,096A (1985).

Mitsui Toatsu, Japanese Patents 61 207,469A (1985) and 61 244,594A (1985).
Matsushita, Japanese Patent 62 108,091A (1985).

Mitsubishi, Japanese Patents 60 151,098A (1984) and 61 058,791A (1984).
Mitsubishi, Japanese Patent 61 035,993A (1984).

ICI, European Patent 218,397A (1985).

Mitsubishi, G. B. Patent 2159,971A (1984).

DNP, European Patent 133,011A (1983).

Eastman Kodak, European Patent 227,094A (1985).

Eastman Kodak, European Patent 228,066A (1985).

Toyobo, U. S. Patent 4065,439 (1975).

Eastman Kodak, European Patent 228,066A (1985).

Eastman Kodak, European Patent 227,092A (1985).

DNP, European Patent 133,012A (1983).



9

Ink-Jet Printing

9.1. INTRODUCTION

Ink-jet printing simply involves squirting droplets of ink on to a sub-
strate (paper or plastic) to produce an image. It completes the trio of the
three major nonimpact printing technologies, along with electrophotography
(Chapter 7) and thermography (Chapter 8).

Ink jet can be divided into two major technology types: continuous and
drop-on-demand. Each of these can be subdivided further as shown in Fig.
9.1. How these technologies evolved will now be considered briefly.

INK-JET
CONTINUOUS DROP-ON-DEMAND
Sweet Hertz ’ l
Piezo Thermal
(Bubble jet)
Aqueous Hot melt

Figure 9.1. Subdivisions of ink-jet printing.
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Table 9.1. Patents on Ink-Jet Inks
1975-76 1977 1978 1979 1980 1981 1982 1983 1984 Total

Japan 1 6 9 13 53 45 133 37 145 442
US. 3 4 4 13 17 8 8 7 2 66
Other 1 0o 1 0o o 1 2 3 210

5 10 14 26 70 54 143 47 149 518

9.2. HISTORY AND DEVELOPMENT

Ink-jet technology is not new. The first use of ink jets in recording
devices dates back as far as 1930 and the first successful product using ink
jets was developed by Elmquist in Sweden in 1951." However, it was not
until the 1960s, 1970s, and 1980s that the inventions were made upon which
today’s ink-jet technology is based. It was Sweet in 1964-65 who mvented
the continuous ink-jet method and this was modified by Hertz in 1967." The
second maJor ink-jet technology of drop-on-demand was invented by Zoltan
in 1972.! This used a piezoelectric element to eject the ink. The use of heat
to eject the ink by bubble formation was discovered independently by Canon
and Hewlett-Packard in 1979.>° These two companies cross/licensed the
thermal ink-jet technology in 1983.2 More recently, the hot-melt ink-jet sys-
tem (also known as solid ink-jet and thermoplastlc 1nk-]et) was discovered
by Dataproducts (formerly Exxon),* and Howtek.” Tektronix are also
involved in this technology.®

Until 1976 the United States was the undisputed world leader in ink-
jet technology.” However, since that year the Japanese have dominated the
ink- Jet area. This is reflected by the numbers of patents on ink-jet (Table
9.1).2 For example, in 1984 Japanese companies applied for 145 patents
while only two patents were issued to American companies. A probable
driving force for the intense Japanese activity is the suitability of ink-jet for
printing kanji characters. During 19871988 there appears to be a resurgence
of interest in ink-jet printing in the USA with Hewlett-Packard in thermal
ink-jet and Tektronix and Dataproducts in solid ink-jet leading the way.
Other American giants such as IBM and Xerox are considering licensing
ink-jet technology.

Table 9.2 shows the results of a more detailed patent survey of ink-jet
activity from 1980 to 1985.” This shows that the majority of patents were
on dyes, including dye synthesis, dye mixtures and control of dye impurities.

9.3. TECHNOLOGY

As seen in Fig. 9.1 ink-jet is conveniently divided into two basic types,
namely continuous ink-jet and drop-on-demand ink-jet.
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Table 9.2. Ink-Jet Patent Activity (1980-1985)

No. of
Category patents Comments

Dyes 220 Dyes are claimed rather than pigments. 198 Patents
specifically mention increased reliability or durability.

Dye synthesis 86 Major classes are azo and phthalocyanine.

Dye mixtures 118 Claim that a mixture of dyes is better than a single dye.
Typically mixtures of acid and direct dyes.

Dye purification 27 Methods to minimize (control) levels of impurities such
as electrolyte and insolubles.

Solvents/chemicals 104 Most nontoxic, water-soluble materials are covered. The
most common solvents are glycols and N-methyl
pyrrolidone.

Thermoplastic inks 6 Hot-melt ink-jet.

9.3.1. Continuous Ink-Jet

As the name implies, in continuous ink-jet systems"® a continuous
stream of ink droplets is ejected from a nozzle. Some of these are targetted
at the paper to form the image while the remainder are collected in a gutter
and either recycled or rejected. This selective deflection is achieved by first
electrostatically charging some of the ink droplets, then deflecting those
that are charged using high voltage electrodes. Obviously, two designs are
possible. In the first design, the charged ink droplets are deflected on to the
paper to form the image and the uncharged droplets are collected in a gutter.
This is the raster scan continuous ink-jet method (Fig. 9.2). In the second
design, the uncharged ink droplets form the image and the charged ink

Figure 9.2. Components for a single-nozzle, raster-scan, continuous ink-jet printhead.
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Figure 9.3. Components for a single-nozzle, binary, continuous ink-jet printhead.

droplets are deflected into the gutter. This is the binary continuous ink-jet
system (Fig. 9.3). Both the raster scan and binary continuous ink-jet systems
are based on the original Sweet technology and are especially suited for
monochrome printing. The Hertz technology, whereby a fine mist of
irregular-sized ink droplets is formed, uses the binary design of the
uncharged droplets forming the image (Fig. 9.4). It is more suited to color
printing than the previous two methods. Indeed, it is employed by Iris in
their color ink-jet printers.

As seen from Figs. 9.2-9.4, each continuous ink-jet system is charac-
terized by having a common set of components, namely a high pressure
pump, a drop charge electrode, and high voltage deflection plates. For more
detailed information on the construction and operation of continuous ink-
jet systems, consult refs. 1 and 8.

Figure 9.4. Components for a single-nozzle, Hertz, continuous ink-jet printhead.
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9.3.2. Drop-on-Demand Ink-Jet

Drop-on-demand, or impulse, ink-jet systems differ in two major
respects from continuous ink-jet systems. First, all the ink droplets are used
to form the image: none are wasted. Ink droplets are only ejected where a
dot is required on the substrate, i.c. they are produced “on demand.”
Secondly, the droplets are not charged. Hence, there is no deflection
involved. Instead, the droplets are “fired” in a straight line to the desired
position on the paper (Fig. 9.5). This feature highlights an important point,
namely that the printhead in drop-on-demand ink-jet printing should be as
close as possible to the substrate surface so that the ink droplets travel as
short a distance as possible to produce accurate images. In continuous ink-
jet systems the droplets can travel greater distances. Consequently, continu-
ous ink-jet systems are more suited to industrial applications such as the
printing of rough, irregular surfaces, such as cardboard boxes. In contrast,
drop-on-demand ink-jet systems are suited to printing on plain, smooth
substrates where higher quality is required. For example, office output
(see Section 9.6).

As seen from Fig. 9.1, drop-on-demand ink-jet systems may be sub-
divided into two broad types, namely piezo and thermal (or bubble jet). The
piezo type may be subdivided further into systems using the conventional
liquid inks (which may be aqueous based or solvent based), and the more
recent hot-melt inks. These are solid at room temperature but on heating
they melt to form a fluid ink. This fluid ink is ejected. On hitting the cool
substrate it resolidifies. A significant proportion of the solid ink resides on
the surface of the paper giving the print an embossed feel. The basic prin-
ciples are outlined in Fig. 9.6.

It is fascinating the way that three totally different technologies have
converged. Electrophotography, thermal and ink-jet began as completely
different technologies having very little in common. For example, electropho-
tography used a pigment dispersed in a resin to produce the image, thermal
transfer used a pigment dispersed in a wax and ink-jet used a water-soluble

Figure 9.5. Drop-on-demand ink-jet printer.
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Figure 9.6. Principle of hot-melt ink-jet.

dye dissolved in an aqueous ink. Now, electrophotography, thermal transfer
and hot-melt ink-jet all use colorants, usually dyes, dissolved in a resin so
that the final image on the substrate is similar both physically and chemically
irrespective of which technology was used to produce it. Evidence in favor
of this is provided by Dataproducts’ solid ink-jet printer which produces
prints of at least equal quality to laser printers.’

9.4. INK-JET INKS

Basically there are three types of inks: aqueous, solvent, and hot-melt.
The most common inks for drop-on-demand ink-jet printers for office quality
output are aqueous-based inks whereas solvent-based inks are prevalent for
continuous ink-jet printers, especially for industrial labeling. The recently
introduced hot-melt inks based on waxes/resins could be a significant force
in the future for drop-on-demand ink-jet printers. Before considering these
inks individually the general features required of all ink-jet inks is discussed.

9.4.1. General Features

All ink-jet inks have to meet the dual requirements of good print quality
and compatibility with the printer (Table 9.3). Good print quality depends
upon being able to form controllable droplets and on the printing properties
of the ink. Table 9.3 presents the important properties that influence droplet
formation, the printing properties required of an ink to produce good quality
prints,® and the more general properties required of an ink, including com-
patibility with the printer.’
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Table 9.3. General Features of Ink-Jet Ink

Physical properties Printing properties Functional properties
Viscosity Good optical density Machine compatibility
Specific gravity No feathering Stable drop formation
Surface tension Uniform spreading No particle contamination
Dielectric properties Fast set time No nozzle crusting
pH Good waterfastness Low corrosion
Color Good fading resistance No biological growth

Good soak resistance Long shelf life

Good rub resistance No long-term health problems
Good smear resistance No chemical hazards

Gloss

Able to print on paper

variations

9.4.2. Aqueous Inks

Aqueous-based inks normally contain other solvents in addition to
water. Glycols, such as diethylene glycol, and N-methylpyrrolidone are the
most common cosolvents'® (Table 9.2). The cosolvents serve several func-
tions. For example, they act as humectants, i.e. they help minimize the
evaporation of water and thereby prevent the crystallization or crusting of
the dye. Any crusting would block the ink-jet nozzles and prevent the system
from operating effectively. Cosolvents also help to control the viscosity and
the surface tension of the inks, two very important parameters (Table 9.3).
Furthermore, they can improve the solubility of the dye thus producing
more stable inks."

One major disadvantage of the use of water in inks is that it is a
good growth medium for microorganisms such as bacteria and fungi. If
unchecked, these will have disastrous effects, including clogging the filters
and nozzles. Consequently, a biocide effective against both bacteria and
fungi is normally added to an aqueous ink. In cases where the cosolvent is
an alcohol or glycol, this may also serve as the biocide if it is present in
sufficient quantity.

Water also has the disadvantage of being a good corrosion promoter,
a feature which is accentuated by the presence of certain electrolytes in the
dye. Care must therefore be taken to select both a pure dye and a pH that
is compatible with the materials used in the ink and in the printer.

Insoluble or particulate matter in the ink presents a serious problem.
Obviously, strenuous efforts should be made to avoid introducing such
matter in the first place. The major source of such contamination is the dye
and only highly purified dyes should be used in the inks (see Section 9.5).
In some inks chelating agents are added to solubilize metal salts.!
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Obviously, aqueous-based inks require water-soluble dyes. This aspect
is discussed fully in Section 9.5.

9.4.3. Solvent Inks

Solvent-based inks are used when a fast drying rate is required and/or
when printing on to hydrophobic substrates such as plastics or metals.
Ketones such as methylethylketone (MEK) are the most common solvents.
However, a major disadvantage with such solvents is flammability. Because
of this alcohols, such as ethanol, are also being used since these are less
flammable than ketones but are faster drying than water. Solvents also pose
more of a toxicity problem than water and some solvents inks are already
being banned in certain parts of the United States.

Solvent-based inks predominate in large character industrial labeling
of, for example, cardboard boxes and also in the marking of metal and plastic
containers and industrial components. The predominant color is black. For
solvent-based inks, solvent-soluble dyes are required. These dyes and their
requirements are discussed in Section 9.5.

9.4.4. Hot-Melt Inks

Hot-melt inks are like wax crayons, being solid at room temperature
and fluid when heated. Since this technology is new there is a paucity of
information on the types of vehicles used. However, fatty (C,;s—C,4) car-
boxylic acids and alcohols have been claimed by Exxon,* and sulfonamides
of structure 9-1 by Tektronix.® The preferred melting points appear to be in

the range 60-125°C.
Q—SO,NH,

CH,
9-1 mp 105°C

9.4.5. Ink—Paper Interactions

Matching the properties of the ink to the paper substrate is of para-
mount importance for obtaining good quality prints. Figure 9.7 shows the
interrelationships between the paper, ink and printhead.'® Indeed, the ink—
paper interaction is vitally important in determining the quality of the final
print. Ideally, an ink should produce good quality prints on all types of
paper but this is extremely difficult, if not impossible, to achieve. All papers
are different and in order to obtain the optimum print quality from a particu-
lar ink and printer it is usually necessary to use a paper designed for that
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Liquid
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Figure 9.7. Relationship among ink, paper, and head.

system. In general, coated rather than plain papers give the best quality.
However, the ideal situation is to be able to print with good quality on any
paper. Although this ideal situation has not yet been achieved, rapid progress
is being made.

In the early days of ink-jet printing a lot of effort was expended in
producing papers specially designed to give optimum quality prints from the
available ink-jet printers. As a consequence, many ink-jet printers only gave
reasonable print quality on coated papers. The situation is different today:
the bulk of the research effort is centered upon improved ink-jet printers
and improved ink-jet dyes and inks. The dramatic improvements in all these
areas means that high quality prints can now be produced on plain paper.

The nature of the ink largely determines its interaction with the paper.
Usually, a compromise has to be reached between high water and smear
fastness (see Section 9.5.6) on the one hand and print definition on the
other hand. In general, solvents aid penetration into the paper and thereby
improve the wet and smear fastness but at the expense of print definition:
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the print edges are less regular, a phenomenon referred to as feathering. In
aqueous inks, the level of cosolvent is usually between 1% and 10%. A
detailed account of the factors affecting ink—-paper interactions may be found
in ref. 8.

9.5. INK-JET COLORANTS

9.5.1. Properties Required

Of the two major classes of colorants, namely dyes and pigments, dyes
are used almost exclusively in ink-jet inks, particularly for office applications.
The reason is simple. Pigments, being insoluble, have a much greater tend-
ency to clog the nozzles, especially after a machine has been switched off
and is then restarted at a later date. The choice of dye depends upon the ink
used, whether it is aqueous, solvent, or hot melt, and on the type of printer
(thermal or nonthermal). However, irrespective of the solvent system, all
ink-jet dyes have to satisfy a number of stringent criteria. These are listed
in Table 9.4.

9.5.1.1. Color

Black is by far the predominant color. This is hardly surprising since
black is the color of text. However, for full-color printing the three subtrac-
tive primary colors of yellow, magenta, and cyan are also required.

Obtaining true yellow, magenta, cyan, and even black colors is not easy.
The key parameters are the absorption maxima (peak wavelength) and the
shape of the absorption curve, in particular its broadness and the presence
(or absence) of unwanted secondary absorptions.'? Ideally, bright dyes
(which have narrow absorption curves) are required in order to produce a
comprehensive balanced color gamut. It should always be remembered that

Table 9.4. Properties Required of Ink-Jet Dyes

Color: yellow/magenta/cyan/black

Color strength: high

Solubility: 5-20%

Insolubles: <0.5 ym

Electrolyte/metals (ppm): C1~, SOZ ™, Ca®*
Fastness: light, water, smear

Shade: Same on different paper; print definition
Toxicology: Ames —ve

Thermal stability: Kogation®

“The buildup of insoluble deposits on the heating element (see Section 9.5.1.9).



Ink-Jet Printing 185

e A '/

RN

400 ]

Figure 9.8. Absorption curves of (a) a bright, ideal magenta dye and (b) a duller, nonideal
magenta dye having unwanted secondary absorptions (c).

bright dyes can be made duller (e.g. by adding a shading color such as
black), but dull dyes cannot be made bright. Figure 9.8 illustrates these
principles for a magenta dye.

Obtaining an ideal black shade is not easy. There are many shades of
black ranging from reddish blacks to neutral blacks to greenish blacks. The
situation is compounded further, since Oriental sensibilities prefer one shade
of black (a greenish black) and Western sensibilities prefer a neutral or
slightly redder shade of black.

Even after a dye having the correct color has been chosen care must be
exercised that the color remains unaffected by changes in ink concentration,
ink pH, ink solvents, and ink—paper interactions.*"

9.5.1.2. Color Strength

The color strength of the dye should be as high as possible for several
reasons. One reason is to enable prints having high optical densities to be
produced. Consider two dyes, A and B. The inherent tinctorial strength of
dye A is five times that of dye B. This means that an ink containing only
1% of dye A would give the same print optical density as an ink containing
5% of dye B (providing the molecular weights of A and B are similar).
Obviously, this has a number of ramifications. One of these is cost effective-
ness. Providing dye A is less than five times the cost of dye B, then it is
more cost effective than dye B. Another advantage is the increased flexibility
possible in the ink formulation, leaving more scope for additives. Finally,
the ink stability is likely to be greater, regarding both dye precipitation and
also kogation (see Section 9.5.1.9) in thermal ink-jet systems.
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Figure 9.9. Relationship between &nax and tinctorial strength.

The inherent tinctorial strength of a dye is expressed by the area under
the absorption curve. The molar extinction coefficient, £4.,, which measures
the height of the absorption curve, is usually taken as a rough measure of the
tinctorial strength (Fig. 9.9). Fluorescence also contributes to the strength of
a dye but the overwhelming majority of ink-jet dyes are nonfluorescent.

The formula for calculating &n,.x from an optical density measurement
is given by Eq. (9.1).

oD

Emax=——" 9.1)
cxl

where OD = optical density
c¢=concentration in moles/liter

/= path length in centimeters

9.5.1.3. Solubility

A dye for ink-jet should have as high a solubility as possible to minimize
any tendency for the dye to crystallize and cause problems such as nozzle
blockage.

What factors influence the solubility of a dye? These depend upon
whether the dye is intended for an aqueous ink, a solvent ink, or a hot-melt
ink.

The group that confers the best water solubility on dyes is the sulfonic
acid group. Generally, the greater the number of sulfonic acid groups per
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molecule, the greater the water solubility. The sulfonic acid group is rarely
present as the free acid (—SO;H) but rather as a metal salt (—SO; M ™). In
conventional dyestuffs the metal is sodium but lithium usually confers
enhanced water solubility, and some ink-jet dyes are marketed as lithium
salts. Ammonium (NH7) and potassium (K*) are other favored cations.
Carboxylic acid groups, especially in the form of salts, also confer water
solubility on dyes.

Dyes having solubility in solvents such as MEK, and also waxes and
resins for solid inks, are generally devoid of polar groups such as sulfonic
acid. Instead, they normally contain alkyl groups, the length and degree of
branching of the alkyl chain having a marked effect on the solvent solubility.
Metal complex azo dyes (2:1) are also used, especially blacks. The dye part
of the molecule contains a unit negative charge which is delocalized over the
entire molecule. This is balanced by a cation (9-2), and the nature of the
cation affects the solubility, i.e. whether it is H", Na™, or —N*R,.

[Dye] ~ Cation*
9-2

A mixture of dyes of similar structure, especially isomers, often has
higher solubility than the individual components.

9.5.1.4. Insolubles

The dyes must be as free from insoluble matter as possible, otherwise
the ink-jet nozzles will soon clog up. Freedom from insolubles is achieved
by using pure intermediates to synthesize the dye and by subjecting a solution
of the dye to a filtration stage. This may be done during manufacture of the
dye or on the ink prior to usage (or both).

9.5.1.5. Electrolytes/Metals

Anions and metal cations are normally present in commercial dyes
either as a consequence of the preparation or as an added diluent. Anions
such as sulfate and especially chloride are undesirable in ink-jet inks due to
the corrosion problems they cause to the metal printheads. Certain metal
cations, particularly divalent cations such as calcium, need to be removed,
since these can precipitate with certain anions such as sulfate and with the
dye itself. Normally, the level of electrolyte has to be reduced to the parts
per million (ppm) level, less than 100 ppm being typical. This is generally
accomplished by dialysis or ultrafiltration.
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9.5.1.6. Fastness Properties

Light fastness, wet fastness, and smear fastness are the most important
fastness properties required. They are also the most difficult to achieve,
particularly with aqueous-based irk systems.

a. Light Fastness. The final printed document must have reasonable
light fastness (resistance to fading by light) if it is to serve any useful purpose.
However, it is a well-known fact that in general dyes have much poorer
fastness to light than pigments.'* Furthermore, the light fastness that dyes
exhibit on paper is lower than the light fastness that they exhibit on textiles.
Not surprisingly, it has proved difficult to obtain ink-jet dyes having good
light fastness.®'” This is demonstrated by the accelerated light fastness testing
of the water-soluble dye Patent Blue A. After 40 h exposure in an Atlas
fadeometer, all the color had been destroyed® (Fig. 9.10).

b. Water Fastness. The final print should be resistant to water so that
if the paper gets wet or is rubbed by moist fingers, smudging does not occur.
This feature illustrates the extreme difficulties of producing an ideal aqueous
ink-jet dye. On the one hand, high water solubility is required for the ink,

Figure 9.10. Absorption spectra of Patent Blue A ink on paper as a function of exposure
time to an Atlas fadeometer.
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but on the other hand, water insolubility is required once the dye is on the
paper! Usually a compromise position has to be reached to achieve adequate
solubility and adequate water fastness.

One of the most promising approaches to achieving high water fastness
is by using the concept of differential solubility, i.e. using a dye that has
high water solubility in the ink but low water solubility when on the paper.'®
Aqueous-based ink-jet inks are normally slightly alkaline (in the pH range
7.5-10.0) and most papers are slightly acidic (pH 4.5-6.5). By incorporating
groups that have pKa’s of 6.5 to 8.0 into the dye molecules, it is possible to
produce dyes that have high water solubility in an alkaline ink (where the
group is ionized and therefore confers extra water solubilizing properties),
but which have relatively low water solubility on the acidic paper (where the
group is in its less water-soluble, nonionized form). Two prime examples of
such groups are carboxy (—CO,H)"* and hydroxy (—OH). The concept is
illustrated in Scheme 9.1.

-+ 9.0
CO;M*  pH>pKa of —CO,H ALKALINE INK
—~+ 80
pH —— 7.0 Neutral
—+ 6.0
COH  pH<pKaof —COH | ., ACID PAPER

Scheme 9.1. Use of differential solubility to achieve high ink solubility and high water fastness.

The water fastness of dyes in either solvent or wax /resin-based inks are
excellent since the dyes used (see Sections 9.5.3-9.5.6) are water insoluble.

c. Smear Fastness. This is effectively resistance to smear when using a
highlighter pen. Such pens usually contain aqueous alkaline inks and can
cause a dye to smear by facilitating the formation of water-soluble species.
Again, dyes from solvent or wax/resin inks are less prone to smear than
those from aqueous inks.

9.5.1.7. Shade

The shade or hue should appear the same irrespective of the substrate
on which it is printed. Again, this can be difficult to achieve since the sub-
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strates vary enormously in physical properties. For instance, papers vary in
texture, adsorption, additives, and pH, and ideally the dye should be insensi-
tive to these differences.

9.5.1.8. Toxicology

Environmental health and safety has assumed increasing importance in
recent years. In the workplace, this applies to safer working practices and,
in the chemicals industry, to toxicologically safe chemicals. The toxicological
aspects of dyes are dealt with in detail in Chapter 12, but one important
criterion of dyes is that they should, indeed, must be, noncarcinogenic. In
other words, they must not cause cancer in humans. The accepted primary
screening test for mutagenicity (in bacteria) is the Ames test, and it is nor-
mally required that dyes should be Ames negative, i.e. not cause mutations
in bacteria. Therefore, ink-jet dyes should ideally be Ames negative.

9.5.1.9. Thermal Stability

If the dye is required for a thermal ink-jet system such as Canon’s
Bubble Jet or Hewlett Packard’s Think Jet, then the extra parameter of
thermal stability or kogation fastness is required. Since the temperatures
involved are as high as 300°C, then dyes stable to these conditions are
required.

Kogation is derived from the Japanese word koga meaning “to char.”
It refers to the buildup of insoluble deposits on the heating element during
operation of a thermal ink jet. Good kogation is when these deposits are
absent or very low, whereas poor kogation is when the deposits are substan-
tial. The insoluble deposits act as an insulating barrier. They hinder heat
flow from the heater to the ink and cause overheating of the element itself.
Poor kogation is caused by two factors. The first is the presence of inorganic
impurities such as iron, copper, and silicon. The second is the degradation
of the dye itself. Reduction of the inorganic impurities to acceptable levels
(usually <50 ppm) eliminates kogation due to the impurities. Solving the
second cause of kogation, namely dye degradation, has proved more difficult.

A detailed study of azo dyes by Suga et al.'” has shown some interesting
structure/kogation/mutagenicity correlations. The major finding is that dyes
having good kogation fastness are generally nonmutagenic (Ames negative)
and that dyes having poor kogation fastness are generally mutagenic (Ames
positive). Kogation fastness worsens as the number of azo groups and/or
primary amino groups increases. Dyes having good kogation fastness satisfy
two criteria. First, each fragment of the dye molecule contains a water
solubilizing group, usually sulfonic acid. This ensures that the dye itself, plus
any decomposition fragments, are all water soluble. There is no buildup of
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insoluble deposits on the heater. This feature is illustrated in Scheme 9.2.
Gregory'® has shown that the water solubility of the dye and any possible
degradation products play a major role in rendering the dye Ames negative.
The second criterion is that the dyes should have a minimum of primary
amino groups since these are known to trigger mutagenicity."” (See
Chapter 12.)

9.5.2. Dye Types

The dyes used in ink-jet are considered now. In all four shade areas—
yellow, magenta, cyan, and black—the dyes fall nicely into two types: dyes
for aqueous-based ink-jet systems and dyes for solvent/hot-melt ink-jet
systems. Dyes for aqueous ink-jet systems belong to the acid, food, and
especially the direct class of dyes. The two main structural types are azo and
phthalocyanine. Ink-jet dyes for solvent and hot-melt ink-jet systems are
normally of the solvent or disperse type and generally belong to the azo or
anthraquinone dye classses.

9.5.3. Black Dyes

Because of the enormous amount of black text, black dyes are by far
the most important dyes for ink-jet printers. Water-soluble black dyes for
aqueous-based inks are considered first.

9.5.3.1. Water Soluble

All the major water-soluble black ink-jet dyes are polyazos from the
acid, food, and especially direct dye classes. In general, existing dyes are
used currently but purified to ink-jet standards. Major problems are toxi-
cology (need to be Ames negative), light fastness, and particularly wet fast-
ness and smear fastness. Typical black dyes for nonthermal ink-jet systems
are the trisazo dyes CI Direct Black 154 (9-3) and CI Direct Black 171 (9-4),
and especially the tetrakisazo dye CI Direct Black 19 (9-5). This tetrakis-

NH,
h
SOs;H

HO;S

90% 10%
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azo dye has good wet fastness combined with reasonable light fastness. A
major disadvantage is its mutagenicity. The dye is Ames positive. CI Direct
Black 19 is also unsuitable for thermal ink-jet systems since its thermal
stability or kogation fastness is insufficient.

The dye currently favored for thermal ink-jet systems such as Canon’s
Bubble Jet and Hewlett-Packard’s Think Jet is CI Food Black 2 (9-6)."
Being an established food dye it should be safer, and indeed it is nonmuta-
genic (Ames negative). This disazo dye has good thermal stability (good
kogation) but only moderate solubility and poor wet fastness. Making the
lithium salt improves the solubility but not the wet fastness. The shade of
CI Food Black 2 is also on the blue side, i.e. it is a bluish-black.

il '! NH,
HOsS SO;H
SO;

HO;S

Many analogues of CI Food Black 2 have been made in an attempt to
overcome these deficiencies.”® The carboxylic acid dye (9-7) is typical.

i! '! NHCH,COOH
HO;S

SO;H

HO;S
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Acid dyes are also being evaluated for aqueous ink-jet systems. Like
the food dyes, the acid dyes are generally smaller molecules than the direct
dyes. The disazo dye, CI Acid Black 1 (9-8), is a representative acid dye.

NH
QNH Q * N NO,
N 4
N*‘O N
HO,S SO;H
9.8

Two dyes that are proving especially valuable for ink-jet printers, both
thermal and especially nonthermal, are CI Acid Black 191 and especially CI
Direct Black 168. The structures are as yet undisclosed but both are trisazo
dyes. The dyes have good light fastness, good solubility, good wet fastness,
and good kogation fastness. They are also Ames negative. However, one of

Optical
density

| I | L % -

! 2 8 4 5 Ink conc. (%)

Figure 9.11. Build-up of black dyes in 100% diethylene glycol on plain paper.
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Table 9.5. Physical Properties of Direct Black 168 versus Nearest Equivalents for

Ink Jet
Ames Ink Ink Color Light Wet
Dye status  solubility stability buildup  Shade fastness fastness
Direct Black 168 —ve Good  Ongoing Very good Neutral Medium  Good
(pure) to
green
Food Black 2 —ve Good Good Good Blue Poor Poor
(pure)
Direct Black 19  +ve  Very poor ? Good Blue Poor  Very good
(pure)
Direct Black 154 —ve Poor ? Very good Neutral Bad Good
(pure) to
green
Acid Black 2 —ve Good ? ? Red Poor  Medium
(pure)

the key advantages of these dyes is their inherently high color value which
is reflected in high print optical densities. Obviously, this makes them cost
effective. Figure 9.11 and Table 9.5 show the relative print optical densities
and other important properties of CI Direct Black 168 versus other leading
black dyes. Figure 9.12 shows their positions in CieLab color space.

There has also been considerable activity in researching for novel black
dyes. One approach adopted has been to covalently link a navy blue dye
with an orange dye, using a chlorotriazine as the linking group.”' The black
dye 9-9 is representative of this type.

o—-—Cu

\\ NHCHZCHZOH
0t
NH—
HO.S ‘<
SO;;H SOSH
(K.
N

0

SOs;H
9-9

None of the current dyes is fully satisfactory on plain paper, especially
with respect to water fastness and smear fastness, and further research is
required to produce better dyes.



196 Chapter 9

+b
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DIRECT BLACK 168
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* —+— 3
DIRECT BLACK 19
SOLVENT BLACK 35
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FOOD BLACK 2
—— 5
46
b
(blue)

Figure 9.12. Shade descriptions of various ink-jet dye prints at 5% based on the CieLab matrix.

9.5.3.2. Solvent/Resin Soluble

Not surprisingly, these dyes tend to belong to the solvent or, less fre-
quently, disperse dye classes. The most prevalent black dyes are CI Solvent
Black 35 and especially CI Solvent Black 29. CI Solvent Black 35 is a 2:1
chromium (IIT) azo complex dye which is an approximately 50:50 mixture
of two isomers (9-10). Being a metal complex dye it has good light fastness.
It also has good solubility in ketonic solvents such as MEK, although it has
poor solubility in alcohols.

CI Solvent Black 29 is a closely related dye which is used extensively in
ink-jet systems. In fact, it consists of the same two isomers as in CI Solvent
Black 35 but in a different ratio.
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Hot-melt ink-jet printing is a new technology and it is not known which
dyes are used, but it is likely that the black dyes are similar to those described
above for solvent ink-jet systems.

9.5.4. Yellow Dyes

These are again divided into water-soluble dyes and solvent/resin-
soluble dyes.

9.5.4.1. Water Soluble

Many yellow dyes, especially of the direct dye class, have been evaluated
for aqueous ink-jet systems, and the industry standard appears to be CI
Direct Yellow 86 (9-11)." This is a disazo dye formed by linking two amino-
monoazo dyes with cyanuric chloride and then blanking off the residual
chlorine atom with ethanolamine (Scheme 9.3). It has good properties,
including kogation fastness, and is therefore suitable for thermal ink-jet
systems as well as the piezoelectric systems.

9.5.4.2. Solvent/Resin Soluble

Colored inks based on these systems are in their infancy so it is unclear
which dyes are being used. However, it is safe to assume that they will be
of the solvent or disperse dye type.

9.5.5. Magenta Dyes
9.5.5.1. Water Soluble

Obtaining a water-soluble magenta dye having the desired color (bright-
ness and hue) combined with good light fastness is proving extremely difficult
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Scheme 9.3. Synthesis of CI Direct Yellow 86.

to achieve. Monoazo dyes derived from H-acid (9-12) exhibit the desired
magenta color but have poor light fastness. CI Acid Red 35 (9-13) is a
typical dye (see Scheme 9.4).

Dyes derived from aminonaphthols such as H-acid exist predominantly,
if not exclusively, in the hydrazone tautomeric form shown rather than the
azo form,”* and this could be a contributory cause to the poor light fastness
exhibited by these dyes.”” Indeed, one way to obtain magenta dyes having
improved light fastness is to couple onto Gamma acid (9-14) under acid
conditions, so that the coupling takes place ortho to the amino group to



Ink-Jet Printing 199
CH, OH NH,

S
HO,S SOsH

/

CH, OH NHCOCH,

HO:S SO:H

«—

CH,
NHCOCH
NH (0] 3

N
T
HO;S SOs;H

9-13
Scheme 9.4. Synthesis of CI Acid Red 35.

produce an aminoazo dye (e.g. 9-15): such dyes exist in the azo tautomeric
form.?* However, they are duller than the magenta dyes derived from H-
acid.

Acid
coupling
OH l
Alkaline
coupling OO NH.
HO,S
9-14

9-15



200 Chapter 9

The light fastness can be improved even further by using metal complex
azo dyes such as 9-16. However, this is at the expense of brightness, and, to
a lesser extent, solubility. >

/L
HO,S 0—~Cu
AN
0 .
N\ As Li salt
N
HO,S
SO;H
9-16

No fully satisfactory magenta dye exists at present. CI Acid Red 249
(9-17) is one of the better magenta dyes. Being derived from H-acid, this
dye has a very attractive magenta color. It has relatively good light fastness
for an H-acid dye, although in absolute terms the light fastness is at best
moderate.

o
NH
AN
p9®
Cl HO,S SO;H

9-17

Canon has resorted to synthesizing a novel magenta dye to alleviate the
problem. A recent patent”’ suggests it is a monoazo dye of structure 9-18
and, if so, it exhibits surprisingly good light fastness for a magenta dye
derived from H-acid.

SOsLi

CH, NH\
T
SO;Li

LiO,S
9-18
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9.5.5.2. Solvent/Resin Soluble

The market for magenta solvent soluble ink-jet dyes is currently very
small, and the full-color, hot-melt, ink-jet market has yet to materialize.
Consequently, there are no established products for these applications. How-
ever, it is likely that the dyes will be of either the solvent type or the disperse
type. Likely candidates will be anthraquinones such as CI Disperse Red 60
(9-19) and the related anthrapyridone dye, CI Solvent Red 52 (9-20).

0
_CH,
I N
(o] NH,
oY AL
O NH CH
O OH @ ’
9-19 9-20

9.5.6. Cyan Dyes

The water-soluble cyan dyes are invariably copper phthalocyanines
whereas the solvent/resin soluble are generally anthraquinones.

9.5.6.1. Water Soluble

Copper phthalocyanines represent the pinnacle of cyan dyes and pig-
ments, since they are probably the brightest, strongest, and most stable of
all the colorants used today. Therefore, it is hardly surprising that sulfonated
derivatives of copper phthalocyanine are the industry standard water-soluble
cyan ink-jet dyes, both for piezoelectric systems and thermal systems. The
most popular dye is CI Direct Blue 199 (9-21). This dye is nominally
given the constitution shown but it is, in fact, a mixture of more than one
component. CI Direct Blue 199 gives an excellent shade and has good
strength, light fastness, and wet fastness. Highly purified brands also have
good kogation. The related cyan dye, CI Direct Blue 86 (9-22), is also used.”’

CuPc(SO;H),(SO;NH,) CuP«(SO.H),
921 9-22
CuPc=Copper phthalocyanine

9.5.6.2. Solvent/Resin Soluble

The same comment applies as for the yellow and magenta area, namely
that there is no significant color market as yet for either solvent or hot-melt
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ink-jet. Hence, it is not possible to discuss leading dyes for these applications.
However, likely dyes will again emerge in the solvent or disperse dye classes.
In contrast to the water-soluble cyan dyes, where copper phthalocyanines
reign supreme, it is probable that dye types other than phthalocyanines will
also play an important role in providing suitable cyan dyes for solvent
and hot-melt ink-jet systems (e.g. azo dyes, indoaniline dyes, and especially
anthraquinone dyes). Indeed, anthraquinone dyes such as CI Solvent Blue
36 (9-23) are being evaluated in these systems, but this particular dye is
probably too red in shade for a true cyan.

CH;

(0] NHC{-I
<O oM
CH,

(0] NHC{-I
\CH,

9-23

9.6. APPLICATIONS OF INK-JET PRINTING

Ink-jet printing can be classified into three main application areas as
shown in Fig. 9.13. As seen from the figure, the volume decreases in going
from industrial through critical industrial to hi-tech but the dye cost (and
dye purity) increases.

Industrial ink-jet printing covers the printing of large format areas such
as textiles, wall coverings, and advertising displays. Ink-jet printing of
carpets and carpet tiles is already done with involvement from companies
such as Millikon, with their computerized Millitron Jet Printer. This is a
continuous ink-jet system and uses standard commercial quality dyes. Novel
or specially purified dyes are not required. Widths of up to 5 m can be printed
with a resolution of 10-20 dots per inch. Ink-jet printing of wallcoverings and

1 Industrial

2 Critical industrial Volume Dye cost Purity Print quality

3 Hi-tech

Figure 9.13. Ink-jet printing by application area.
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Table 9.6. Worldwide Split of Ink-Jet Inks

by Solvent Type
Solvent %
Water/Glycol 25
MEK 50
Alcohol (ethanol/n-propanol) 25

posters is still at the prototype production stage, with companies such as
Stork X-Cel and Nairn being the pioneers. The larger nozzle size (and hence
lower resolution) of industrial ink-jet machines enable pigments as well as
dyes to be used in these systems.

The critical industrial area requires dyes of a higher purity than standard
commercial dyes but not to the exacting standards needed for hi-tech appli-
cations. Uses include the labeling of cardboard (boxes), metal and plastic
containers, and industrial components, and the mass marking of mail. Com-
panies involved include Diagraph and Image. Black is the predominant color
and both aqueous and solvent inks are employed, although carbon black
dispersions are also used. The leading black for aqueous inks is Mobay
Black SP Liquid. This is a three-component mixture of a yellow, a red, and
a navy blue dye. CI Solvent Black 29 is the leading black for solvent-based
inks. The probable split of solvents used worldwide is shown in Table 9.6.
The resolution required for the critical industrial area is higher than that for
the industrial application but lower than that for the hi-tech application.

The hi-tech area is for office printing where near letter quality text and
high quality graphics are required. Indeed, the new machines such as
Hewlett-Packard’s Desk Jet Printer with a resolution of 300 dots per inch
produces letter quality text.”® Black is again the major color although full-
color is becoming more important. The drop-on-demand systems predomi-
nate, particularly the thermal ink-jets (Canon’s Bubble Jet and Hewlett-
Packard’s Think Jet). Both use aqueous based inks.

This hi-tech area is the one we have concentrated upon in this chapter
and there is little doubt that ink-jet printing has a major role to play in the
office of today and especially tomorrow.

9.7. SUMMARY

Ink-jet printing is hardly a new technology but the rapid advances made
in the last few years have elevated it into one of the three major reprographics
technologies.

Ink-jet printing is conveniently divided into two types: continuous and
drop-on-demand. Continuous ink-jet printing employs the selective deflec-
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tion of electrically charged droplets to produce an image. In contrast, drop-
on-demand ink-jet printing uses uncharged ink droplets which are only
produced where they are required to form an image. Drop-on-demand
systems may be subdivided further into piezo, which also includes the more
recent hot-melt ink-jet, and thermal, or bubble, jet.

Dyes rather than pigments are used in ink-jet printing, particularly in
hi-tech applications, where high resolution equates to small nozzle diameters.
Highly pure dyes are required for these hi-tech applications. These dyes may
be existing dyes, but in a highly purified state, or novel dyes. Water-soluble
dyes are required for the aqueous-based ink systems. These are normally of
the acid, direct, or food classes and are predominantly azo or phthalocyan-
ine. Solvent-soluble dyes are required for the solvent or resin (hot melt)
systems. Black is the major color, although full-color ink-jet printing, which
requires yellow, magenta, and cyan dyes, is gaining in importance.

Ink-jet printing is a truly noncontact, versatile, direct imaging method
(cf. thermal and electrophotographic techniques) which is ideally suited to
either monochrome printing or full-color printing onto (plain) paper. It will
be a serious contender for the nonimpact printing market, alongside the
thermal and electrophotographic technologies.
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Electrography, lonography,
and Magnetography

10.1. INTRODUCTION

Electrography, ionography, and magnetography are three other non-
impact printing technologies. They are younger technologies and are
currently less prevalent in the marketplace than the electrophotographic,
ink-jet and thermal technologies. However, they possess some advantages
and could well become more important in the future.

10.2. ELECTROGRAPHY

In electrographic (also called electrostatic) printing a latent electrostatic
image is created on a dielectric (insulating) surface, usually special paper or
film, and the image made visible by applying the toner."* The process is very
simple and comprises just three steps:

1. Creating the electrostatic image. This is achieved by using a writing
head consisting of an array of stylii. Applying a voltage to selected
stylii produces ions which are deposited onto the dielectric paper or
film.

2. The latent electrostatic image is developed with a liquid toner of
opposite charge to the latent image. The small size of the particles in
liquid toners enables high resolutions to be obtained (up to 400 dpi).

3. The toner is then fused to the paper or film.

The process is illustrated in Fig. 10.1.

207
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Writing head

Y

1. Write charged image + Dielectric paper
(or film)

®
2. Develop with toner g~ g~ -

3. Fuse =

Figure 10.1. Electrostatic printing process.

Electrostatic printing is good for large format images, either mono-
chrome or color. Monochrome printing is the simplest and the fastest, since
it requires just a single pass. Full-color printing is more complex since four
colors are required to produce a full-color image, namely yellow, magenta,
cyan, and black. This colored image may be achieved by using a single toning
station and repeating the process four times. Registration of the paper prior
to each pass is important to ensure a high quality image. This is difficult
since paper isn’t dimensionally stable and therefore the transport mechanism
must compensate for shrinkage and stretching of the paper. Nonetheless,
Versatec uses the multipass system in their electrostatic plotters.” Figure 10.2
shows a typical electrostatic plotter.

Figure 10.2. Electrographic printer (based on Versatec V80).
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An alternative approach used by both Benson and Synergy is to use a
single pass but with four toning stations rather than one. This approach has
fewer registration problems but is slower, since the paper plus toner must
be dry before the next toner is deposited.>

Precision Image Corp. uses a helical scanning technique to overcome
the registration problem. This technique involves holding the dielectric paper
or film onto a drum by vacuum and writing the electrostatic image with a
helical scanning head. A single toning cup follows the scanning head and
deposits liquid toner. A separate reservoir contains cleaning fluid for flushing
the toning cup between color passes.’

10.3. IONOGRAPHY

Tonography,” also known as ion deposition, is a young technology. It
was developed by Dennison and has been pioneered by Delphax, now 50%
owned by Xerox. It was first used for bar code applications in the mid-1970s
but is now used for many other applications including printing tickets, labels,
bills, and checks.®

Ion deposition printing uses a simple four step process. Step 1 consists
of generating an electrostatic image on the surface of a dielectric drum. In
step 2 the image is developed on that surface by applying toner to make it
visible. Step 3 is the transfix step in which the toner is transferred and fixed
to paper. Finally, in step 4, the surfaces are cleaned ready for the next cycle
(Fig. 10.3). Figure 10.4 shows the actual set up in a typical ion deposition
printer.

The first step, the generation of the image, is accomplished using a print
cartridge which deposits a pattern of ions on the dielectric drum surface.
The ions are generated via high-voltage radio frequency drive lines which
ionize the air in the tiny chambers (Fig. 10.5). Release of the ions is con-
trolled electronically via a system of control electrodes which allows the
creation of specific patterns of spots.>®

The dielectric drum is an aluminum cylinder with an extremely hard
and smooth anodized outer surface which is specifically treated to hold the
deposited ions in position. It can be handled without fear of damage, unlike
photoconductor drums. The hardness of the drum is significant because cold
pressure rather than heat is used to fix the toner, usually a single component
toner, onto the paper. Greater than 99% toner fixation onto the paper is
achieved, and hence little cleaning is required and the toner usage is low.
For comparison, the toner transfer efficiency in electrophotography is
70%-80%. Good capabilities exist with ion deposition both for gray scale
and color.

Ion deposition printers are very rugged, very fast (120 ppm), and
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Figure 10.3. Ion deposition printing process.

Figure 10.4. Ion deposition type (Delphax) nonimpact printer.
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Figure 10.5. Tonographic printhead, as used in Delphax printers.

reliable. Delphax and Denison guarantee the print cartridge for 125,000
pages and the drum for 1.25 million copies. This figure is in striking contrast
with the 10,000 copies per lifetime of an organic photoconductor drum.

The main area for improvement is toner fixation to the paper. Cold
pressure, though it uses less energy, is not as efficient as heat fusing the toner
onto paper. Additionally, it imparts a sheen to the toner and paper which
is undesirable in some applications.

The quality of ion deposition is not yet equal to that of laser printing.
However, the simpler process and durability of ion deposition printers make
them serious contenders for a share of the printing market of the future.

10.4. MAGNETOGRAPHY

Like electrophotography, electrography, and ion deposition, magneto-
graphy is also a toner-based technology. However, in contrast to these tech-
nologies, magnetography utilizes magnetic rather than electrostatic forces to
produce an image.

In magnetography a magnetizable alloy (e.g. cobalt alloy) or metal
oxide (e.g. gamma-Fe,0;) dispersed in an organic binder is used as the
imaging surface. This is selectively magnetized by a magnetic writing head,
similar to that in a tape recorder, to produce the latent magnetic image on
the drum. As in the electrophotographic and electrostatic processes, the
image is rendered visible by development with a toner, in this case a magnetic
toner. The toner is transferred from the magnetic drum to paper using a
corona transfer. Finally, the toner is fixed using heat and/or pressure. Figure
10.6 shows a typical magnetographic printer.
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Figure 10.6. Magnetographic nonimpact printer.

The advantages of magnetography include multiple prints from a single
image and potentially very high printing speeds, for example, 500800 ppm.
Disadvantages include limited resolution (due to the design of the magnetic
writing head) and the tendency of the drums to corrode, especially in humid
environments, although Bull claims a drum lifetime of 10 million copies.’

10.5. SUMMARY

Like electrophotographic copying and printing, electrography, ion
deposition, and magnetography are toner-based technologies. However,
unlike electrophotography, electrography and ion deposition utilize only
electricity, not electricity and light, to produce an image. As the name
implies, magnetography utilizes magnetism to produce an image. All three
technologies are simpler than electrophotography and offer some advan-
tages, although there are also some disadvantages.
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Future Perspectives

Infrared absorbing chemicals is another area of growing importance in both
the electronics and reprographics fields and a chapter is therefore devoted
to this topic. The toxicological aspect of chemicals, especially dyes and
pigments and the intermediates used to make them, is also of paramount
importance and this topic is considered with regard to organic colorants.
Finally, there is a brief chapter in which the pros and cons of the various
technologies are reviewed and future trends predicted.
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Infrared Absorbers

11.1. INTRODUCTION

Infrared absorbers absorb infrared radiation. Therefore, it is prudent
to consider first the nature of infrared radiation, its properties, and where it
lies in the electromagnetic spectrum.

The infrared region of the electromagnetic spectrum lies between the
visible region and the microwave region. Infrared radiation is normally con-
sidered as comprising the wavelengths from 700 to 10,000 nm which can be
subdivided into the near, medium, and far infrared regions' (Fig. 11.1).
Since energy is inversely proportional to the wavelength of electromagnetic
radiation (Eq. 11.1), infrared radiation has lower energy than either ultra-
violet or visible radiation. It has a maximum energy of 40 kcal mole™" at
700 nm falling to 0.3 kcalmole™' at 10,000 nm. This level of energy is
insufficient to break organic single, double, or even triple bonds (Fig. 11.1)
but certain ionic reactions may be possible such as the deprotonation of the
ammonium ion” (Eq. 11.2).

E=hv (11.1)

where E =Energy
h=Planck’s constant
v=frequency
A=wavelength

NH; — NH;+H"* (11.2)

The energies of ca 10-1 kcal mole ™' associated with the medium infra-
red region are of the right order to cause the vibrational changes in organic
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First excited
singlet state Sy

Vibrational levels g

Ground state electroni
energy level So

Figure 11.2. Electronic, vibrational, and rotational energy levels of organic molecules.

molecules. These vibrational changes produce the familiar infrared spectra
of organic molecules used for characterization purposes. The absorptions of
some common groups in infrared spectroscopy are shown in Fig. 11.1. The
rotational changes of molecules require even less energy than the vibrational
changes and correspond to the microwave region of the electromagnetic
spectrum (Fig. 11.2).

For the purpose of this chapter it is the near infrared region that is
important. This covers the wavelengths from 700 to 2000 nm, with the 750-
1300 nm region being particularly important. It is in this region that the
infrared radiation still possesses sufficient energy to cause pi-pi* electronic
transitions in organic molecules, i.e. So—S; in Fig. 11.2, and thereby absorb



218 Chapter 11

Table 11.1. Applications of Infrared Absorbers

Classification Effect Application
Heat-ray blocking Broad absorption of near  Solar screening
infrared radiation to block Car windscreens
out the heat Architectural glass

Agricultural film
Safety glasses
Energy conversion Absorption of near infrared Thermal imaging: direct, transfer
radiation (both electromag-  (specific absorption matched to
netic and laser) to generate laser used-typically a Nd-YAG)
heat Flash fusion of (colored) toners
(broad absorption for xenon flash)
Solar heating (broad)
Optical data storage (specific
absorption matched to semicon-
ductor laser)

Optical Selective absorption of near  Optical data storage
infrared radiation, which Automatic identification (bar
can be laser radiation codes)

Organic photoconductors

strongly the infrared radiation. Molecules that undergo these pi-pi* tran-
sitions are termed infrared absorbers. At wavelengths greater than 2000 nm,
the higher energy vibrational transitions start to occur, such as those of the
OH and NH groups (Fig. 11.1). One of the major reasons for the importance
of the near infrared region is that it is the region in which the new generation
of lasers, namely the semiconductor lasers such as the gallium-aluminum-
arsenide (GaAlAs) lasers, emit. Also, it is the region where silicon detectors
have peak sensitivity (Fig. 11.1).

11.2. EFFECTS OF INFRARED ABSORBERS

Infrared radiation produces heat when absorbed. Infrared absorbers are
being designed (a) to block out this heat (heat ray blockers) and (b) to
utilize this heat (energy conversion). Also, the fact that infrared radiation is
still electromagnetic radiation is utilized (optical effects) (Table 11.1). Only
the electronic and reprographic applications of infrared absorbers are con-
sidered in any detail in this chapter.

11.3. CLASSIFICATION OF INFRARED ABSORBERS

The major structural types of organic molecules that absorb near infra-
red radiation are shown in Table 11.2. Some of these are old, established
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Table 11.2. Classification by Structure of Near
Infrared Absorbers

Nitroso
Cyanine
Nigrosine
Triphenylmethane
Imminium and diimminium
Squarilium and croconium
Nickel dithiolenes and related compounds
Quinone
Phthalocyanine
Azo
Indoaniline
Donor-acceptor molecules
Others

Sulfur dyes

Vat dyes

dyes whose absorption bands just happen to extend into the near infrared.
Examples are nitroso dyes, cyanine dyes, and nigrosine dyes. The other
infrared absorbers have generally been designed to absorb near infrared
radiation, even though the basic structural types have, in some cases, been
known for many years. Modern theoretical techniques such as molecular
orbital calculations have been used to help design infrared absorbers.>*

11.3.1. Nitroso

Nitroso dyes have been known for many years. The commercially
important ones are the iron complexes of nitrosonaphthols such as Cl Acid
Green 1 (11-1).> Although their tinctorial strength is relatively Iow (&max
10,000), they are inexpensive. Their main absorption occurs at ca 750 nm
and tails off into the near infrared (Fig. 11.3).

4Na*
11.3.2. Cyanines

Cyanine dyes have been known for a long time and there has been
extensive research into infrared cyanine dyes as sensitizers in photography.’
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1 ! o

400 600 800 1000 )\

Figure 11.3. Absorption curve of CI Acid Green 1 in water.

Of all the dye classes the cyanine dyes are the easiest to push into the
infrared, simply by extending the conjugation (adding more double bonds
to the conjugated chain). Normally at least five double bonds are needed
between the nitrogen atoms at the termini of the conjugated chain to shift
the absorption into the near infrared, as shown in Fig. 11.4. The extinction
coefficients of cyanine dyes are high and initially increase with increasing
chain length (up to 250,000). However, as the chain becomes longer (e.g.
n=4 and especially n=15), the extinction coefficient drops dramatically and
this is accompanied by a flattening of the absorption curve. As seen from

T 240,0001
€ 160,000

80,000

Figure 11.4. Absorption spectra for symmetrical cyanine dyes.
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Fig. 11.4, this causes some absorption in the visible region of the spectrum
making it unlikely that a colorless cyanine infrared absorber will be found.
Cyanine dyes, having optimum near infrared absorption, generally contain
between five and seven double bonds in the conjugated chain, for example,
n=13 (five double bonds) and n=4 (six double bonds) in Fig. 11.4. Examples
of cyanine infrared absorbers are shown in Table 11.3.2

As seen from Table 11.3, cyanine infrared absorbers generally absorb
in the region of 700-900 nm. However, this can extend to 1100 nm if a more
rigid end group such as thiapyrilium is used.

As in the case with conventional cyanine dyes, stability is a major
problem. Cyanine infrared absorbers have poor stability, especially to light,
although this is improved if oxygen is excluded.’

11.3.3. Nigrosines
Nigrosines are an old class of cationic dyes used for providing cheap

black solvent and acid dyes. Chemically they are mixtures of highly arylated
phenazines of structure 11-15.

AR
COLCCCELD
o Q

11-15

The fact that nigrosines are a mixture of chemicals of indeterminate
constitution, some of which are suspect mutagens, detracts from their
usefulness.

11.3.4. Triphenylmethanes

Triphenylmethane dyes are also an old class of cationic dyes. They
normally provide red, blue, and green dyes such as Fuchsine, Crystal Violet
(really a blue), and Malachite Green. Two techniques have been applied to
extend the absorption into the near infrared. The first of these is to make
the molecule more planar: this is achieved by using fluorene derivatives so
that two of the phenyl rings are held coplanar by a bridging bond. Typical
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structures are 11-16 and 11-17.% The latter is an infrared color former used
in carbonless paper (see Chapter 8, Section 3).

Me;N I l NMe, Me;N l l NMe,

(0]
g e
NMez NMCz
11-16 11-17 Apax 625 and 850 nm (in a thermal paper)

The second technique is to extend the conjugation. This has been
achieved by inserting extra double bonds into the triphenylmethane struc-
ture, as in 11-18 and 11-19° and by inserting extra phenyl rings, as in
structure 11-20 (see Chapter 8, Section 3).

N
N(CH,),
SV e

N(CH;),
11-18 (Acetic acid) Amax 770 nm

(CH;);N

11-19 Aax 850 nm

In general, triphenylmethanes absorb up to 950 nm but, like the cyan-
ines, they are colored due to the presence of other bands in the visible region
of the spectrum. The triphenylmethane infrared absorbers are significantly
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more stable (ca. 100 times) than the cyanines but, even so, have no better
stability than conventional triphenylmethane dyes.

Green/black with near
infrared absorption (4m.x 680 and 875 nm)

11.3.5. Immimium and Diimminium

The arylimminium and diimminium cations are based upon
Bindschleder’s Green (11-21), which absorbs at 725 nm in water. Addition

Me,N NMe,
\©\ //(;/I/
N

11-21 4., 725 nm

of a further dialkylaminophenyl ring produces the radical cation (11-22)
which absorbs at 920 nm. The diarylimminium cation (11-23) absorbs at
1090 nm.’

The compounds usually have antimony hexafluoride (SbFs ) anions,
which may be related to the synthetic method, stability, or solubility factors.
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Me2N _NMez
\Q\" /O
N

SbF¢

NMC;
11-22 Imminium A,,, 920 nm

(C4Hy);N N(C4Hs).

Q- I
el

(C4H)aN N(C.Hs),

11-23 Diimminium CH,Cl, 4., 1090 nm, &y, 102,000

Table 11.4. Squarilium and Croconium Infrared Absorbers

Structure Type Amax (D)
o OH
(CH;),N O Q—C N(CH), Squarilium 700
oy O
11-24
C(CH;); C(CHa);
>>:>: &m@ Squarilium 800
C(CH,); C(CHs);
1125
@ ﬁcu@ Croconium 845
CZHS Csz

11-26
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These compounds are expensive to make and their solubility is poor. Com-
pounds of type 11-23 are marketed by American Cyanamid and are used in
safety spectacles (Table 11.1).

11.3.6. Squariliums and Croconiums

Squarilium and croconium dyes have very narrow absorption bands
(ca. 25 nm) and high extinction coefficients (up to 350,000). They usually
absorb around 700 nm, (e.g. 11-24). Heterocyclic end groups such as
(thia)pyrilium (e.g. 11-25) and quinolinium (e.g. 11-26) push the absorption

0
e
0
E = @Nsug @NEtz sz
Me NHAC N
Stability

Stability data for E = QNHZ

Me
HE (~190°C for 4h) Squarilivm  -5%
Control -15%
LF Squarilium  -10%
Control -Y%
] N
OzN’<S»“N§
N NEt,
Me
11-27

Figure 11.5. Relative stability of squarilium infrared absorbers. HF, heat fastness; LF,
light fastness.
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into the near infrared (up to 900 nm) but at the expense of stability (Table
11.4). These compounds have broader absorption curves with lower extinc-
tion coefficients (ca. 100,000). They are insoluble in water.

As an alternative to using heterocyclic end groups, Bello® has employed
electron-rich aniline derivatives. The dyes obtained absorb to 800 nm and
have improved stability to both light and heat over those from heterocyclic
end groups. Representative structures and stability data for squariliums and
a conventional blue azo control dye (11-27) are shown in Fig. 11.5.

Squariliums have better heat and light stability and are less colored
than either cyanines or triphenylmethanes. Indeed, squariliums offer one of
the best prospects for a colorless near infrared absorber.

11.3.7. Nickel Dithiolenes and Related Compounds

Metal complexes, particularly nickel complexes, of dithiols, oxathiols,
and diamines have been studied extensively.>*’ This class of compounds
absorb well into the near infrared, spanning the range from 750 to 1200 nm.
The absorption maximum and extinction coefficient depend upon both the

Wavelength (nm)

Figure 11.6. Comparison of the absorption spectra of 2:1 nickel complex dyes 11-30 (solid
lines) and 11-35 (broken lines).
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Table 11.5. Metal Complex Infrared Absorbers

231

Structure and type Amax (nm) Emax
Dithiol Complex Salts
R S S R
I AV I M=Ni R=CH;, 780 19,000
RN -
R S S R (Dichloromethane)
1128
R R
O, 1D
‘ M M=Ni R'=H 866 31,000
s/ \s M=Ni R’=0CH, 925 35,000
O O (Chloroform)
R! R:
11-29
S S Me )
.
/©[ N :O/ N(CHo)s 890 (DMF) 14,000
/ N\
Me S S
11-30
cl cl
Cl S S Cl1
N\ 7/ +
N N(C4Hs)s 885 15,700
cl s S cl
Cl a
11-31
O, . O
| pl | 802 43,000
I S/ \S I (Chloroform)
11-32
Complex Mercaptophenol and Mercaptonapthol Salts
5. 0 i
o s

11-33

( continued)
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Table 11.5. (Continued)

Structure and type Amax (nm) Emax

M=Ni 1110 12,000
N(C,H,), M=Co 1150 14,000
M=Pt 1200 15,000

11-34

Complex Diamines

NH HzN Me
Q D/ 790 (DMF) 53,200
H,

11-35

ligand and the metal. Table 11.5 shows some representative structures and
spectroscopic data.>*

As seen from Fig. 11.6, the nickel complex of the aromatic diamine
(11-35) has the highest extinction coefficient (53,200) but absorbs at shorter
wavelengths (790 nm) than the dithia complex (11-30). The solubility of the
diamine complex in organic solvents is also low.

In general, electron-donor groups in the ligand produce a bathochromic
shift. Compare, for example, the compounds (11-29) when R=H (866 nm)
and R=0Me (925 nm).

A common feature of this class of infrared absorber is that the metal
exists in an unusually high oxidation state; for example, 3 and 4 for nickel
(normally 2) and 4 for cobalt (normally 3). The compounds possess a good
visible window and offer one of the best prospects for colorless infrared
absorbers. They also have better stability than cyanine, triphenylmethane,
arylimminium, and squarilium infrared absorbers.

11.3.8. Quinones

Quinone infrared absorbers is another class which is being researched
extensively.” The quinone infrared absorbers may be subdivided into four
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Table 11.6. Quinone Infrared Absorbers

Structure Amax (Nm) Emax

Benzoquinones

0 4 ¢
cl s N
748 67,000
N s cl
ca H o

1140

Naphthoquinones
NC CN

oS

R=H 768 15,200
H;N O NH R=0C,H; 774 16,700

1141

R'=H 725 15,200
R'=0CH; 732 10,300
N O N R'=NHCH, —@ 735 12,500

HN o
C X=H 750 32,000
X 785 —
o NH

1
=
=

(continued)



234 Chapter 11

Table 11.6. (Continued)

Structure Ammax (nm) Emax
Anthraquinones
X o HN

X

S X=H 712 15,000

X=F 770 15,000
X S
1144

GH:OCH).NH O NH; ¢

705 24,000
O

crystal)
O NH, ©
1145
o NH; g
750 22,000
O o
OCH;
O NH, S
1146

C4H9@NH (o) NH: o
810
crystal)

O NH, S

11-47
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types: (1) simple naphthoquinones, (2) extended quinones, (3) CI Disperse
Blue 60 types, and (4) benzoquinones.

11.3.8.1. Simple Naphthoquinones

The simple naphthoquinones have the general formula 11-36. Their
absorption extends to about 800 nm (Table 11.6). Unfortunately, these
simple naphthoquinones usually have poor stability. Griffiths® pioneered
the work in this area, particularly the dicyanonaphthoquinone infrared
absorbers typified by 11-41. Subsequently, simple naphthoquinones have
been patented extensively by NEC for use in optical data storage®’
(see Section 11.4.3.2).

RHN 0
LI
CN

RHN o

11-36

11.3.8.2. Extended Quinones

The extended quinones include both naphthoquinones and
anthraquinones in which the delocalized pi-system has been expanded. Most
of this class have the general formula 11-37 (Table 11.6). They have also
been evaluated extensively by Japanese companies, particularly NEC,'° for
use in optical data storage.

s===A
; 1y

11-37

Both simple quinones and extended quinones have multiple absorption
bands, some of which occur in the visible range and are therefore quite
colored.
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11.3.8.3. CI Disperse Blue 60 Analogues

CI Disperse Blue 60 (11-38) is the only true anthraquinone cyan dye
(see Chapter 8, Section 6). Chemical modification has produced analogues
of general structure 11-39 which absorb in the near infrared, typically in the
700-850 nm region (Table 11.6). Since CI Disperse Blue 60 types are used
in liquid crystal displays (Chapter 1), it is hardly surprising that the derived
infrared absorbers also find use in liquid crystal displays (see Section 11.4.4).

RHN o NH,
O NH, Y
11-38 11-39 X, Y selected from O or S, usually at least one S

11.3.8.4. Benzoquinones

Benzoquinone infrared absorbers have been studied less than the naph-
thoquinone and anthraquinone types. Significantly, they appear to have
much higher extinction coefficients (structure 11-40 in Table 11.6).

11.3.9. Phthalocyanines

Phthalocyanines are one of the most stable and tinctorially strongest
chromogens known. Being blues and greens they already absorb close to the
near infrared."’ It is hardly surprising, therefore, that the phthalocyanine
chromogen has received considerable attention for providing near infrared
absorbers.
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