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FOREWORD
TO THE FIRST FRENCH EDITION

MR. P. GLAFKIDES, who was kind enough to ask me for a Foreword
has certainly done useful work in writing this book on Photographic
Chemistry. All the books on this subject, published in the French lan-
guage, are at least thirty years old, and therefore very largely out of
date; some, indeed, were already out-dated on publication!

The author, who has worked in a photographic research laboratory
in the United States is highly qualified to undertake this important
task, which embraces a very vast field, several aspects of which were,
in France, covered only by fragmentary and widely dispersed writings.
Precise directions are given for the preparation of several types of
emulsion; the chapter devoted to colour sensitizers is treated as ex-
tensively as anyone could desire, and the theory of the latent image
and development include the most recent information.

This book will not only be of great value to chemists in the photo-
graphic industries, but will also enable enterprising photographers—
both professional and amateur—to acquaint themselves, at no great
effort, with the rudiments of chemistry necessary for an intelligent
practice of their profession or hobby. The great number of references
will enable the reader to refer to original sources should he wish to
give further study to a particular subject.

It is my very sincere wish that this useful book may enjoy all the
success which it deserves.

L. P. CLERC

FOREWORD
TO THE SECOND FRENCH EDITION

IN THE FOREWORD to the first edition of this volume which I had pride
in writing at M. Glafkidés request, I had the pleasure of affirming the
excellence of this work. In the last few years considerable progress
has been made in this field, and it is therefore pleasing that the author
has prepared a new revised edition, always fully documented. If any
fault can be found in this work it is that of being too complete, dealing
with many matters alien to chemistry, but which are admirably treated.
I hope that this second edition will be at least as successful as the first.
L. P. CLERC
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PART ONE

The Formation and Development of the
Photographic Image







CHAPTER 1

NATURE OF LIGHT

1. The Wave-like Character of Light

1.—Light is propagated in a vibratory movement or waves.

This pronouncement, formulated by Huyghens in the seventeenth century,
was revived by Young at the beginning of the nineteenth century, then
developed successively by Fresnel and Maxwell. The latter, referring par-
ticularly to the idea of a transversal wave, considered it as an electromagnetic
disturbance. It was thus possible to explain the effects of diffraction, inter-
ference and polarization.

According to the electromagnetic theory, a light-wave is represented at
each point of its motion by a plane set at right angles to its direction of travel,
and in this plane two vectors are present—one being electric and the other
magnetic—which oscillate in mutually perpendicular directions. In other
words, a radiation could be defined as a periodical variation in space of com-
bined electric and magnetic fields.

M

Fig. 1.

If we represent (Fig. 1) the resultant elementary wave by an oscillation
AMBNC proceeding in the direction XY, the length A of this wave will be
shown by the distance AC.

The speed of travel ¢, or distance covered in one second, is constant:
300,000 km per second.

During one second, a light ray performs a number of complete oscillations
(AMBNC) equal to v = ¢/A

B 3



4 PHOTOGRAPHIC CHEMISTRY

v is the frequency of the wave. It is higher as the A is smaller. Since v
oscillations take one second, a single oscillation will take a time or period
equal to T = 1/v seconds.

The wave-length ) is characterized by the colour (also its frequency v to
which it is related). Wavelengths are measured by taking as units the micron
w (or thousandth of a millimetre), the millimicron my (or millionth of a
millimetre) and the Angstrom unit A (or ten-millionth of a millimetre). One
my is therefore equal to 10 A.

2. The range of electromagnetic waves is continuous from the radio waves
measured in thousands of metres, to the y rays of radium, which are lower
than one-thousandth of an A as follows:

Radio waves from several tens of kilometres to
1 millimetre

Infra-red (or heat radiations) from 1,000u to -74u

Visible spectrum from 740 mu to 400 mu

Ultra-violet from 400 myu to 10 myu

Undefined rays from 100 A to 20 A

Soft X-rays . about 12 A

Hard X-rays about 0-05 A

y rays of radium about 0-001 A

The visible spectrum occupies no more than a very limited band in the
range of radiations. It is situated in the centre of the spectrum produced by
the optical systems, between the ultra-violet and the infra-red, and is sub-
divided into a certain number of colours, or rather groups of monochromatic
light, as follows:

Violet 395 to 435 mu ‘f Yellow 570 to 595 mu
Blue 435 to 500 my I Orange 595 to 625 mu
Green 500t0 570 my | Red 625 to 740 mu

All radiations carry energy. This energy can be discerned by the human
eye within narrow limits; over a greater range by means of a photographic
plate, a photoelectric cell, a thermopile, a bolometer (resistance variation of
a metallic strip) or a Crooke’s radiometer. It is thus possible to observe a flux
of energy of 10~° to 10-13 watt.

2. Structure of Light
1. According to the theory of the wave system, a sine wave emitted by a light
source should lose itself in space through progressive dispersal. But this does
not occur, since—even after having travelled for a considerable distance—a
ray of light is capable of producing photochemical and photoelectrical
effects which necessitate a certain amount of energy.

Light is made up of units which cannot be sub-divided. We already know
the discontinuity of matter, which is made up of complete and independent
fragments such as molecules, atoms and electrons. That light should display
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an equally discontinuous nature should cause no surprise, and this hypothesis,
formerly propounded by Newton, was later revived with success by Ein-
stein.

Yet a ray can travel around an obstacle, as proved by the effects of diffrac-
tion and interferences—a property which is absent in a projectile, which would
be completely deviated from its course.

The undulatory character of light being an unquestionable, though unex-
plained, fact, it became necessary to devise a logical explanation. This was
accomplished by the ingenious association of the two theories—corpuscular
and undulatory—a point which had in fact, been considered by Newton
himself.

2. The wave mechanism, developed by L. de Broglie and Schrodinger, is
based upon Planck’s quantum theory, perfected by Bohr.

This theory suggests that corpuscular movements occur according to an
unbroken sequence of entire values, or quanta. In other words, all action
proceeds in abrupt and independent steps.

Since light is of a vibratory nature, it is not divisible infinitely. Each com-
plete oscillation (Fig. 1) corresponds to a fixed amount of energy %, equal to
6-55 x 10727 erg/second.® / is Planck’s constant.

If v is the frequency of the radiation under consideration (number of
cycles per second) the smallest quantity of isolated energy which it is possible
to bring into play is hv. hv is a quantum of energy or photon.

It will consequently be seen that the higher the frequency—i.e., the shorter
the wave-length—the higher will be the amount of energy conveyed by the
radiation. Thus X-rays are stronger than ultra-violet rays, which in turn are
stronger than the blue and green radiations, and these latter are in turn more
energetic than the red or infra-red radiations.

By considering each single vibration h, or quantum, as a corpuscle, the
conclusion is reached that light is formed of units of energy, or photons, associ-
ated in a wave movement.

3. The Photon

The photon is an electically neutral particle, with an extremely small mass.
It can only acquire energy by reason of its very high speed.

The quantum theory, applied to the electromagnetic fields, had suggested
zero mass for the photon, in order to comply with Maxwell’s equations. But
the calculations of undulatory action, on the other hand, demand that there
should be some mass, however small. If the mass of the electron is m —
0-9 1025 grammes, that of the photon u, would be in the region of 10-45
to 10-95. It follows, therefore, that the velocity of light is a maximum velocity
which the photon never reaches, and that the relativity phenomena do not
depend on light.

When studying the electron, it will be observed that it displays a spin, or
rotary movement on its own axis, accompanied by a magnetic effect.

Spin is measured in units /2. The spin of an electron is rated at 1/2(k/2x);
in other words, the electron has a spin of 1/2.
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Photons are also subject to spin, but in this case the figure is 1. Now since
spin is the result of three straight line components, a photon may thus pass
through different states according to the value of these components. One of
these may be positive, negative or neutral, i.e., equal to 4%/2x, 0, or —h/2.
If the component is positive, then perpendicular electric and magnetic fields
are formed, which accompany the photon. The area formed by the directions
of these two fields is animated by a rotary movement towards the left, around
the third axis, viz., that of propagation. The angular speed of rotation is
27v. This pattern corresponds with that of Maxwell’s representation given
in paragraph 1. It is similar when the component of the spin, according to the
axis of propagation, is negative, except that the plane of the electromagnetic
fields revolves to the right. The wave is described as having a left or right
circular polarization. The combination of a right circular wave with a left
circular wave produces a straight or elliptical polarized wave, according to
the equivalence of the two elementary waves, or to the predominance of one
of them.

In the case of a neutral-spin component, the photon is accompanied solely
by an electrical wave, travelling in the same direction.

A photon with a spin of 1 therefore conforms very well with the result of
Maxwell’s equations on electromagnetic waves. However, there are other
types of equation, bringing in a photon with a spin of 0, which is still unknown.

It may even be considered that photons with a spin of 1 or 0 are the result
of the fusion of two corpuscles with a spin of 1/2, whose respective spins add
up or cangel out. Those two hypothetical corpuscles, the ergon and the anti-
ergon, have been the object of many suppositions, and it has been felt that
they should be associated in the same manner as electrons and positrons.
Indeed, a photon with an energy exceeding a million electron-volts is capable
of materializing in the form of a positron and an electron when it passes
through an atom. Conversely, it is possible to de-materialize a positron-
electron combination in the shape of two photons of half a million electron-
volts each. This is the reversible conversion of light to matter.

The associations of photons follow the Bose-Einstein statistical law, by
which the same state may apply to any number of corpuscles. Electrons, on
the other hand, follow the Fermi-Dirac statistical law, in which a single
corpuscle is present in one particular state, to the exclusion of all other cor-
puscles. This latter principle, formulated by Pauli, states that two electrons
cannot follow exactly the same orbit.

In short, light consists of corpuscles of energy, or photons, which carry an
anisotropic electromagnelic wave.

4. The electromagnetic wave
Actually, the wave itself, which characterizes the vibratory condition of the photon,
does not carry any energy. The wave has no physical existence. It is a function of
probability, of fixed frequency, which defines the position of the corpuscle in time. In
other words, the photon is guided by a wave of probability.

The wave-function 4(x, v, 2, t) of the photon, called the field, is based upon a func-
tion of Lagrange, with sixteen components,(? but in this case a linear operative term H
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(called ‘Hamiltonian and Hermitian’) is brought in. The evolution of the wave-function
J, in time, is then written as follows:

hody

— —=H
271 dt v

Since there are sixteen components, sixteen simultaneous partial differential
equations are obtained. ¢ is thus a complex quantity formed by i, ¥4, 3, etc. By
substituting other quantities of a particular character, for the sixteen original com-
ponents, it is possible to represent the potentials and the fields of the orthodox
electromagnetic theory.

Let us now consider a number 7 of photons in all the possible states of energy.
Their evolution in space accords with a distribution function R which presumes that
at the instant ¢ there are n corpuscles in state 1, n, corpuscles in state 2, etc.; i.e., as
shown by [R(n, n; . .. #)]%. This function of distribution progresses according to the
same type of equation as that given for ¢, but in this case the operative factors H
influence the variable n. The quantum theory, when applied to electromagnetic
fields, gives the electromagnetic quantities (which depend on space x, y, 2 and time t)
to these operative factors H which act upon n.

5. Theory of the annihilation of photons

L. de Broglie developed a theory whereby the photons can ‘exist’ in a particular state
of annihilation (represented by a wave-function (,)) which renders them unobserv-
able. In order to disappear in this manner, the photons must give up their energy and
their movement quantity to such material elements as electrons, and this is what
happens in the case of any photon absorbed by matter. Conversely, under the influence
of electric charges, the electromagnetic field which was cancelled reappears and the
photon becomes observable again.

Space, known as vacuum, would thus be the repository of an immense and constant
number of annihilated photons, whose field, of course, is nil.

But photons may be unobservable without being annihilated, e.g., photons ex-
changed by two neighbouring electrons.

The theory of annihilation provides an explanation for the existence of an electro-
static field between two electrons, as well as the creation by the latter of an electro-
magnetic field and the emission of radiations by matter.

In order to introduce the function of the annihilated state i(,) in undulatory action,
it is necessary to agree that propagation occurs, not in a four-dimensional space
(x, ¥, 2, ), but in a five-dimensional space (x,, x, ¥, 2, t) in which x, is beyond our
perception. The components of the function ¢ of the normal state of the photon
depend on x, by the factor eio* which, when introduced into the equation, produces
the following for the non-disintegrated states:

9&07 :fo'7(x7y: 2, t)eikox,,
where 0, 7 =1, 2, 3, 4.

6. Emission of radiation by matter

Let us consider an atom in a state of repose (or stationary). Each electron

travels around the smallest orbit it can adopt, provided that the length of its

trajectory is an exact number of times the length of the associated wave. In

this stable condition of minimum energy the atom does not emit any radiation.
If, for any reason, an electron umps’ from the minimum orbit to an orbit

of higher degree, with an absorption of a ‘finite quantity’ of energy, the atom
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is then in an activated state, similar to that of a tightened spring ready to be
released. The potential energy of the atom is increased.

It may happen that the spring will be released, i.e., that the activated
electron will revert either to its original orbit, or to an intermediary orbit,
with a decrease of its activation. The surplus energy which the electron has
acquired is then naturally released in the form of radiation.

Since the smallest particle of theoretical energy is % (1 oscillation), and that
the energy of a photon is kv, the frequency is equal to the quotient of lost
energy E by /: v = E/h, since one must have kv = E.

When the energy released is sufficiently low, the luminous emission occurs
near the visible spectrum. This emission is the result of the activation of the
surrounding levels only, which are more readily affected. This is what happens
with the average incandescent substances.

One particular method of activation of atoms consists in bombarding them
in high vacuum by cathode rays (which are themselves formed by streams of
electrons of various speeds). When it has been de-activated, an activated
element (or anticathode) emits a very high-frequency radiation, viz., X-rays.
It is observed that the spectrum of these X-rays varies with, and characterizes,
each element. This spectrum is formed of groups of lines corresponding with
the various levels of energy of the electrons, which may thus be located and
studied. It is then possible, by means of X-rays, to determine the electronic
structure of the elements.

The energy lost by an electron E,—E,, is approximately related to the
characteristics of the latter by the formula

En 2m2met

7 T n2js

in which m is the mass of the electron, e its charge, % is Planck’s constant
and n is an integral positive number. E,/k is called the spectral term. The
division in two of the hydrogen emission lines led Sommerfeld to a more
complete formula, which was then generalized by Rydberg, viz.:

Enx R a2/n 3
gl )
h (ARl Tn2\k 4
in which « is the ‘fine structure constant’, n and k integral numbers, and A a
characteristic quantity for each element.

In fact, a line of light emitted by a body consists of more than two lines in
close proximity. By taking as a basis the properties of spin, Dirac made the
spectral term depend from three quantum numbers, #, /, and j. In order that
an emission should occur at a certain frequency, it is necessary that the
probability of transition of the electron from one state to another should not
be nil.

In the case of radioactive bodies the y-radiation (or very high-frequency
photons) is due to the effect on the nucleus caused by the departure of helions
(nuclei of helium). The corpuscles constituting the heavy nucleus of the radio-
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active body are distributed over the energy levels, as are the planetary elec-
trons. Any departure of a helion produces a redistribution of energy levels
with a rearrangement accompanied by an emissicn of photons.

7. The action of radiation on atoms

A photon which meets an atom may, by electromagnetic action, disturb the
movement and the state of an electron. If the energy of this photon does not
correspond with any state of excitation in the atom, it is emitted again in
another direction, i.e., scattering takes place. The scattering is the more pro-
nounced as the frequency is higher.

If the energy of the photon corresponds with an excitation level in the
atom, the photon disappears after having given out its energy. This is called
absorption. The frequency of the absorbed photon corresponds with that of
the photons which can be emitted.

A disturbed electron may transfer to a more distant orbit if the energy of
the photon agrees with that of the level considered (resonance). The greater
the difference of energies, the lesser will be the probability of detachment.

The excited electrons can, however, resume their original orbit, or succes-
sive intermediary orbits, until the original orbit is reached, while emitting
each time a weaker radiation, i.e., a radiation of longer wavelength.

In the action of X-rays upon atoms, the wavelength of the absorbed
photons is constant and characteristic for each level of electrons (X-rays
spectra).

8. Photoelectric effect

When the photons bring about the complete extraction of an extra-orbital
electron, the latter escapes from the atom, thus creating an electric current.
This is the photoelectric effect. The photons disappear in giving out their
energy.

hv = exciting energy-kinetic energy taken away by the electron.

The energy required for the extraction corresponds with the ionizing energy
of the atom, which amounts, for instance, to 4-3 electron-volts for potassium.

In this manner, a luminous ray will produce from a thin film of alkaline
metal (potassium or caesium) placed at the bottom of a bulb filled with an
inert gas under low pressure, a number of electrons proportionate to the
number of photons received, i.e., proportionate to the intensity of the light.
. The weak electric current obtained is amplified before use.

It may happen that the energy of the photons does not agree with the states
of excitation of the electrons in the atom. If the frequency of the incident
radiation is high (X- and y-rays) it is possible to have a scattering of photons
as well as an ejection of electrons. This is the Compton effect.

9. Absorption of light by molecules

Any light which penetrates through a substance emerges minus a certain
number of photons of given wavelengths. A selective absorption occurs. This
absorption is constant and characteristic of the substance considered. If the
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absorbed radiations are situated outside the visible spectrum, the substance
appears colourless to the human eye. If certain radiations are absorbed, it
appears coloured by transmitted or reflected rays. Finally, if most of the
visible radiations are absorbed, the substance looks black or dark in appear-
ance.

The absorption which occurs in the areas between the ultra-violet and
infra-red depends on the molecular constitution, and molecules are the source
of three kinds of movement (i.e., of variations of energy), viz.:

(@) Rotary movement of the molecules themselves around an axis perpen-
dicular to the main coordinating axis of the atoms.

(b) Vibratory movement of the nuclei.

(¢) Movement of the electrons, especially the outer orbital electrons.

Each one of these movements causes an absorption of photons. The very
long wavelengths of infra-red (10 to 100 ) usually correspond with the mole-
cular rotations, and those from 1 to 10 u to the vibratory movements. How-
ever, certain vibrations may cause thin lines of absorption in the ultra-violet
(see para. 11). But the radiations near the visible part of the spectrum (infra-
red to ultra-violet) correspond with an electronic state of the molecule, which
is shown by a system of absorption bands.

This electronic condition depends not only on the nature and number of
atoms present in the molecule, but also on the relative distances of their
nuclei and their position. It depends therefore on the orbits described by the
outer orbital electrons of the associated system, and on their various states
of energy. In order that absorption may occur, resonance must be present
between the vibratory condition of the incident photons and that of the elec-
tronic system of the molecule.

1. The term ‘erg’ is used to describe the work accomplished by a force of 1 dyne
acting through 1 centimetre in the same direction as the force. A dyne is the unit
of force which, applied to a mass of 1 gramme, imparts to it a velocity of 1 centi-
metre per second. F = my. 1 kilogramme-metre = approximately 10® ergs, and
1 watt = 107 erg/seconds.

2. de Broglie L., Mécanique Odulatoire du Photon et Théorie Quantitique des Champs.
(Gauthier Villars, Paris, 1949.)



Chapter II

PHOTOCHEMISTRY

Photochemistry is the study of chemical reactions brought about by light.
The photochemical action consists of two main phases, viz.:

(a) The reception of luminous energy; and
(6) The actual chemical process.

Depending on whether a single substance is involved, or of a system com-
prising several substances together, it is possible to obtain either a decomposi-
tion of the compound into its elements (photolysis), or a combination of several
substances into a single one (photosynthesis).

10. Basic laws

1. Grotthus-Draper’s absorption law. A radiation cannot bring about a
chemical action unless it is absorbed by a body (or a system of bodies). Other-
wise it is impossible for any transmission of luminous energy to take place.

It may be appropriate to note that the radiations which constitute the
colour of a body are precisely those which are not absorbed, and they conse-
quently have no effect upon it. On the other hand, the complementary
radiations of this colour are absorbed and are capable of action. For instance,
a green substance will reflect green, but absorb the blue and red, and can
be decomposed only by these two colours.

However, absorbed radiation does not necessarily act upon the substance
which receives it. It must, in addition, satisfy several other conditions.

2. Energizing law. In order to act efficiently, a luminous radiation must
possess an amount of energy at least equal to that required by the chemical
process.

It is known that the radiations are more energetic as their wavelengths are
shorter (or that their frequency v is the higher), the energy carried by a photon
being expressed by the formula '

he

E=m= X (¢ = velocity of light)

in which % is Planck’s constant equal to 6-55 X 10—27 erg.
One gram-photon (containing N photons, i.e., 603 x 102! photons, of which
~ the total energy is U = Nc/A ergs.) corresponds to one gram-molecule

B* 11
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containing N molecules (para. 838). By converting to equivalent calories,
the calorific energy of a gram-photon is obtained by the formula

28,420,000 .
U = ——— calories
my

The following table gives an idea of the energy of the various radiations:

Radiations Calories

Ultra-violet 200 mp = 142,500
5 250 mp = 114,000

» 284 mpy = 100,000

” 300 mp = 95,000
Violet 400mp = 71,250
Blue-green 500mp = 57,000
Green 568 muy = 50,000
Orange 600 my = 47,500
Red 700 mp = 40,700
Infra-red 800mu = 35,600

3. Law of photochemical equivalence (or Einstein’s Law). For each absorbed
photon there is a corresponding decomposed or synthesized molecule.

It is understood that the active photon complies with the foregoing law of
energy.

Yet it is found in practice that the number of active photons absorbed in a
chemical process seldom agrees with the number of molecules formed or
decomposed. If one calls the ratio of the number of molecules decomposed
to the number of photons absorbed, gquantum ratio p.

no. decomposed molecules

P = T ho. absorbed photons

then a quantum yield is obtained which varies considerably within extensive
limits (between -1 and 1000 and over). A few reactions only have a theoretical
yield of unity.

"~ However, this contradiction does not bring any doubt to the validity of
Einstein’s Law, and the reason for the experimental variations is simple:

(@) When the chemical action demands an addition of external energy
(endothermic reaction)—and this is the case with the silver halides—then p is
equal to 1 at the most. Usually it is less, as in the photochemical decomposition
of hydrochloric gas® since this process is reversible

2HCl =H2 + CI?

In order to decompose ammonia NH? into nitrogen and hydrogen by
means of ultra-violet rays, 4 photons are required for each molecule (p = -25).
Depending on the wavelength, it is possible to cause a variation in the
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photochemical balance, either in one direction or in the other. The following
is a typical reversible reaction:

Maleic acid = fumaric acid®

in which, with the ultra-violet A = 313 my, there is 44 %, of maleic acid and
569, of fumaric acid, while with a shorter wave-length (A = 200 my) the
maleic acid re-forms with 759, of maleic acid and 259, of fumaric acid. In
the first instance, the quantum yield amounts to -03 (30 photons) while it
rises to -1 (10 photons) for the reverse process (re-formation of maleic
acid).

A similar process can be observed in the formation of sulphuryl chloride
S0,Cl, from sulphur dioxide and chlorine, viz.:

S0,Cl, =80, + Cl,

Sulphuryl Sulphur  Chlorine
Chloride dioxide

(b) When the absorbed radiations first result in an activation of the mole-
cule, the activated molecule will then react upon a second neutral molecule,
to give products of decomposition, according to the following pattern:®

AB -+ hv = [AB]
[AB] +AB = 2A + 2B :

The quantum yield is then in the neighbourhood of 2. An example of this
is the decomposition of nitrogen peroxide NO, into nitric oxide NO and
oxygen by the action of ultra-violet light (260 to 360 my), as follows:

2NO, + hv—>2NO + O,

When A = 400 my the yield p drops to -75, and decreases to nil in the
visible spectrum.

(¢) When the reaction is purely exothermic (with production of heat) the
quantum yield becomes very high. In this case it is only necessary for the
light to initiate the reaction for the latter to continue of its own accord by
means of its own self-produced heat, in a chain of reactions.

A classical example is the combination of chlorine with hydrogen (in the
presence of a trace of water vapour) under the influence of light. p may reach
up to 100,000 (it varies with the pressure in, and size of, the vessel), and a
whole range of similar combinations may be noted:

CO + Cl, = COCl, with p = 1000

Carbon Chlorine Phosgene
monoxide

2CH, + Cl, = 2CH,CI 4+ H, with p = 10,000
Methane Chlorine Methyl Hydrogen
Chloride
as well as the combinations of chlorine with a number of organic substances,
such as alcohol, ether, acetic acid, benzene, toluene, etc. With the latter,
p = 30.
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In order to take place, a photochemical reaction sometimes demands the
presence of a sensitizer, e.g., the action of hydrogen on benzene® and the
photochemical reactions of propane(® are catalyzed by mercury. The photo-
decomposition of oxalic acid is sentitized by uranyl ions. Here, a transfer of
electrons occurs, from the excited uranyl ions to the oxalate ions. Other reac-
tions are sensitized by zinc oxide.

The intensity of the light is sometimes an important factor to consider.
Thus a 10-kW electric discharge lasting from -1 to 3 minutes will produce
different substances from those obtained with radiations of moderate inten-
sity. (®

11. Photochemical dissociation

The photochemical decomposition of a molecule is shown by its absorption spectrum.
A spectrum will thus consist of two adjacent parts, viz., a broken spectrum formed of
fine absorption lines which correspond with a vibration of the nuclei of the atoms
within the molecule; and a continuous spectrum whose absorption varies continuously.
The vibratory movements are such that the atoms oscillate around their point of
balance and escape as soon as the vibratory energy exceeds a certain value. The mole-
cule then dissociates.

Thus the spectrum of a substance displays, on the one side, some narrow bands of
absorption which, although clearly separated at first, finally unite in one continuous
spectrum. The region in which these two forms of spectrum separate is called the
Limit of convergence. Now, the power to decompose substances is present only in radiations
which form part of a continuous spectrum; and if the temperature is increased, the bands
nearest to the continuous spectrum will merge with the latter, and the radiations
belonging to these bands, formerly inert, become active.

This effect, discovered by Victor Henri, is called ‘predissociation’. Many examples
exist, e.g., photolysis of acetaldehyde (effective A< 315 mpu); of benzaldehyde (effec-
tive A < 250 mu); of carbon disulphide CS, (two limits of convergence in ultra-
violet); of sulphur dioxide SO, (also two limits corresponding with two regions of
absorption); of nitrogen peroxide NO, (A < 400 mu and A < 245), etc., etc.

The narrow bands of absorption correspond with a vibration of atoms or groups of
atoms which cancel out at the limit of convergence, in the case of active radiations.
The molecules are then in a state of predissociation or electronic excitation, without
any true dissociation, due to the absorption of photons.

12. Organic photochemical reactions
All known types of organic reaction may be subject to the influence of light,
and some of these are noted below:

Decomposition: Acetone,(”) acetamide,® methyl formate,®) mercaptans. %
At 2537 mu a quantum will decompose 1-7 molecules of mercaptan. Roten-
one @) is also susceptible to photochemical decomposition.

Hydrolysis: Carbon tetrachloride into hydrochloric acid and carbon di-
oxide; 12 mono- and dichloracetic acids into glycolic and glyoxylic acids;@®
cyclohexanone into caproic acid. @4

Oxidation: When under the influence of light, and in the presence of
oxygen, alcohols, phenols, ketones, aldehydes and acids will oxidize. Some of
the di- and triarylmethanes will convert to peroxides, and this effect is
particularly marked in the case of 9-phenylxanthane.®% Many catalyzed
photo-oxidations have been used in the preparation of organic compounds.®®
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Addition reactions occur with halides, ammonia, aniline, etc., and in the
latter case anilides are obtained.

Isomerizations and polymerizations: o-nitrobenzaldehyde, when dissolved
in benzene or ether, will be converted to o-nitrosobenzoic acid. o-nitro-
benzylideneacetophenone forms indigo:@7)

LQ Lo
NO, CeH,-CH=CH-CO-CgHs — CoHy  C=C_ CeH
"NH NH

There may be changes of form, such as with dibenzoylethylene and di-
benzostyrol. Carvone is converted to carvocamphor.

Acetylene polymerizes into benzene®) (the same applies to its derivates).
Stilbene dimerizes into distilbene. Anthracene, phenylacetaldehyde, cinn-
amylidenemalonic acid, «-naphtoquinone, etc. also produce dimers.

Methyl acrylate and methacrylate will polymerize in the presence of ben-
zoin or diacetyl, acting as catalysts. In this way it is possible to obtain reliefs
for printing purposes. @9

Under the influence of ultra-violet rays, on the other hand, many polymers
undergo a marked degree of depolymerization. It is thus possible to observe
a decrease in the viscosity of solutions of cellulose nitrate and acetate, @ or
of methyl-cellulose.®” Any radiation of a A lower than 340 mu will degrade
most fibres, while between 340 and 400 mu the action must often be activated
by atmospheric humidity and oxygen, or by traces of metals.

13. Inorganic photochemical reactions

The allotropic modification of certain elements by the action of light are
commonplace operations in inorganic chemistry. White phosphorus will
change to red phosphorus, yellow arsenic to grey arsenic, yellow antimony to
black antimony, and red selenium to black selenium. The final product is
always the more stable. The hydrogen and sulphur derivates of all these
substances are also light sensitive. The photolysis of hydrazoic acid and of the
alkaline nitrides has also been studied. @ This is a chain reaction, the inter-
mediate substance being activated nitrogen.

Most of the metallic salts are photo-sensitive. Sulphides in suspension in
water may undergo a slow oxidation, while a blue colouring has been ob-
tained with ammonium molybdate or sodium tungstate-+HCIL.

The point which distinguishes the behaviour of the salt substances from
that of the above-mentioned compounds is essentially their ionic character.
Whereas, in gaseous systems, molecules alone would come into play, here we
have only to consider the movement of the valency electrons, since the
metallic salts—crystallized or in aqueous solution—dissociate into ions.

Among the photochemical decompositions, the most noticeable are those
of the following elements—iron, chromium, manganese, cobalt, uranium,
copper, mercury, and especially silver. The reaction is often reversible.
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Examples:
2FeCl; =2FeCl, 4 Cl,
Ferric Ferrous Chlorine
Chloride Chloride
2AgCl =2Ag + Cl,
Silver Silver  Chlorine
Chloride

If the chlorine is absorbed as and when it is formed, only the photolytic
reaction occurs (decomposition).

The sensitivity to light of éron salts has given rise to several applications
which we shall examine later, and the same applies to chromium salts.

In common with the ferric salts, the manganic (Mn*++) and cobaltic
(Cottt) salts revert, under the action of light, to the state of manganous
(Mnt+) and cobaltous (Cott) salts, by each acquiring one valency electron.

Cuprous chloride CuCl assumes a violet-brown colouring, while cupric
chloride CuCl,, dissolved in alcohol, is reduced to cuprous chloride. Simi-
larly, salts of uranium, lead and thallium are sensitive to the action of light.

Among the salts of mercury, mercurous nitrate HgNO,, basic mercurous
tartrate, basic mercurous oxalate and especially mercury-ammonium oxalate,
display interesting reactions.

Eder’s reaction. A mixture of mercuric chloride HgCl, and ammonium
oxalate in an unsaturated solution will decompose rapidly into insoluble
mercurous chloride HgCl (calomel) which precipitates. This very sensitive
reaction may serve as a photometer. The action would be as follows: @3

C,0,~+HgH —2CO,+Hg*
Hgt+C,0,— - Hg+C,0,
Hg+Hg++ — Hg2++

Eder’s reaction is sensitized by plane-molecule cyanines and erythrosine
This sensitizing appears to operate by means of a transfer of energy. @4

14. Phototropy

Certain organic substances, when subjected to the influence of light, will change colour
and, when placed in darkness again, will revert to their original colour. This is a
reversible change of colour which is called phototropy.

Phototropic compounds are relatively numerous. An exposure of 1 minute to a
50-watt lamp at a distance of 2 inches is generally sufficient for a change of colour to
take place, the phototropic substance being dissolved in water, alcohol or acetone, or
also in the crystalline state. Sometimes the new colour remains for several days, in
the dark, before disappearing, but in most cases the reversion to the original state is
rapid. We append a list below of a few of the many phototropic compounds:

Benzaldehyde-phenylhydrazone(?3)—colourless, becomes scarlet—as well as many
other phenylhydrazones.**)

Quinoquinoline hydrochloride(2®)—yellow crystals become green.

a-Naphthylamino-camphor(2")—colourless (chloroform solution), becomes green.

Tetrabenzoylethylene(2¢8)—colourless, becomes yellow.

Triphenylfulgide—yellow, becomes brown, and other fulgides are affected.(?®)
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Diacetylamino-p-2-stilbene-o-2-sulphonic acid, a light yellow powder, becomes
red.®)

Derivates of salicydene-amine: salicydene-o-anisidine, f-naphthylamine-salicydene,
salicydene-aniline, m-phenylenediamine-disalicydene.

Naphthylosazones: anisyl-«-naphthyl-osazone, piperyl-a-naphthylosazone.

Acetanilide-p-disulphoxide.

Certain dyes. (32

The phototropic fulgides, for instance, have a general constitution represented by
the following formula:

C C _Ar
H C—C \Ar
CO CO
O

The carbazones, such as cinnamaldehyde-phenylsemicarbazone, when subjected
for several hours to diffused light, produce an invisible latent change which, after a
return to darkness followed by a second exposure to light, will give a visible yellow
colour. This is the effect called inverse phototropy.©*

Phototropy is attributed to the reversible displacement of electrons, corresponding
with several mesomeric forms of a same substance. The coloured state is an inter-
mediate state resulting from the superimposition of several extreme structures. One
of the mesomeric forms may predominate, as in substances which are already coloured
(8-tetrachloro-a-cetonaphthalene, fulgides, Schiff’s bases). This is an electrotropic
effect. 34

A particular case of phototropy on plates has been observed by J. Sivadjian*®) in
the following manner:

Photographic plates, after being fogged, developed, fixed, washed, bleached in a
19%, solution of mercuric chloride, then rinsed, are sensitized in ‘5% potassium iodide.
Yellow layers of mercury iodide are obtained. After rinsing and drying, the plates are
exposed to light and the coating assumes a purplish-black tone, but becomes colourless
again in darkness. This process is accelerated by washing. It can provide images
suitable for copying.

Cupric bromide and cupric chloride, when damped with water, become dark green.
They decolourise in darkness—in a few hours at an ordinary temperature, and
instantly at 75°C.% This change is accelerated by the Br~ and Cl- ions.

Phototropy of 4-(p-dimethylamine-benzene-azo)-phenylmercuric acetate: see JI. Am.
Chem. Soc., 1955, 77, p. 5011.

15. Fluorescence and phosphorescence

A fluorescent substance, when subjected to the action of radiation of a certain
wavelength (ultra-violet, for instance) will convert these incident rays into
other emitted and visible radiations of a greater wavelength.,

This is because the molecule M, having absorbed a quantum /v, passes
through an unstable activated state M, then deactivates when reverting to its
stable condition, while emitting a quantum Av’ of a lower frequency. This
lowering of the frequency is explained by the fact that activated molecules
are in continuous rotation. Deactivation stops the movement of the molecule,
then causes the expulsion of a photon with less energy than that of the
absorbed photon.
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The length of time between activation and deactivation varies from one
hundred-millionth to a thousandth of a second (uranyl salts) according to the
nature of the substance. The yield varies also: the ratio between emitted and
absorbed photons comes near to unity for diluted fluorescein. The light
emitted by a fluorescent body may be compared, according to J. Perrin, with
a ‘discontinuous sum of minute identical sparks’.

2. In the effect of phosphorescence, the irradiated substance retains its
luminosity for a comparatively long time (often for several hours). This
property is due to the presence of what are known as phosphorogenic sub-
stances, particularly sulphides. 'The presence of impurities such as copper,
manganese, calcium, rare earths, etc. is essential to maintain the instability of
the crystalline structures thus deformed.

A molecule, activated by an absorbed photon, will produce an unstable
molecule when deactivated at a slightly lower level. This molecule, by reason
of thermal agitation, will receive a little energy, which will enable it to revert
to the activated state by returning to its original level of activation. The same
cycle is repeated until the gap between the level of activation and that to
which it drops becomes too wide to be closed.
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Chapter IIT

THEORY OF THE LATENT IMAGE

In order to obtain a photographic image, it is necessary to expose a sensitive
emulsion® to light. Inside this ‘emulsion’ a change occurs, invisible yet fac-
tual, which bears the name of latent image. It is given this name because a
visible image is obtained from it when a substance known as a developer is
caused to act upon the latent image, in the operation of development. The
sensitive medium on a photographic plate is a heterogeneous mixture formed
of a dispersion of very fine crystals of silver bromide AgBr in gelatin. It may
contain a certain proportion of silver iodide.

16. The silver bromide crystal

Silver bromide cyrstallizes in a cubic pattern, like the halides of alkaline
metals (NaCl, KBr, etc.).® .

The cubic system, which is the simplest form of the seven systems of
crystallization, is characterized by three axes of symmetry which are all per-
pendicular to one another. The arrangement of the atoms, called the pattern
or crystal lattice, takes place on the upper surfaces of the cubes. The outer
appearance of the crystal may vary, according to the nature of the substance
and the way in which it was obtained, by a truncation of the angles (dihedral
angles) or of the summits (trihedral angles). Thus the silver bromide appears
in the form of hexagonal or triangular tablets (Fig. 2) and cubes or short
needles with rounded ends. The former are obtained by precipitation in a
neutral medium, and the latter in an ammoniacal medium.

Fi1c. 3. Crystal lattice of silver hal-

lides. The silver ions (@) and halides

(o) alternate on the top of the cubes.

The effect is shown here in diagram,

Fic. 2. Silver bromide crystals whereas in reality the ion spheres are
(neutral emulsion). closer.

20
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The crystal lattice constitutes the true structure of the cr tal. It is formed
by an assembly of Zons situated at equal distances in the three directions,
following a regular pattern. The entire assembly resembles a pile of cannon-
balls.

The Agtand Br~ (or Cl-) ions are situated alternately at the intersection of
the lines of a cubic lattice according to the diagram in Fig. 3. The lattice is
‘face-centred’, since each silver ion is connected with six halide ions, and
vice versa. The distance between the centres of two identical atoms, or mesh,
is 5774 A for AgBr, and 5-55 A for AgCl. The halide ions are larger than
the silver ions. @2

The crystals of photographic emulsions correspond mostly with cross-
sections made along the octahedral sides, i.e., at right angles to the diagonals
of the cube.

As for silver iodide, in the cold state it has a hexagonal shape, of the ZnO
type. However, Oshino and Miyaka noted that silver iodide may have crystals
of two shapes according to temperature,® especially a cubic « shape, of the
blende ZnS type, which is stable up to 137°C, and hexagonal 8 shape, of the
wurtzite type, stable from 137° to 146°C. Using a pressure of 3,500 Kg,
Jacobson obtained inward faced cubes.

The study of crystals. When studying the photochemical effects which take
place inside the silver halides, it is possible to use either large crystals or
strips cut out of fused halide. In the latter case, the strips (obtained by saw-
ing) must be heated above melting-point for forty-eight hours, then allowed
to cool slowly for twelve hours.® The best procedure is to work in an
atmosphere of pure nitrogen.® It is also possible to prepare strips of 10—% or
10-3 centimetres thickness by crushing fused salt between two strips of
quartz.(® Another method consists in sublimating some silver on a sheet of
glass and to expose it afterwards to bromine or chlorine vapour. Considering,
however, that the igneous fusion produces crystalline structures which differ
from those produced at an ordinary temperature, Tamura and Tukihosi
obtain polycrystalline layers by precipitation on a sintered glass partition
separating the two reagent solutions of 0-5N silver nitrate and potassium
bromide.

Mixed crystals. The various silver halides will crystallize readily together.
Mixed crystals are produced by fusion as well as by precipitation, and the size
of the mesh is, of course, related to their composition. The variations in struc-
ture may be revealed by X-ray diffraction, by examining the reflection spectra
and by measuring the birefringence and the specific gravity.(™ Silver
bromide and chloride produce mixed crystals in all proportions, but an intro-
duction of silver iodide causes a disturbance of the crystalline structure. With
any quantity up to 49, of Agl, in relation to AgBr, and 11-5 9%, in relation to
AgCl, it is possible to obtain inward-faced cubic crystals. (This is the most
usual case in practice.) With a very high content of silver iodide, mixed
crystals belong to the hexagonal group, while with medium contents there is
a mixture of both types of crystal. Silver iodide produces local deformations
(since the ions I~ are larger), and moves the absorption spectrum towards
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the longer wavelengths. This displacement relates to the presence of cubic,
and not hexagonal, Agl. (The limit of absorption of the latter is, on the con-
trary, of a A lower than that of silver bromide.)

17. Adsorptions on the surface of crystals

The crystals of silver bromide or chloride emulsions are prepared by
precipitatio r}iln the presence of a protective colloid—i.e., gelatin—and an
excess of alakli halide. The latter is solvent of silver salts and forms several
complex negative ions such as (Br,Ag)~, (BrsAg)——, etc., adsorbed on the
surface of the crystals, particularly on the surface defects.

Enlarging upon Helmoltz’s conceptions of the double layers of parallel ions
and of opposite symbols, and also on Gouy’s, which considered the outer
layer as a diffused ionic atmosphere, Stern showed(®) that there are indeed
two successive layers, but that the inside layer is attached rigidly to the
crystal, while the outer is diffused. The crystal of silver bromide has thus
two inter-faces, ) i.e., crystal to adhesive layer, and adhesive layer to diffused
layer.

According to Bourne and Loening, 1 the OH ions are also adsorbed by the
silver salt precipitate. This adsorption increases with the pH, and at pH 9-5
there would be an OH group for five ion sites on the surface.

Finally, gelatin should not be forgotten. Its ions are charged negatively,
and it is readily adsorbed. The gelatin covering which encloses the crystal
may be seen under an electron microscope, ™ and photolysis under the action
of electrons shows a transparent covering containing the liberated silver and
possibly formed by a silver-gelatin complex.

Strictly speaking, apart from unproved and hazardous suppositions, we do
not know the exact, yet extremely important, mechanism by means of which
gelatin contributes to the formation of the latent image.

18. Absorption spectra and photoconductivity

The spectral regions of photographic sensitivity belonging to the silver halide
crystals correspond with their absorption bands. Now, the absorption spectrum
of a crystal depends on the nature of its constituent parts and consequently
on the deformations of the electronic orbits occasioned by the mutual reactions
of the adjacent elements. The deformations are the more pronounced as the
atoms are the larger; thus the halides of alkaline metals—which are lighter—
have two absorption bands in the ultra-violet, while the silver halides have
their bands in the near ultra-violet, violet and blue. The limits of these bands,
moreover, are the less abrupt as their wavelengths are the higher. One of De
Boer’s formulae®? enables the frequency of these main absorption bands to
be calculated.

The movement of the electrons within the halide crystals is evidenced by
means of photoconductivity, and the latter is specific for a given spectral
absorption band.

In any photo-sensitive crystal a potential difference occurs when it is sub-
jected to unilateral lighting. The process has been studied on cuprous oxide
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by Dember,®® then on silver halides, particularly by Kotlyarewski.t4 An
electrode (formed by the sublimation of silver on the crystal), which is illumin-
ated by a light of given A, will assume a positive charge (normal effect) or
negative charge (reverse effect). On silver chloride the effect is normal at
room temperature with its maximum at 340 mu. The reverse occurs on silver
bromide with its maximum at 320 mu. At —18°, the effect is seven times more
pronounced. On strips of 1 to 10 p thickness, Barschevski®® obtained the

following maximum effects:
AgBr—313 mu

AgCl—365 mu
AgI—365 and 420 mu

On AgBr which has already been exposed to light the maximum reaches
575 mu.

The photoconductivity of silver bromide is considerably accentuated by
the addition of cadmium or lead bromide.

Photoconductivity in emulsions. West and Carroll®*® have measured photoconduc-
tivity, not, in this case, within isolated crystals, but directly within the photographic
emulsion. A piece of film was placed between two electrodes subjected to a difference
of potential. Under the influence of light, the resistance of the system decreases and
the current in the circuit increases. The incident luminous energy is measured by
means of a thermopile. Miller and Hamm ") made a similar study by using an electro-
meter and an oscilloscope. They observed that the current continues to increase after
exposure to light has ceased, the maximum being reached two seconds later. This
effect may be due to an electrolytic current resulting from a re-arrangement of the
ions in the double layer enclosing every crystal, in the vicinity of the specks of the
latent image.

19. Alkali halides

The alkali halides (sodium chloride, potassium bromide, etc.) are sensitive to light.
This can be explained by the fact that the photo-sensitive element is not a metal ion but
a halide ion.

The crystals of alkaline halides become coloured when exposed to ultra-violet,
X- and y-rays; likewise when exposed to electrons, and when heated in metal vapour.
When exposed to light, these crystals show several absorption bands (in addition to
the main ones) which result from defects in the crystal lattice, particularly the follow-
ing:(18)

(a) F band, resulting from defects in the lattice, with an excess of metal ions.

(b) M band, resulting from a surplus of electrons.

(¢) V band, resulting from positive holes (absence of halogen).

(d) Various bands resulting from impurities.

The F and M bands will form readily by exposure to X-rays (about 10® rontgen
per sq. cm.). After a further exposure—to light, in this case—additional bands, called
R bands, are formed, as well as infra-red N bands situated beyond the M band.®*)

An excess of metal ions in an unusual position will form F centres, and the radiations
absorbed in this band will discolour the crystal, although only partially. Some of the
F centres will return to an F’ state, of which the corresponding absorption band is
weaker and of longer wavelength. (%

The alkali halides may be sensitized by the corresponding hydride. When coloured
by X-rays, the alkali halides emit an ultra-violet and visible fluorescence, and the
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effect is intensified when the temperature of the crystal is increased from that of liquid
air to that of ordinary air.(*") A blue fluorescence may be obtained by exposing mineral

salt to X-rays, in liquid nitrogen; and by a slow heating process an ultra-violet
phosphorescence will be produced.(22)

Potassium chloride, crushed with 2-289%, of silver chloride, becomes phosphor-

escent (12 seconds).(®») If it contains metallic thallium it is photoelectric, with a
maximum at 550 mp.(23®)

20. Defects of the crystal lattice

The photochemical sensitivity of a crystal of silver bromide (and generally of
any photosensitive crystal) depends on the imperfection of the crystal lattice.
Léhle, Stasiw and Teltow, and Pohl have shown that light has no effect upon
a perfect crystal.

But before looking for local imperfections, it must be pointed out that the
crystal lattice shows a certain structural deformation. In the ionic crystals it is,
as we have seen, the ions and not the atoms which are the constituent units.
Thus silver appears with one electron less, i.e., in the state of an ion Ag*,
and bromine in the state of an ion Br~, having appropriated the ion lost by
the silver atom. The nuclei of the atoms are surrounded by their clouds of
electrons, which revolve in their respective orbits.

It so happens that a closer grouping of the nuclei will produce, by reciprocal
action, a deformation of the electron orbits. This deformation depends on the
nature, hence on the size, of the elements present. It is more pronounced in
the silver halides than in the alkaline halides, whose ionic feature is more per-
fect. The deformed ions produce crystalline structures of weak coordination.
Since it is the halide ion which is attacked by the photon, it will become more
sensitive as its electronic orbits are more deformed, and for this reason,
silver—which produces a greater degree of deformation than alkali metals—
will produce salts which are more photo-sensitive than those produced by
alkali halides.

Let us now examine the local defects. A crystal may be considered as an
imperfect grouping of more perfect polyhedric blocks. The joins form areas
of dislocation which are sometimes in a spiral, with cracked meshes, holes,
and badly fitting jons. This dislocation is assisted by the gelatin, which exerts
a considerable amount of physical tension (as revealed by examination under
a polarizing microscope). Also, an addition of iodide to the bromide will
increase the mesh in an irregular manner, with a confusion of the ions. The
same result could be obtained by adding thallium salts. The resulting internal
tension assists the movement of the electrons and ions, as in such phenomena
as phosphorescence, in which impurities play a similar part.

The diffraction patterns of silver chloride, in fused crystalline blocks,
show diffused patches and streaks attributed to a displacement of the rows
of atoms parallel to the axis of the elementary mesh. The process of irradia-
tion will cause photolytic silver to collect at the defective points of the
lattice. @9

The degree of perfection of a crystal is measured by a comparison between
its true density and its theoretical density, calculated from the mass and
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volume of matter (Straumanis, Phys. Rev., 1953, t.92, p. 1155). Its mesh is
measured by X-ray diffraction. Corrections are carried out by Nelson and
Riley’s extrapolation technique, and Wilson’s for X-ray refraction. )

Two kinds of defects are usually present together in crystals of silver brom-
ide and chloride, i.e., Frenkel and Schottky defects.

Frenkel defects. These are formed by interstitial Ag* ions and an equal
number of locations devoid of cations (Agg). The anion network remains
intact. The study of the effects of conductivity reveals that an abrupt increase
in the specific heat of the crystal of AgBr conduces to the formation of these
defects. %) The number of interstitial Agt ions increases with the tempera-
ture.

Schottky defects. Schottky’s defects consist of shallow vacant sites of Br—
and Ag* ions, in equal quantity. The equality of the vacant sites is confirmed
by studies with radioactive ions carried out by Kolthoff and O’Brien,®®
followed by Langer.®” The existence of Schottky’s defects has been verified
by taking measurements of the expansion of crystals (H. Kanzaki). 3

The defects in the network of a crystal of AgBr are called #raps. Berg even
accepts the existence of shallow secondary traps which act as an intermediate
image, the electrons captured by these traps being reduced by thermal
agitation and the silver ions dispersed. In addition, Seitz calculated that the
number of defective atoms in relation to the number of normal atoms is
r = ¢~*T, in which € = 0-36 electron-volt.

21. Sensitivity specks

The physical defects in the crystal lattice form during the first phase in the
preparation of a photographic emulsion (precipitation and physical ripening).
But in the second phase, digestion or chemical ripening—they can bring
about the production of sensitivity specks. These specks are on the surface,
and they occur especially along the lines of dislocation.

The existence of sensitivity specks was suspected in 1897 by Abbeg, but it
was not until 1921 that their presence was demonstrated by Svedberg and
Anderson.®® Their size is, of course, too small to initiate development.
Each grain has its own distribution of centres, and it is on this assumption
that Webb based his calculations on the probabilities of distribution of the
centres within an emulsion. This is in opposition to Silberstein and Trivelli,
who assumed in their calculations that same-sized grains have the same
sensitivity. 60

The question now arises as to the composition of the sensitivity specks. They
may be formed either by silver®!) derived from a reduction process, or by
silver sulphide originating from the sulphur introduced by the gelatin. Mitchell
and Meiklyar, on the other hand, have accepted the fact that chemical
ripening produces stable aggregates of a few shallow F centres. F centres,
whose existence has been proved by Anastasevitch and Frenkel, ¢ are
formed by the appropriation of electrons by sites devoid of halides, while
thermal diffusion will produce large aggregates of from 3 to 10 F centres,
which form sensitivity specks.
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At all events, it is extremely difficult to study crystals free from any im-
purity, for one always finds traces of Ag,0, Zn, Cu, Al, Fe, Si, etc.

But let us return to the sulphide sensitivity specks. To them is rightly attri-
buted the largest part in the sensitivity of a photographic emulsion. How do
they operate? The X-ray diffraction patterns of silver bromide crystals con-
taining Ag,S produce wider lines than with pure silver bromide, which
indicates a deformation of the crystallites. ®3 The bivalent ion S——, confronted
by the vacant bromide ion site Br7, changes to a monovalent sulphur ion by
losing an electron and forming an F centre (as the electron occupies the
positive hole):

S-—+Br# > S—o+F

It has been possible, thanks to the researches of Stasiw and Teltow®%) on
the formation of absorption bands in fused crystals of combined AgBr and
Ag,S, to identify some complexes, the main type of which is

[S—¢ Br{]

formed by the coupling of a monovalent interstitial ion of sulphide S~ with
a vacant bromide site.

The chemical sensitivity specks will act only at low intensities. Berg has
estimated that it is possible to have up to 10 molecules of silver sulphide for
every centre. ¢

22. Process of latent image formation according to the Gurney-
Mott theory

The relation between the movement of electrons released by light, and the
formation of the latent image, has been prompted by the effects of photo-
conductivity in crystals of silver halides—effects which were made known by
Arrhenius (1887). This induced Dauvillier (in 1920), then Fajans and von
Beckeroth, and also Sheppard and Trivelli, to present the first hypotheses on
the process of the formation of the latent image.®% But it was not until 1938
that Gurney and Mott®?) were able to produce a consistent theory, which has
since become standard.
According to Gurney and Mott, the latent image forms in three phases:

(a) Primary photochemical effect. A quantum of luminous energy Av (or
photon), penetrating into a silver bromide crystal, reacts—at the outer
energizing level—upon a bromide ion Br—, simultaneously yielding its energy
to the latter. This energy enables the bromide ion to expel its supplementary
electron in order to revert to the state of free bromine Br (with seven sur-
rounding electrons, instead of eight for the Br— ion). The reaction may be
written thus (e signifying one electron):

Br—+Av = Br}e

Since the decomposition of silver bromide is a reversible effect, it is neces-
sary—in order to prevent the bromine from re-combining—to fix the latter.
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This fixing of a halide is effected by water and, with better effect, by the
gelatin which acts as a binder for the crystals. Gelatin is a bromine
acceptor.

(b) Electronic current. The electron expelled by the bromide ion is, at the
outset, at a higher energy level than that of the surrounding orbit of the
(missing) valency electron of the corresponding silver ion Ag* (since the
valency electron of silver is at O level, while that of bromine is at N level, of
lower degree and therefore of higher energy).

The electron, then, will jump to O level. But in the assembly of Ag* ions
formed by the crystal, the many O levels of these ions, being empty, form a
wide band in which the electron can travel freely before dropping to a slightly
lower level.®8) This conductivity band O corresponds with the F absorption
band.

In fact, the second phase in the formation of a latent image resolves itself
in the migration of electrons through a crystal lattice. This migration is
facilitated when the ions adjacent to this lattice do not display any reciprocally
abrupt potential differences, since the atoms are very close together; this in
opposition to the effect produced in purely ionic crystalline structures, such
as those of potassium bromide or sodium chloride, in which the potentials
are more marked.

What becomes of the electrons in motion? They eventually meet, encounter
a lvwer energy level, than that which they are in, and are trapped by it.

Now, this lower energy level is a sensitivity speck (Ag+Ag,S). The elec-
trons will accumulate in this centre and, naturally, form negative electric
fields.

(¢) Ionic current Ag+. This is the third and last phase of the latent image
speck formation.

The electric field—increasing in size through the arrival of new electrons—
attracts the (positive) silver ions Ag*, and this migration of Agt dons consti-
tutes an ionic current, which, in fact, can be studied, as done by Tubandt, by
external application of artificial electric fields.

But the ions do not travel as fast as the electrons, and do not always succeed
in discharging the negative field soon enough, in which case the latter may
oppose the arrival of new electrons. The formation of the image is thus
retarded.

The ions Ag*, in turn, capture the electrons assembled around the sensi-
tivity centres, by giving out atoms of metallic silver fixed on the same centres,
i.e., Agt+e = Ag. They then constitute—when in sufficient number-—the
latent image centres. These specks are separated from one another and are
each formed by a certain number of silver atoms.

The Ag™ ions, attracted by the field created by the assembled electrons,
are detached under the influence of thermal agitation, more readily as they are
less firmly attached. Those which depart first are the ones which are situated
on the irregularities of the lattice (distorted parts or breaks). This is why we
have previously insisted upon the necessity for having crystals of AgBr as
imperfect as possible, especially if the photographic emulsion is to be fast.
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23. Positive holes

Atoms of bromine are formed from the loss of photoelectrons by the Br—
ions. These bromine atoms have no action upon the latent image at low inten-
sities. But an electron may attach itself to a bromine atom, to produce a Br-
ion, which enables another bromine atom to undergo the same reaction, and
so forth, in the manner of a cascade. Everything occurs as if the Br moved
irregularly through the lattice, as far as the interface, where it combines
slowly with the gelatin. It is possible, in conformity with de Boer’s hypo-
thesis, to liken the bromine atoms to a mobile ‘positive hole’. The same pro-
cess is to be found again in other crystalline systems studied by Wagner, such
as NiO and Cu,O. The mobility of the Br~ ions is very low, a fact which
Zimens observed after having exchanged Br for the radioactive bromine 82
and comparing its speed with that of radioactive silver 106, whose mobility
is high.

When a halogen acceptor is added to the emulsion, the photoconductivity .
is doubled. To do this West used B-naphthyl semicarbazide hydrochloride or
the B-naphthothiazole semicarbazone.®?)

24. Mitchell’s theory

As stated above, the crystal lattice contains some Frenkel defects (inter-
stitial Ag* ions) as well as some Schottky defects (vacant sites of bromine
and silver ions). The vacant sites of anions form positive holes Brf,
which should not be mistaken for bromine atoms.

The electrons which are produced in the course of the primary photo-
chemical phase are, according to Mitchell’s original theory“® captured by
these mobile vacant sites of bromine ions Br, and produce F centres.
Anastasevitch and Frenkel®) had already stressed the function of these
centres formed by an electron in a positive hole. F centres exist also in the
alkali halides, where they result in coloured centres characterized by the
corresponding absorption band.

An F centre may also be considered as an electron surrounded by six
potential silver atoms. Several F centres will unite in aggregates, which are
comparatively stable when formed in the neighbourhood of a sensitivity
speck such as an ion S—;. But when these F aggregates reach a critical size
they produce—with their surrounding silver ions—metallic silver, which is a
constituent of the latent image.

It will thus be seen that, in this theory, there is no migration of ions Ag™,
but a redistribution of the metallic silver, after exposure, by reason of the move-
ment of the F centres. In addition, a photon, instead of acting upon a Br~ion
can act upon an existing F centre. The latter will release its electron, which
is captured by other F centres, and the association F+-e can in turn attract
interstitial ions. No release of bromine is required, as in the orthodox theory.

Mitchell’s second theory. Mitchell later*®) revized his conception of the
formation of the latent image, which may be summarized as follows:

(a) Liberation of electrons with a simultaneous formation of an equal
number of positive holes by the photons. Or action of the excitation waves
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upon the Br— ions occupying the indentures and other imperfections of the
crystal; since these superficial Br— ions surrounded by only a small number
of Ag" ions, are at a lower potential, which always requires less energy to
eject the electrons.

(b) If there are positive holes, these are appropriated first by the ions Br~
occupying the indentures, with a formation of rapidly-absorbed bromine
atoms. In addition to the binder, the chemical sensitizer acts as an acceptor of
halide.

(¢) The electrons set free are raised to the energy level of the conduction
band (or to levels lower than the locations of sensitivity specks with a lower
potential). The electrons are appropriated by sensitivity specks together with
the surface Ag* ions situated at the defective parts of the crystal, or emanating
from the surroundings of the missing bromine ions, and give rise to isolated
and mobile silver atoms.

(d) Formation of latent sub-image consisting of dispersed pairs of silver
atoms, less mobile than the isolated atoms, by a concentration of the latter
at the sensitivity specks.

(¢) Formation of a stable latent image consisting of the specks of at least
four silver atoms, by a grouping of the pairs of the neutral silver atoms of the
sub-image, in positively charged aggregates—a charge which is balanced by
the superficial Br—ions. The stable specks are more active for the catalysis of
development than the unstable specks.

The latent image is produced in the regions of tension where the sensitizers
are located, mostly in the centre of the crystal, in the case of hexagonal tablets
prepared in a neutral medium; also at the junctions of the elementary crystals
which constitute the structure of the cubes, when the precipitation of the
silver bromide is effected in an ammoniacal medium.

25. Stasiw and Teltow’s theory

We saw in para. 21 that a sulphide ion S joins with a vacant Brf site to
form a complex [S—; Brfj]. The sign G indicates here an interstitial posi-
tion, and the sign [] a vacancy.

Now, the above complex is a trap. It is capable of capturing a photoelectron
to give a negative-charged unstable complex,

[S~¢ Brp]
which, in turn, can attract an interstitial silver Ag,* ion and become“®:
neutral Ag *[S—g Br]

possessing an absorption band at 560 mu. This complex is very mobile. It
may assemble in aggregates which, in turn, may disperse to produce free
colloidal silver (several thousand atoms).

In the process proposed by Stasiw, the specks of atomic silver are thus
formed in the immediate vicinity of a sensitivity speck, itself resulting from a
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sulphide ion and the neighbouring vacant site of a bromide ion. At low
temperatures, it is even possible to observe the following primary effect:

[Ag,t S7g]+hv — [Agh Sgl+e~
[Agot Sg] - Agt+Sg
the subsequent reaction occurring as described above.

A more recent study by Seifert and Stasiw(42®) showed that the complex
[S—g Agyt] absorbs at 436 mu. On the other hand, the centres formed by the
electrons appropriated by the vacant bromine ions sites absorb radiations of
480 to 490 mu, but the complex [S—¢ Br] shows an absorption band at 630
my. By an appropriation of electrons, it forms a line at 720 mu, correspond-
ing with the larger aggregates. In silver chloride, the mobility of the inter-
stitial silver ions is greater than in silver bromide, but the low concentration of
these ions will only allow a lower degree of conductivity.

26. Constitution of the latent image

It was formerly believed that, under the influence of light, bromide would
convert to a silver sub-bromide Ag,Br or Ag,Br, alone reducible by the
developer. Some authors even claimed to have succeeded in chemically
preparing these sub-bromides and sub-chlorides in an isolated state. Nowa-
days, the existence of these compounds is refuted, since they are merely a
mixture of a normal silver salt and colloidal silver.

What, then, constitutes the latent image? Solely metallic silver. This can
be proved by a study of the patterns produced by an electron beam acting
upon a coating of silver bromide. The pattern of the latter will soon be con-
verted to the pattern of free silver. 3

The appropriation of Agt ions takes place in the [110] orientation of the
irregular features of the lattice. 43

The average proportion of metallic silver forming the latent image is about
1 atom for 10 million silver bromide molecules.

The formation of a latent image in a crystal produces a modification of the
absorption spectrum of the latter. Whereas the normal absorption band,
covering ultra-violet, stops at about 400 my, a second band appears in the
visible portion and the infra-red, with its maximum at 690 my. Hilsch and
Pohl, 4% who carried out these experiments, used the letter I for this charac-
teristic band. It corresponds with the upper energizing level of the silver
ions in the crystal lattice.

The latent image has a discontinuous structure, being formed of points scattered
in the emulsion coating. As a result, the density of the image is governed by the
number of specks distributed on the grains which can be developed completely.
The number of these grains will therefore increase with the amount of light.

By computing the number of latent image specks produced by a given
number of quanta (or photons), then taking a microscopic count of the actual
number of these specks which has been produced, it is found that the quan-
tum yield (or ratio of the number of released silver atoms to that of the
quanta absorbed) approaches 1. With gelatino-bromide it is 0-92 to 0-96.
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The quantum yield of photolysis in vacuum is shown by the formula
é = O(1 — e~*9) in which 0 is the superficial efficiency, & the coefficient of
absorption, and a a parameter equal to 0-5 u for AgBr and 0-24 u for AgCl,
at an average ¢ (see Luckey, G. W., JI. Chem. Physics, May 1955, pp. 882—
890).

The grain becomes developable when a critical condition is achieved. Little
information is available on the nature of this critical condition:*5) it may
depend on the size of the silver grain, its structure, or the properties of its
interface with the halide.

Sub-specks. According to Burton, (4% the latent image utilizes the specks which can
be developed, but there also exists some incomplete specks(4?) which form a sub-latent
image. These grains, whose specks have not yet reached an optimum size, may respond
to development in the course of a second and very low intensity exposure. The larger
of the incomplete specks tend to increase in size, while the smaller ones shrink.

When a latent image is kept in darkness, the sub-specks increase in size, the elec-
trons necessary for this growth being supplied by thermal agitation. This is the basis
for the intensification of a latent image by time.

In Webb’s opinion(¢®) the sub-image centres are formed of two silver atoms, while
the normal centres contain eight. They do not occur in any great numbers except at
high luminous intensities, since they form in a shorter time than that required for
exposure. On the other hand, development is slower when the exposure is at high
intensity (Cabannes-Hoftmann effect).

Huggins’s hypothesis. Huggins(4®) propounded a hypothesis according to which the
latent image is constituted, not by silver, but by silver bromide which has changed
from its normal B1 structure (of the sodium chloride type) to B3 (of the zinc sulphide
type) (JI. Chem. Phys., 1943, 412). The B3 structure, stabilized by photoelectrons and
possibly also by Ag* ions, is the structure of silver iodide. It would contain positive
and negative potential holes, and the former would be possible positions for photo-
electrons.

Junghanns and Staude, who tested this hypothesis by determining the specific
masses of the crystals before and after irradiation, did not observe any expansion. (")

27. Internal latent image

The suggestion of an internal latent image, touched upon by Kogelmann in
1894, was not considered seriously until 1931 by Luppo-Cramer. Belliot, in
admitting its existence, made a distinction between the surface latent image—
which can be eliminated with a solution of chromic acid—and the internal
latent image, inside the crystal, which is not attacked by oxidizing agents.
Various authors have even separated a ‘sub-surface’ image, thicker than the
surface layer, and soluble in a more concentrated solution of chromic acid.
Thus, starting from the outside, the following will appear:

surface specks;
intermediate specks (at ten reticular distances);
deep specks (clearly separated).

The internal image which, according to Hautot and Falla, is sensitive to
yellow and red, is formed at kigh intensities when electrons are produced in
great numbers. As the latent image grows, so the electron levels become
deeper. In order to produce deep specks it is necessary for the exposure to
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be 1,000 to 100,000 times longer (according to the emulsions) than the time
required to obtain surface specks. The internal latent image forms after thes
external image. The opposite occurs in the case of X-rays, 1) and the process
is examined by using the radioactive tracer method. (%)

The internal latent image is of the same constitution as the external i image.
When over-exposure occurs, that part of the image which constitutes the
over-exposure will move to the surface in colloidal form. The internal image
is the cause of the second solarization maximuin. The reciprocity failure at
high intensities is smaller, and vice versa.

In Hautot’s view ®®) the formatory mechanism of the internal latent image
is identical with that of Gurney and Mott, while the formatory mechanism of
the external latent image follows the pattern outlined by Mitchell. The

" aptitude of an emulsion to produce an internal image depends on the degree
of physical ripening.

Methods of treatment. The intermediate (sub-surface) specks will resist a
0-29, solution of chromic acid for about 24 minutes, while the deep specks
are resistant to 59, chromic acid for 3 mins. It is thus possible to dissolve the
surface specks without touching the others. It is also possible to eliminate
the external latent image by means of ammonium persulphate.

In order to develop the surface image alone, use a ferrous oxalate or glycin
developer without sulphite.(®®) After an oxidizing treatment, the internal
image can be developed (para. 70).

To develop the internal image®® use a metol-hydroquinone developer
containing a solvent, in this case 0-6 to 189, of hypo. Another developer
frequently used contains paraphenylene-diamine—+69, of sulphite+4-0-119%,
of caustic soda; development time, 2 minutes. It is also possible to develop
by means of a physical developer.

To dissolve a surface layer of the grains, use a solution containing 1-6 %, of
hypo and 0-19 of sulphite. Time: from 30 seconds to 4 minutes.

28. Printing out

The decomposition of an insoluble silver salt is limited by the reverse action,
when the vapour pressure of the gas (chlorine or bromine) reaches a certain
value for a given temperature.

In the case of a latent image, the bromine set free in the primary photo-
graphic reaction is in very minute quantity, since there is only one molecule
affected in ten million. The gelatin is capable of absorbing this bromine, and
the photochemical process may proceed in the same direction.

But the decomposition of silver chloride by light is a more vigorous process
than with bromide. The number of molecules affected is very great, and as a
result a relatively dense deposit of metallic silver is formed, as well as a fair
amount of chlorine which the gelatin can no longer hold. Indeed, the system
is self-sensitized by the liberated silver. (%)

It is therefore necessary to add a chlorine acceptor to the gelatino-chloride.
The most common are silver nitrate, sodium nitrite and acetone-semi-
carbazone.
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The visible image is formed by violet-coloured colloidal silver, distributed
within the remaining gelatino-chloride.

29. Effects of low temperatures

Above —20°C (—4°F) the radiation absorbed is completely used for photo-
lysis (quantum yield is about 1). Between —20°C and —150°C (—228°F),
only a fraction of the luminous energy is absorbed. The free electrons can
move, while the interstitial ions are immobilized. Below —150°C a large
proportion of the energy is liberated as a green fluorescence, by a recombina-
tion of the electrons with the bromine atoms. 67

The loss of speed (about ten to forty times) is most apparent in the surface
image.® It is more pronounced in fine-grain emulsions and in those
ripened with sulphur sensitizers, thus proving that a loss of energy occurs in
the chemical sensitivity specks.

30. Effect of high pressure

High pressure (1,000 to 2,000 kg/cm?) bearing upon photographic emulsions
will produce two simultaneous variations of sensitivity, i.e., a decrease in the
external sensitivity, and an increase in the internal sensitivity.®® In this de-
sensitization, two processes are present, i.e., reversible desensitizing and
irreversible desensitizing,®® which represents only 10 to 159, of the total loss
of sensitivity.

Desensitizing appears to be due to a retarding of the ionic conductivity of
the crystals, and the effect is at its maximum at high intensities with short
exposures. The larger grains are those most affected by pressure, and a
smaller amount of gelatin will increase the effect. Amongst the manufactured
emulsions, the make which, up to now, has been the most sensitive to pressure
is ‘Radio Crystallix’ film. (61

The speed of compression, and pressure after exposure have no effect.
The wavelength, however, has a considerable influence, i.e., the desensitizing
is more pronounced in the violet than in the green.

As far as internal sensitizing is concerned, this is probably due to dis-
locations of the crystals, with formation of internal traps. (?

Finally, we would note that Eggert and Zund(®® have obtained pressures
ranging up to 10,000 kg/cm?, using a steel-ball system.

Friction. Friction on the surface of a sensitized coating produces fog due to
heat, accompanied by desensitizing due to pressure. The fog is usually
sufficient to render the coating useless for practical purposes; hence the value
of anti-abrasion supercoatings.

Furthermore, it is often observed that films show accidental foldings, called
‘creases’, in the shape of small crescents. When unexposed film is developed,
they appear as black marks on a transparent ground, while after exposure
they are light against a grey ground. As well as an emission of heat, the gelatin
is probably removed from some crystals, which, thus become spontaneously
developable.
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31. Intensification of the latent image

There are several methods (¢4 for intensifying an underexposed latent image
—methods which consist in converting the sub-specks into developable
specks. This intensification—commonly called latensification—is an auxiliary
operation which takes place after exposure and before development. It should
not be confused with hypersensitizing (which is an operation performed
before exposure), nor with normal intensification which takes place on the
developed image. The various processes of latent image intensification are
usually critical operations to perform in practice, since the results obtained
will vary, not only with the type of emulsion, but also between two identical
operations on the same emulsion.

(@) Second-exposure method. After exposure, the sensitive surface is sub-
jected to a uniform additional exposure of low intensity and long duration.
If this exposure is at high intensity, it will merely increase the number of
sub-specks. The intensification is more effective if the emulsion is previously
subjected to the Herschel effect.®® It is nil with X-rays.

The second exposure method is used in the processing of cinematograph
films, and in this case an exposure of some 15 minutes must be given at a
sufficient intensity to develop a density of 0-05. The sensitivity at the toe of
the curve is multiplied by 3.(¢¢) Sometimes it is necessary to go up to a fog
density of 0-2. When making a record of oscilloscope images, an exposure of
20 minutes is given at a distance of 2-4 metres from a 10-watt lamp in a
safelight fitted with a No. 3 Wratten filter, and lined with a sheet of white
paper.®? It is possible for the developed image to be intensified further
chemically. Second-exposure has also been used for colour films, such as
Ektrachrome.

(b) Mercury-vapour method. This is carried out in a closed vessel, at
an absolutely constant temperature and humidity. The latent image continues
to intensify after leaving for a time, and the cycle may be repeated several
times. The latensification can be explained by the condensation of the mer-
cury on the smallest specks, coupled with some adsorption on the silver
sulphide.

The intensification of the latent image by mercury vapour is, however, less
effective than hypersensitizing (before exposure) by the same medium.(8)
Furthermore, it is very irregular, and the operation is tedious. Operating
conditions: t = 20°C (68°F); humidity = 509, R.H. duration of process =
6 to 24 hours.

(¢) Organic acid method. The acids used are, for instance, formic, acetic
and propionic acid (vapours, or solutions in carbon tetrachloride or ben-
zene). (69) After the evaporation of the acid absorbed by the emulsion the effect
remains for one or two weeks. When latensifying, traces of moisture must be
present, but immersion in an aqueous solution of acid will desensitize. How-
ever, it is possible to use an aqueous solution of oxalic acid.(™ The gain in
speed is from 1009, to 3009,. Sheppard, Vanselow and Quirk explain this
method of latensification by the hypothesis that the Ag+ ions situated on the
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surface of the grains are moved, due to the neutralization, by the acid, of the
amine or imide groups of the gelatin.

(d) Sulphur dioxide method. The intensification of the latent image by an
atmosphere of sulphur dioxide, at 509, humidity, was shown in 1943 by
Simmons. (") The duration of the process is from 2 to 24 hours, for a three-
to five-times increase in sensitivity and a fog density increase of 0-2 to 0-4.
The contrast decreases, which the experimenters compensate by developing
twice as long—then praising latensification for the increased speed thus
obtained.

A container of liquid sulphur dioxide may be used or a solution of bisul-
phite or metabisulphite may be acidified. Example:

Sodium bisulphite liq. 40 cc
Water 50 cc
Acetic acid 10 cc

It is possible, however, to latensify by immersion in a solution of sulphur
dioxide (at 1 or 139,). The speed is doubled.

With bisulphite, the procedure is the same. For example, immerse the ex-
posed negative for 5 minutes in the following solution:

Potassium metabisulphite 3g
Sodium sulphite, anhydrous lg
Water 100 cc

Rinse for one minute before developing.

The latent image may also be intensified by sulphite and hypo in 29, solu-
tion. A few minutes’ treatment is sufficient, but if prolonged too far, would
produce a reversal of the image. 2

(¢) Oxidation method. This method calls for the use of such media as
hydrogen peroxide, ozone and sodium perborate, which activate the Ag* ions
in the neighbourhood of the specks.

Hydrogen peroxide was used by Liippo-Cramer in 1915 (for a complete
exposition, see Wightman, Trivelli and Sheppard).”® Immersion: 5 minutes
in a one-volume solution, before development.

With an atmosphere of oxygen containing 49, of ozone™ a 90-minute
treatment is necessary, followed by a further one of 24 hours in a normal
atmosphere. The increase of speed with a rapid emulsion is only 309,
whereas it is 909, with an X-ray emulsion. It has, however, been possible to
obtain an increase of 1009, in a rapid emulsion by using air with only
1 millionth part of ozone.

The simplest method is to immerse the exposed negative for 60 seconds
in a 0-29, solution of sodium perborate, and develop without washing; the
speed is doubled. The increase is greater if a 19, solution is used, with anti-
foggant added (0-159%, of bromide or 0-0039, of benzotriazole). The treat-
ment time must then be reduced to 5 seconds.?® The efficiency of the latensi-
fication decreases when development is prolonged.

C
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(f) Ammonia and amines method. In this case the Ag* ions are liberated
as complex (NH?3)Ag+ ions and lose their ammonia (or other basic radical)
after precipitation on the specks. This method is seldom used. With ammonia
gas it is possible to double the sensitivity of a negative emulsion.

(¢) Gold method. The exposed material is immersed for 5 minutes at 20°C
in the following solution(®):

Heat until boiling just starts:

0-19%, solution of potassium chloroaurate 40 cc

Potassium thiocyanate 05¢g
then add

Potassium bromide 06g

Water to make 1000 cc

Wash for 20 minutes before developing. The sensitivity is increased two
or three times.

It would appear that the sensitivity specks containing silver react with the
aurous thiocyanate and that metallic gold forms a deposit there. The latter
no doubt enables the development to be initiated more easily.

1. This is actually a suspension, viz., a dispersal of a solid, and not of a liquid.

2. Solids will usually crystallize in one of three forms: atomic, ionic or molecular.
Sulphur and diamond produce atomic crystals, in which the atoms are retained
by powerful covalent forces. Salts produce ionic crystals, in which the atoms (in
the state of ions) are kept together by electrovalent bonds. Organic substances
will form molecular crystals, and in this case, the atoms are retained in less rigid
groups by weak cohesive forces, known as Van der Waals’ forces.
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Chapter IV
REDOX POTENTIAL

Development consists in converting the latent image into a visible image, but
before explaining its mechanism it is essential to give a few brief notes on
the meaning of pH and redox potential, which affect it closely.

32. The pH
We know (para. 845) that water H(OH) is formed by two ions H* and
OH)~.
( On the other hand, a base results from the union of a positive ion, such as
Na+, with the negative ion (OH)~, while an acid, on the contrary, is formed
by a negative radical Cl-, for example, with the positive ion H+ (para. 844).
All these expositions call for a knowledge of the nature of ions, which it is
advisable to master before pursuing the matter further (para. 841).

By reacting an acid AH with a base B(OH), a salt AB and water H(OH) or
(H,O) will be produced according to the following equation:

AH-+B(OH) = AB-+H(OH)

Acid  Base Salt  Water
But acids, bases and salts in solution will dissociate into ions.

AH =A-+H+  B(OH) =B+ (OH)~- AB=A-4B+
The former reaction may then be written:

A-+H* + B++(OH)~ = A~ B+ + H(OH)

Acid Base Salt Water
If we now eliminate the similar terms, there remains:
H++(OH)~ = H(OH)

This means that the neutralizing of an acid by a base is no more than a
reaction between the ions H+ and (OH)~ with a forming of water and a
neutralizing of the electric charges. It seems obvious that the number of
H+* and (OH)~ ions which combine depends on the degree of dissociation of
the complete molecules AH and B(OH) into their ions, i.e., the degree of
tonization.

As the acid and the base are the stronger, so they ionize the more fully. Sul-
phuric acid will ionize almost completely in dilute aqueous solution: Thisis
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a strong acid. Acetic acid, on the contrary, ionizes but slightly, and is a weak
acid.

Since the operation is carried out in an aqueous solution, it is necessary to
take into account the tonization of the water itself:

H(OH) < H++(OH)-

If we call [H*]+{(OH)~] the number of ions H* and (OH)~, and if we
call [H,0] the total number of molecules of water, then the following
equation ensues:

[H*| x[(OH)~|
——[H2 0] = Kpy,0

The number of dissociated molecules of water being small, the total quan-
tity of water shows no practical variation, so that the following formula will
result:

[H*]1X[(OH)7] = Ky,0 < [H,0] = K

K, is a characteristic constant of the ionic dissociation of water, equal to
10— at 25°C and 0-6x 1014 at 18°C.

The concentrations of H* and (OH)~ being naturally equal, it suffices here
to know one of them, viz., that of ions H+, which is the square root of K,
16t

[H*] = /Ky = 107 as an average.

A concentration in hydrogen ions equal to 10-7 is characteristic of a neutral
solution (pure water). If the concentration in tons H* is higher than 107, then
an acid is present, but if it is lower than 10~7, a base is present. (In this case
(OH) ions predominate.)

For greater convenience, the logarithm of the reciprocal of the [H*] con-
centration is used, and the value thus obtained is called the pH, thus:

1
pH = logio ]

For a neutral medium in which {H*] = 107, the pH is 7. For an increasingly
acid medium, the pH drops from 7 to 0. For a basic (or alkaline) medium, the
pH rises from 7 to over 14.

In short, the pH is a measure of acidity or alkalinity of a medium.® It is
very important to know this, since the properties of compounds vary con-
siderably in this connection—solubility, speed of reaction, stability, redox
potential, all depend on the pH. In every chemical process, it has to be
specified in the same manner as temperature.

Buffer solutions. Buffer solutions contain either a mixture of a weak acid with a salt
of a strong base and this acid (e.g., acetic acid plus sodium acetate), or a mixture of a

weak base with a salt of a strong acid and this base (e.g., ammonia and ammonium
chloride).
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The pH of a buffer solution depends on the relative proportion of its active con-
stituents.

The pH of a buffer solution is independent of the concentration.

Buffer solutions which are used as standards for comparison are as follows:

KCl+HCI for pHs varying from 1 to 2-2.

Potassium acid phthalate +HCI for pHs varying from 2-2 to 3-8.
Potassium acid phthalate +NaOH for pHs varying from 4 to 6-2.
KH ,PO,+NaOH for pHs varying from 5-8 to 8.
H;BO,;+KCl+NaOH for pHs varying from 7-8 to 10.

33. Measuring the pH

1. Electrometric method. In order to determine the concentration of hydrogen ions
accurately, the ‘electrometric method’ is commonly used, and consists in measuring
the potential of a hydrogen electrode immersed in the liquid under examination. A
comparison is made with a known reference electrode, which is connected with the
former by a solution of potassium chloride serving as an electrolyte. The hydrogen
electrode consists of a platinum plate surrounded with hydrogen which is continu-
ously bubbled past it. The reference electrode is a standard calomel electrode of
known e.m.f.

If E is the e.m.f. of the cell formed by the hydrogen electrode—calomel electrode
(measured by means of a potentiometer)—then the pH is expressed by the formula
pH = E —a/b, in which a and b are two constants depending on the temperature and
the connecting electrolyte. If the latter is potassium chloride at a concentration of
1 molecule per litre (745 g pl) at 20°C, then a = 0-2835, and b = 0-0581.

The hydrogen electrode requires complicated equipment and precise handling. In
everyday practice, a glass electrode is used.

The glass electrode is based upon the following principle:

Two solutions, each with a different pH, will—when separated by a thin glass
partition—produce a potential difference in relation to a standard (calomel) electrode.

Electrode | Sol. A | Glass | Sol. B | Standard electrode. The potential E is
given by E = A(pH, —pHj) +E,, in which A and E, are constants of the electrode
depending on the nature of the glass; A varies also with the temperature.

The glass electrode is a very thin blown glass bulb and must possess a compara-
tively low electric resistance, so that a galvanometer with a sensitivity of 10~?A will be
adequate for measuring. The orthodox type contains a liquid of known potential, but
some people prefer a glass electrode metallized on the inside.

A glass electrode has the disadvantage of being prone to attack by very alkaline
solutions (e.g. caustic developers).

The normal pH-meters fall into two categories: (a) the direct-reading type, con-
sisting of an amplifier and millivoltmeter, which is simple to use, and (b) the null
reading type, in which the e.m.f. is measured without the system supplying any
current. Accuracy up to 0-01 pH unit. Finally, the supply of current can be taken
from the mains or from a battery.

2. Colorimetric method. The colorimetric method for determining the pH does
not call for any expensive equipment, but it is much less accurate than the electro-
metric method. It is based upon the use of colour indicators.

In order to ascertain the pH of the solution under examination, a diluted solution
is added, of an indicator whose colour changes with the pH (the concentration of this
solution must be a known quantity, e.g., from 0-02 to 1%). The colour obtained is
compared with that of a solution of known pH (standards which are obtainable com-
mercially in the form of ready-to-use liquids).

The full list of coloured indicators is very long, but a few only are sufficient to test
over the whole pH range.
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Indicator pH Range Indicator pH Range

Methyl violet I 02to 1-8 | Phenol red 6-8to 84
Thymol blue 1-2to 2-8 Cresol red 72to 88
m-Dinitrophenol 2-2to 38 | Thymol blue 80to 90
Bromophenol blue 3-0to 46 | Phenolphtalein 86 to 102
Bromoscresol green 4-0to 56 Alizarine yellow GG 102 to 11-8
Chlorophenol red 5-2to 6-8 Tropeoline O 112 to 12-8
Bromothymol blue 6:0to 7-

There exist some mixed indicators, known as ‘universal’, which give a large number
of colours over a very extensive pH range. They are also to be found in the form of
very convenient indicator papers for rapid, though approximate, measurements.

33a. Oxidation and reduction

The process of oxidation and reduction consists of a transfer of valency
electrons. It has nothing to do with oxygen itself.

When a positive ion loses a surrounding electron, it increases in valency; it
is said to oxidize. For instance, a ferrous ion Fet* is bivalent; it is derived
from an atom of iron Fe, with the loss of two electrons. If it loses a third
electron, it becomes still more positive by changing to a trivalent ferric
ion Fet++, The ferrous ion has been oxidized into a ferric ion according to
the reaction:

Fett— ¢ — Fet++

Conversely, a ferric ion may be reduced to a ferrous one by appropriating
an external electron. The valency decreases from 3 to 2 by increasing the
number of the surrounding electrons, i.e., Fet++-+e¢ — Fett.

In the same manner, cuprous salts Cut will be ‘oxidized’ to cupric salts
Cut+, stannous salts Sn*+ to stannic salts Snt++, mercurous salts Hg* to
mercuric salts Hgt+; or conversely, the cupric, stannic and mercuric salts
will be reduced to cuprous, stannous and mercurous salts.

If, instead of starting from an ion, one starts from an electrically neutral
metallic atom, the latter may be ‘oxidized’ by losing an electron. It passes to
the state of a positive ion: thus metallic silver will be oxidized to an Ag* ion.

Ag—e — Ag*

and the ion Ag*, on the other hand, may be reduced to metallic silver Ag by
appropriating an electron: Agt+4e¢ — Ag.

Any substance capable of appropriating electrons is an oxidizing agent and
any substance capable of supplying electrons is a reducing agent.

The oxidizing agent itself will be reduced while it oxidizes another sub-
stance, and the reducing agent itself will be oxidized while it reduces the
other substance. This is why oxidation and reduction are two closely con-
nected processes, since when there is oxidation on the one hand, there is
certainly reduction on the other and wice versa. For example, potassium
permanganate KMnQ, is mixed with ferrous chloride, according to the
procedure described in para. 848. We shall now write this in a different
manner, viz.:
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The permanganate contains the permanganic anion (MnO,)~, in which Mn
is heptavalent (secondary valency): Mn™. But the latter lacks five electrons
to produce the ion Mn*+ (main valency), according to the formula Mn"+4-
Se — Mnt+.

The permanganate, therefore—capable as it is of absorbing 5 electrons—
is a strong oxidizing agent. These 5 electrons are supplied by a reducing
agent, i.e. the ferrous chloride FeCl,, of which the ion Fe*+ will oxidize to a
ferric ion F+++, thus:

Mn™ -+ 5Fet+ — Mnt+ + SFet++

The permanganate (oxidizing agent) is reduced to manganese chloride, and
the ferrous chloride (reducer) is oxidized to ferric chloride.

34. Electrode potential

Let us immerse a strip of metal, such as a silver electrode, for instance, into
an aqueous solution of one of its salts.

The metal may give off Zons to the solution, while itself assuming a negative
charge. A difference of potential is established between this solution and the metal.
This potential is due to the electrons released by the positive ions which have
passed into the liquid and those remaining in the metal.

The pressure P of the metallic electrode ions, to become a solution, is the
solution potential of the metal.

If p denotes the pressure on the electrode (osmotic pressure) of the ions
already contained in the saline solution—in this case, silver ions Agt—three
situations may arise, viz.:

(a) P = p. There is an even balance and nothing occurs.

() P > p. The electrode gives off Agt ions and is brought to a negative
potential in relation to the solution.

(c) P < p. The ions Agt of the solution pass to the electrode, which is
brought to a positive potential.

The electric field, which is formed immediately, balances the difference of
pressure, and the movement of the ions stops. But if the metallic electrode is
connected with a second and non-attackable electrode immersed in the same
liquid, then the current of ions will continue.

The potential of a metallic electrode immersed in one of its salts is given by
the formula:

RT P
E=—log-
nF P

in which T is the absolute temperature (273+t°), R the gas constant
(83-155x10%), n the valency of the ions, F a Faraday equal to 96-490 cou-
lombs, and log-natural logarithms.

The osmotic pressure p of the ions is proportionate to their concentration c.

c*
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For Agt ions, this is represented by [Ag+]. Since p = K[Ag*] and since
n = 1 for silver, the above formula becomes:

RT P
E=—log
F "~ K[Ag']
which may be written:
E RTl P —+—RTI ot
=5 lgz+— og [Ag"]

The expression RT/F log P/K is constant and is designated by E,,.
The silver electrode potential thus becomes:

RT
E=Eo+ . log [Agt]

in which E is the potential of a silver electrode immersed in a solution con-
taining one gram-ion of silver per 1000 cc, i.e., [Agt] = 1.

E, is the normal potential of the metal. For silver, it is +0-86 V the normal
potential of hydrogen being 0.

All calculations made, the formula resolves itself as follows:

Eae = 0-86 + 0-06 logio [Agt] volt
and generally speaking:

0-06
E=Eo+

log [X] volt

As a standard electrode for comparison, a standard hydrogen electrode is
used (strip of platinum covered with platinum black surrounded with hydro-
gen gas), or alternatively a calomel electrode formed by the following chain:

mercury | calomel HgCl | normal solution of potassium chloride.

The mercury is connected with the conductor by a platinum wire, and a
syphon enables contact to be established with the silver solution. Since the
potential of this electrode is 0-283 in relation to that of hydrogen, the true
value of the potential of the measured silver electrode is E = E;+0-283 V at
25°.

35. Redox potential

1. Let us revert to the example of permanganate,® which oxidizes the solu-
tion of a ferrous salt. We have seen (para. 33a) that:

Mn?+5Fet+ — Mnt+4-5Fet++

Instead of making up the solutions in the usual manner, let us place them in two
concentric containers M and F (Fig. 4). M contains the permanganate solution, and
F—made of porous material—contains the solution of ferrous salt. A platinum electrode
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is immersed in each of these solutions, and if the two electrodes M and F are con-
nected, a current will be observed flowing from M to F. At the same time, the bivalent
iron Fe++ is oxidized into trivalent iron Fe*++ by a loss of electrons, while the per-
manganate is reduced to the state of manganous salt Mn++ by the appropriation of
electrons. These migrating electrons start from the ferrous solution, travel along the
conducting wire from F towards M (in the reverse direction from the conventional
current) and disperse in the manganic solution.

l
|

i
l
ll‘
I

i.

L
3

1]
[

Fe™

MnO

B
ﬁ

Fic. 4.

The migration of these electrons can readily be explained if one notes that in F and
M we have two electrodes necessarily possessing their own potentials in relation to
their respective solutions, according to our remarks in the previous paragraph. In
order to produce a current from M towards F, it is necessary for electrode M to
possess a greater potential than that of electrode F, so that Ey —Ex > 0.

Since these potentials depend on the power of emission or absorption of electrons
in the reducing and oxidizing solutions, in which the electrodes are immersed, the
potentials Ey and Ep must represent respectively the redox potentials of permangan-
ate and ferrous salt.

If the concentrations of permanganate, ferrous salt and resulting ferric salt are
indicated by the expressions [MnO*~], [Fet*] and [Fettt], the following will be
produced by applying the general formula previously established:

0-06

n

E=E)+

log [X]

For permanganate Epno, = 1+45+0-06/5 log [MnO,-]
For the ferrous-ferric mixture:

[Fet++

]
E;. = 07 +0:06 log—— volt
Fe + g [Fe++]

In short, the oxidizing and reducing powers of a substance are measured by
its redox potential. Knowing the concentration in gram-molecules of this
substance per 1000 cc, and the normal potential or the proportionate potential
to a normal solution (1 valency gram/l) it is possible to calculate the redox
potential by means of the above formula.

The normal potential is measured once and for all in relation to a standard
electrode, i.e., a hydrogen electrode.
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It should be remembered, however, that the redox potential depends on the
pH. For every value of the latter there is a corresponding and different value
of the redox potential®:

For instance, with pH = 0, the following potentials occur®:

(MnO,)-:1-45V permanganates
Fet++[Fett : 070 V ferric salts
Ferricyanides/Ferrocyanides 0-70 V
I/I-:0:65V iodine
Cl/Cl-:1-30V chlorine
S,05:2V persulphates
Cré+/Cr3*+ : 1V dichromates
Vo[Vt .1V vanadates
Var/V3+: 04V vanadium
Cett/Ce?t : 1:45V cerium
H,SO4(at pH=1) : 0-50 V sulphurous acid

It will thus be seen that permanganates, chlorine, persulphates and cerium
salts Ce** are very strong oxidizing agents.

At pH = 0 potassium permanganate has a potential of 145V while at
pH : 4-5 it drops to 110 Vand at pH : 10 it is only 0-72 V. With vanadates,
the difference is still more striking, for at pH : 0, E = 1 V; while at pH : 8,
E is nil. Todine, on the contrary, does not alter with acidity.

2. Agt ions have a comparatively high normal redox potential, viz.,
0-8 V. Agt is reduced to metallic Ag by appropriating an electron according
to the pattern Agt+e = Ag, in which Ag* is an oxidizing agent.

As we saw in para. 34, the relative potential to a given [Ag*] concentration
is calculated by the formula E,, = 0-80 V4-0-06 log [Ag*], which means
that the solution oxidizes more strongly as more Agt ions are present. It is
much less when the silver salt is insoluble, because then log[Ag+] becomes
negative. Example:

Silver chloride, insoluble in hydrochloric acid medium, produces only
101 ions; log 10-1%is 10; the expression 0-06 V log[Ag*] becomes equal to
0-06 Vx(—10) = —0-60 V to subtract from 0-80 V leaving only 0-20 V.

3. The redox potential is measured by means of a platinum wire immersed
in the liquid under examination, in an atmosphere of nitrogen. The cell is
connected with a calomel electrode by means of a right-angle tube filled with
gelose saturated with potassium chloride. A potentiometer shows the potential
of the platinum electrode at a given temperature and pH.

The colorimetric method is quicker, though often subject to error. In this
case, indicator dyes are used (safranines, sulphonated indigoes, methylene
blue, indo-phenols, etc.) which change colour in a certain range of the redox
potential. (They lose their colour in a reducing medium.) Some indicator
systems show two ranges of change, e.g., a mixture of starch paste, iodine
and colourless potassium iodide (at an acid or neutral pH) becomes blue at
065 V and loses colour again at 0-9 V. As a general rule, it is advisable to
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check the accuracy in the colour change of an indicator, for a given substance
and under given conditions, by the potentiometric method.

1. Note—The pH of pure water, fixed at 7, is theoretical. Distilled water is acid
(pH = 5-5). Double-distilled water is less so, with a pH of 6-2.

2. Charlot G.: Annales de Chimie Analytique. Importance of theoretical knowledge
in analytical chemistry.

3. The redox potential is linked to the pH by the expression Eg = —0-06 pH —
0-03 log P, in which P is the hydrogen pressure in equilibrium with the solution.
—logP is designated by the symbol rH. In practice, the following occurs in
measurements:

b
Ey = a—ErH—{—b.pH

in which a and b are constants. Oxidizing systems have an rH higher than 27.



Chapter V

THEORY OF DEVELOPMENT

36. Development centres and redox potential

1. As we have already seen, the latent image is formed of microscopic
aggregates of metallic silver dispersed on the surface of the silver bromide
crystal.

Development consists in reducing the grains of silver bromide to metallic silver
which forms the visible image. But only the grains affected by light, that is,
the grains having centres are reduced. This means firstly that the visible image
obtained is discontinuous, for it is formed of individual points, separate or in
groups depending on whether the light was weak or strong; therefore a grain
begins to be blackened around the cenires in successive concentric spheres
until the grain is completely reduced (Fig. 5). The gelatino-bromide layer is
then at its normal limit of blackening and its maximum contrast or ‘y-infinity’;
it is then composed of completely reduced grains, and grains which are un-
affected, with no intermediate state. The initial amount of silver in the
development centres is increased about ten billion times.

Development is carried out by immersing the exposed sensitive layer in a
bath (developer) containing a reducing agent for a certain time. Study of redox
potentials teaches that a reducing substance is one which has a much lower
potential than the compound to be reduced. The reducer parts with electrons
which are received by the oxidizing agent; in these conditions, the reducer
becomes oxidized and the oxidizing agent is reduced. The oxidizing agent is
in this case the Ag* ion which is converted to metallic silver, by acquiring an
electron according to the scheme:

Reducer+Agt+ = Agt+e+ oxidized reducer
Ag

48
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2. It was explained in para. 35 that for a reaction to take place between an
oxidizing agent and a reducer, the potential of the oxidizing agent must be
greater than that of the reducer. In this case the oxidizing agent is the Ag* ion
and the reducer is the developing agent: there must therefore be a positive
potential difference between E,, and E_4

AE = EAg -_ Ered

But the redox potential of silver is a function of the concentration of Ag*
following the formula

RT
EAg = EO “I—' _P‘_ log Ag+

As the silver ion concentration is reduced by the presence of bromide ions,
whose usual concentration is 0-01 gram-ion, E,, is, at the most, 0-202 V at
18°C.

Reinders® has shown that for development to take place it is insufficient
for the developer to have a lower potential than the silver; there must be a
substantial minimum which varies with the exposure. This potential differ-
ence must be about 0-:07 V for the high exposures and 0-1 V for the low ones.
If an average value of 0-08 V is chosen, then the maximum potential of a
reducing agent, for development to take place must be 0-12 V', for 0-08 V =
0-202V—E 4

Therefore E_; < 0-12'V.

The potential (or activity) of development therefore diminishes as the oxida-
tion potential increases. @)

In other words, any substance with a redox potential below 0-120 V can
develop a photographic image. Abribat® has successfully tried a wide range
of products: sugars, leuco bases, haemoglobin, anaerobic bacteria cultures,
old Burgundy wines made alkaline, etc.

3. The developing power of a developer towards a silver halide is not only
dependent on its reducing power, but also on the potential of the halide, and
consequently on the composition of the latter: silver chloride is more easily
reduced than silver bromide®®) whilst the iodide is wvery difficult to reduce.
Similarly, of the bromides which contain a proportion of iodide, those with
the highest content need a more powerful developer.

The size and structure of the grain also have an effect. In general, fine-grain
emulsions can be developed at a higher redox potential (that is, a weaker
developer) than fast coarse-grain emulsions.

As a general rule, it can be considered that the silver halides can be re-
duced even without exposure; but the rate of reduction is slow. The centres
formed on exposure accelerate the phenomenon considerably.

37. Adsorption of developer and development theory

1. In practice, reduction only takes place around the development centres,
for the silver bromide crystal is surrounded by a potential barrier which can
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only be breached in the neighbourhood of the centres.) Each surface silver
ion is surrounded by only 5 Br ions instead of 6; to saturate its affinity it
adsorbs a Br— from the potassium bromide. The layer of Br— protecting the
Agt is itself surrounded by a layer of K+ ions.

Sheppard and Meyer®) in 1920 put forward the hypothesis that the
developing agent is first adsorbed by the silver bromide. James and Vanselow (®)
have recently confirmed this chromatographically, and have shown that the
developing agent is found in the ionized state.

Luppo-Cramer, however, stated in 1924 that the induction period of a
hydroquinone developer is shortened by the presence of its oxidation products.
Frotzsher, then Luther(” considered that these products were essential to
the triggering-off of development. Staude® stated more precisely that they
behave as intermediates for the adsorption of the reducing agent. Further
experiments of Staude and Brauer®) have just confirmed this: without the
presence of quinone, the hydroquinone is not adsorbed, and will not develop, and
furthermore the quinone itself, oxidation product, is only adsorbed by exposed
silver ; the quantity increasing with the exposure received.

Rabinovitch @9 has shown also that the reduction of the adsorbed developer
takes place at the silver-bromide boundary, and that the metal resulting from
the reaction in turn adsorbs further developer. According to the same worker,
all metals in a finely divided state, whose crystal lattice is cubic (silver, gold,
platinum, copper) bring about catalytic oxidation of the developer.

It might be, however, an interface catalysis at the crystal-centre-developer
point of contact.

Sheppard, applying James’ hypothesis) has disputed Rabinovitch’s the-
ory according to which the adsorption takes place on the centres only. He
thought that this takes place more on the silver ions surrounding the silver
metal of the latent image. Holes form around the centres: migration of silver
atoms on one hand (uncovering fresh silver bromide surfaces to the developer)
and passage of bromide ions on the other. Harker and Sheppard have put
forward the hypothesis that the migration of freshly formed silver atoms on
the surface of the metal, before they are incorporated in the lattice results in
the formation of filaments.

For a developer to develop, it is not sufficient that it should have a suitable
redox potential; it is also essential that both the developer and its oxidation
product should be adsorbed by the development centres of the latent image. 12

2. Electrolytic theory. According to the Gurney-Mett theory, extended to
development by Webb and Evans, there is a potential difference between the
interior and exterior of the silver bromide grain. Normally, the electrons can-
not cross the barrier formed of Br~ (themselves surrounded by K+ ions).
However, the silver specks of the latent image break it down, like an electrode
buried in the grain. The reducer (developer) then gives electrons to the Ag
metal and the potential of the speck rises.

The interstitial silver ions of the lattice are displaced by thermal agitation,
and are attracted towards the speck to form new layers at the interface,
Agt+-e = Ag. Having no room, the silver metal is pushed out (into the
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gelatin) as spongy filaments. The crystal becomes more deformed as develop-
ment proceeds, which further accelerates the production of silver ions capable
of being neutralized by the electrons.

Berg does not bring in the interstitial silver ions: the growing specks leave
empty places where positive holes collect. The Br— ions can then reach the
surface to pass into solution.

Jaenicke, Kruger and Hauffe®® combine the role of electrode played by
the specks with the theory of Wagner and Traud (1936) following which the
oxidation of the developer and the reduction of the silver ions are two pheno-
mena which take place at different places.

38. Structure of the developed grain

1. The electron microscope shows that during development, filaments of
metallic silver are pushed out of the crystal, the grain being finally made up
of a mass of irregular metallic threads, similar to masses of seaweed (Fig. 5a).
The length of each filament is greater than the diameter of the crystal. On
the other hand, the distance of projection depends on the rigidity of the
gelatin. The developed grain therefore appears as a spongy, filamentary mass.
When the grains are very small, as in Lippmann emulsions (0-04 4 diameter)
a single filament, longer but thinner than the grain is formed.
Hydroquinone produces thick filaments; metol and amidol give fine fila-
ments. Physical development, contrary to chemical development, results in
compact grains, or crystalline plates. When physical development takes place
before fixing, however, ribbons are formed, 0-1 # wide and several u long.

Fic. 5a.

If the reducing power of a chemical developer decreases, there is a transi-
tion of the grain structure from filamentary to plate;® for example, by
developing for twenty-eight hours in a solution containing ferrous sulphate,
ferric nitrate and sodium citrate. According to Levenson and Tabor, in the
beginning the silver tends to form a thin plate structure; this is during the
induction period. Then, as the rate of growth increases, the silver tends to
reform into filaments. The silver of the plates must therefore be quite mobile
to be re-used for the production of these filaments.

2. In the previous paragraph it was shown that these are several processes
by which the ‘tangled seaweed’ structure of the developed grain can be



52 PHOTOGRAPHIC CHEMISTRY

explained. Thus for James and Kornfeld®® the filaments are due to the migra-
tion of the silver from the point of its production at the Ag- AgBr-developer
interface along the surface of the already reduced metal. Levenson and Tabor
considered that it takes place along the fissures and other crystal defects, and
insist that it is from the labile mass of silver and not from the AgBr itself,
which is caused by the great mobility of the Agt ions along the filament. On
the other hand we have seen that following the Gurney-Mott electrolytic
theory the developer provides the specks with electrons which produce a
negative electric field, to which the interstitial ions are rapidly attracted,
producing a pressure which pushes the silver out of the grain. For Keith and
Mitchell 1) the electric negative charges are concentrated at the extremities
of the specks where they are neutralized by the Ag* ions.

We would note that the formation of fine filaments of silver was studied
in 1932 by Kohlschiitter.?) Then, at the conclusion of the electrolysis
studies of Samartsev and Vagramyan,@®) Gorbunova and Dankov stated that
the growth of the crystal takes place on one face. *®) The laws of the crystalliza-
tion of fine filaments was then studied by Gorbunova and Zhukova, @
Boisson®) and Vuille@®® who noted that the silver polygonal figures in
AgBr crystals, caused by the arrival of Ag* ions, grow up along the inter-
section of the crystal surface and the [111] or [100] orientations.

3. Electron microscope studies of the structure of silver bromide grains have been
made successively by the following workers who have reported their operating tech-
nique: Von Ardenne,(*® Hall and Schoen,(?® Kuster,(?4 Selme,(*® Hamm and
Comer.(*® The emulsion, dissolved in warm water, is generally deposited on an
extremely thin colloidon film forming the carrier. This film can be obtained by placing
a drop of 1-29, nitro-cellulose solution (in amyl acetate) on a sheet of water; it is
removed on a thin disc of perforated platinum or on a fine metal gauze. After putting
it in position the apparatus is exhausted. The images are photographed on electron-
sensitive plates or on normal plates if an intermediate fluorescent screen is used. The
actual enlargement of the apparatus, assisted by an enlargement of the negative gives
a final magnification of 25,000 to 10,000 diameters. Only very thin crystals can be
examined due to the low penetrating power of the electrons: 10-50 my layer thickness
for a resolution of 5 mu.

To separate the gelatin from the crystals in order to study the latter under the
microscope, the emulsion can be hydrolysed with an enzyme. The suspension is then
centrifuged and washed before being placed on the carrier.(29)

The structure of unexposed grains cannot be recorded directly as they are sensitive
to electrons. They must be strongly overexposed to bring about complete photolysis:
dark aggregates can be seen formed on the surface of the grain, at certain well-defined
spots, probably the sensitivity centres or the fissures, whilst the droplets of silver form
a halo around the grain. The double moulding technique used by Hamm and Comer(2®)
enables the action of the electrons on the crystal to be avoided. A better method is to
protect the crystals by a carbon deposit which can be obtained either by sublima-
tion(®®) or action of effluvia in benzene vapours. (26

39. Influence of pH on the development potential

As the redox potential of a solution is a function of its pH, it is obvious that
the development potential (or activity) of a developer increases with the pH, that
is with the alkalinity. The development potential becomes higher as the redox
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potential drops, and also, this diminishes with the pH following the equation
RT  [Ox] RT

=Eo4+—1 —1 +
Erea 0o+ oF Oge[Red] +nF oge[H*]

in which [Ox] represents the concentration of the oxidized form of the
developer, [Red] that of the normal form, [H+] the concentration of hydrogen
ions. All calculations made with the preceding formula become

0058  [Ox]

Erea = Eo 4 10g10[Red] — 0-058 pH

If the curve of the change in redox potential is plotted against pH, it is seen
that the development of an image is only possible, with the reservation of
adsorption, above a certain pH value (which varies with the developing
agent) from which the redox potential has a value less than 0-120 V.

Some substances, which are oxidizing agents in acid solution become
reducers (and hence developers) in strongly alkaline or even neutral solution;
this is the case with hydrogen peroxide, a powerful oxidizing agent at pH 0
with E equal to 0-88 V falling to 0-1 V at a pH of 11 (very alkaline). We have
already shown similar cases of change of potential as a function of the acidity:
the vanadates for example give E = 0-5 V at pH 4 and 0-1 V at pH 7 (neu-
tral).

When the developing agent is neither acid nor basic the pH has only a
slight influence on the development potential; this is the case with ferrous
oxalate which shows no appreciable variation between pH 4 and 9.

It is therefore evident that for consistent development the pH must be kept
constant.

Now the decomposition of silver bromide by the reducing agent produces
both metallic silver making up the image and hydrobromic acid resulting
from the liberation of the bromide ions, which tends to reduce the pH of the
solution. It is therefore necessary to neutralize the acid as it is produced by
a buffering agent: this is why a large excess of alkali which maintains the pH
constant is added to a developer.

The chemical constitution of the alkali is of relatively slight importance in
itself as long as it can fulfil its two roles:

1. Produce the required pH of the solution;
2. Neutralize the resulting hydrobromic acid and maintain the pH constant
by its buffering action.

40. Influence of the sulphite
Consider the redox potential formula of a developer at fixed pH

L
red = Lo OgIO[Red]

0058 [0x]
(¢}
10 Red

where is a negative term.
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The ratio [Ox]/[Red] must be very small in the case where E, is greater
than 0-12'V; thus log [Ox]/[Red], sufficiently great, subtracted from E,
brings Eg 4 to less than 0-12 V, anyway.

By eliminating the oxidized form of the developer as it is formed, the ratio
of the concentrations [OX]/[Red] can be kept sufficiently low for E_, to
remain substantially constant below 0-12 V, even with substances apparently
possessing a high redox potential. Pouradier and Abribat®? have shown that
the reduction of silver bromide by a ferrous salt produces ferric ions (oxidized
form) which are eliminated by converting them to a ferri-hydrofluoric com-
plex, (FeF)~——, by adding sodium fluoride. Otherwise, the normal potential
of the system Fet+/Fet++ being 0-75V, the ferrous solution would not
develop.

The sodium sulphite which is added to a developer in order to preserve it,
by preventing atmospheric oxidation also brings about, during development,
the elimination of the oxidized form of the reducing agent by converting it
to the sulphonate.

If, for example, the developing agent is hydroquinone with the empirical
formula C¢H,(OH), the sequence of reactions is as follows: @8

The hydroquinone is first ionized to quinone ion (C ¢H,O,)~~ and hydrogen
ions H*
C¢Hy(OH), - (CcH,0,)~—+2H+
hydroquinone quinone ion hydrogen
ons
and the quinone ion gives 2 electrons to 2 silver ions which become 2 atoms
of silver metal, and is itself converted to quinone

(CeHO,)~—+2Ag+ - 2Ag+C,H,0,
quinone silver silver quinone
ion ions metal
The hydrogen ions combine with the bromide ions to produce hydro-
bromic acid.

2H++2Br— = 2HBr.

The guinone combines with sodium sulphite to form the mono and di-
sulphonates of quinone.

Thus the oxidized form of the developer disappears and the ratio [Ox]/
[Red] drops. The redox potential is consequently lowered, having the result
of increasing the development potential.

In the presence of aerial oxygen, colourless hydroquinone monosulphonate
and sodium sulphate are formed by the action of sulphite on hydroquinone:

C¢H,(OH),+2Na,S0,+0, = C¢Hy(OH), . SO,Na-+Na,S0,+NaOH

hydroquinone sodium oxygen sodium hydroquinone sodium sodium
sulphite monosulphonate sulphate hydroxide

In the absence of sulphite, strongly coloured brown oxidation products
are formed. @9
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The sulphite also prevents autoxidation of the developing agent. There are,
however, other inhibiting substances which are more effective such as
cysteine, thioglycolic acid and especially ascorbic acid. @)

Action of sulphite on emulsion speed. The sulphite increases the speed of
emulsions more effectively if they are incompletely developed. The effect is
marked with double-charged developers such as hydroquinone, especially if
the oxidation products are accelerators. It is less with single-charge developers
(metol).

This action of sulphite appears to be due to the solution of the surface layer
of the grains, exposing the development centres and probably forming
argentisulphites. Thiosulphate produces a similar effect at a much lower con-
centration.

Sulphite is therefore a solvent. A 50-g.p.L. solution dissolves 0-9 g of silver
bromide and 2-1 g of chloride.

To sum up, the addition of sodium sulphite to a developing solution has the
purposes:

(1) To preserve the developer by inhibiting autoxidation and slowing down
aerial oxidation.

(2) To stabilize the reduction of the silver salt by removing the oxidation
product as it is formed, as the sulphonate.

(3) To act as a solvent (see para. 43/5).

Solvents of silver halides, like sulphites, bromides, thiocyanates, thio-
sulphates or ammonia, when added to developers, produce silver complexes
which, in turn, result in physical development (see para. 71), which is slower
than chemical development. 3>

41. Modification of the potential barrier .

We have already seen that the silver bromide crystal is surrounded by a
double barrier of Br—ions and K+ ions. The height of this potential barrier can
be increased or reduced with retarders or accelerators.

1. Soluble bromide. A small quantity of potassium bromide is normally
added to a new developer to avoid chemical fog produced by a violent reduc-
tion of silver bromide even without exposure. Development is also slowed
down by the addition or formation of soluble bromide resulting from the
reduction of silver bromide. A used developer necessarily contains a large
amount of bromide and cannot therefore develop normally even though it
still contains a high proportion of developing agent. The emulsion speed is
therefore greatly reduced.

The action of soluble bromide in development is due to the raising of the
potential barrier following the mass action of Br— ions. This barrier protects
the unexposed parts of the crystal but at the same time lengthens the induc-
tion period.

Soluble bromide has no influence on developers with a zero charge.

2. Development accelerators. The opposite effect to the addition of potas-
sium bromide—the reduction, cancellation or reversal of the potential
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barrier—can be achieved by adding certain strongly electroactive compounds,
especially cationic surface active agents of the ammonium quaternary type,
in the concentration of 0-059%,. In this way development is greatly accelera-
ted—the period of induction being considerably reduced.

The most interesting among the cationic surface active agents are lauryl-
pyridinium chloride (or sulphate) used by Lottermoser and Steudel in 1938, 31
laurylpyridinium p-toluene-sulphonate, B-phenylethyl-o-picolinium bromide.

®
N N

7\ CH
3
CaHas SO,H Br
Lauryl pyridinium sulphate Cetyl trimethylammonium bromide
(Repellat T 59) (33) (Cetavlon) (34)

CH,

Cnst'N< CH,
| “cH;
d

Dimethyl-benzyl-lauryl ammonium chloride
(Zepyrol) (35)

Tests have been made with ammonium derivatives having the structure: 82
[CH;—(CH,) —N = RR'R"]*X~.

It is probable that the developer oxidation products, which, for the smooth
progress of development, must, as we have seen, have been adsorbed on to the
development centres, act by reducing the potential barrier. It is the same
with the weakly-charged developers, which, associated with other developers,
facilitate development and reduce the induction period: this is the pheno-
menon of superadditivity (which will be examined in the following
chapter).

Finally it should be noted that certain dyes (safranines, pinacyanols, etc.)
act as development accelerators. They are used in some ultra rapid developer
formulas. (See following chapter.)

42. Induction period
The intitial phase of development, the period which precedes the start of
development, is called the induction. It is logically the result of the existence
of the negative potential barrier which surround each silver bromide crystal.
The charges which accumulate there are not neutralized and the barrier is
broken down, in a greater or less time, denoting the induction period.
James @8 has shown that the induction period increases with the charge of
the developer: a developer with a charge of 2 has more difficulty in
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overcoming the potential barrier than a developer with a charge of 1.
Development as a whole takes much longer as the developer has a stronger
electric charge, or alternatively a high valency.

Charge (or valency) 0: diaminodurene, substituted p-phenylene-diamines,
etc.

Charge (or valency) 1: metol, p-aminophenol, dimethyl-p-aminophenol,
p-aminocarvacrol, pyrocatechin.

Charge (or valency) 2: hydroquinone, glycine, ascorbic acid, ferrous
oxalate, etc.

Charge (or valency) 3: sodium hydroquinone-monosulphonate.

The added bromine ions which raise the barrier have less effect when the
developer has a low charge.

Burton stated that the apparent induction period is longer for the deep
silver bromide crystals than for the surface crystals, the difference can be
30 secs. In addition it is possible that the small centres are less effective for
an equal surface than the large silver specks making up the latent image.

The induction period increases with the dilution. However, it is nil with
the zero charge reducers even when very dilute. It decreases with the exposure
and the bromide concentration as well as with fast colour sensitive emulsions;
the dyes reduce the potential barrier.

The addition of quinone to hydroquinone in the absence of sulphite
accelerates development (acceleration due to the decomposition products of
quinone in alkaline solution). With less rapid emulsions and medium contrast
it has been stated that lower curved part of the development curve disappears
with increase of contrast at the beginning of reduction.

The sulphite, which destroys the oxidation products of the developing
agent, prevents the preceding phenomenon from taking place, and conse-
quently lengthens the toe of the characteristic curve.

The addition of bromide to an unbromided developer, during development,
changes the rate but not the maximum density except where the addition
is excessive. In the latter case, a variation in the number of developed grains
occurs, due to the increase in the induction period of the grains which have
not, at that moment, been affected.

James has also given evidence of the influence of the charge of the developer
on the speed: the densities corresponding to the low exposures are higher
with the reducing ions which have a single charge, and still greater with the
zero charge ions. Thus at y = 0-65 the following H and D speeds are ob-
tained: zero charge 65, single charge 32, double charge 2.

On the other hand, a reduction of the potential barrier with the benefit of an
increase in speed by adding a safranine or pinacyanol dye, or even with thallous
ions, is only effective with the double-charge developers (hydroquinone).
Some action is produced by preliminary immersion in a 0-01 M solution of
lead acetate. However, better results are obtained with a 0-:001 M solution of
a dodecylpyridinium salt.G?

The effect of the developer charge is mainly apparent for the low exposures.
It becomes negligible with large exposures.
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For a mathematical study of the kinetics of development, see Bagdassarian’s
work. ¢8)
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Chapter VI

THE DEVELOPING SOLUTIONS

43. Composition of the developing solution

The developing solution, as we have seen, is a solution of adsorbable develop-
ing agents having a redox potential less than 120 mV. This potential can in
fact be negative, between zero and —200 mV for example: as the potential
becomes lower, so the activity of the developer increases.

In practice the developing solution generally contains:

1. An organic reducing agent which is the essential constituent of the bath.
Its function is to convert the silver ions Agt of the silver bromide crystals
into silver metal, by supplying the necessary electrons.

The number of reducing, or developing agents, is extremely great, and
their chemical constitution will be studied in a following chapter. The most
widely used are hydroquinone and metol, but p-aminophenol, diamino-
phenol, glycin, pyrogallol, p-phenylenediamine are also useful.

The concentration of developing agent is of the order of 5 g per litre.

2. An alkali, whose purpose is to maintain the reduction potential at a
sufficiently low value by working at a high pH (that is, alkaline) for we know
that the redox potential is decreased as the pH is increased. In addition, the
pH must be kept constant, and by using excess alkali, the hydrobromic acid
liberated during the development reaction is neutralized.

Generally, sodium carbonate and borax are used; less frequently, caustic
soda.

The pH depends on the nature of the alkali.

3. A preservative: sulphite which also has the function of controlling
development. The sulphite is an essential constituent of the bath. The amount
used can vary from 25 to 100 g per litre. If the quantity is reduced to 2 g per
litre the oxidation products of the developing agent are not completely
neutralized and tan the gelatin in proportion to the image density. In the third
part formulas for these tanning developers will be given.

4. An anti-fogging retarder: potassium bromide. Quantity: 0-3-2 g per litre.
During development the concentration is however increased, the bromide
being provided by reduction of the silver salt to such an extent that the quan-
tity added to the new bath becomes negligible compared with the consider-
able quantity resulting from prolonged use of the solution: the slowing down
of development becomes greater and greater. At the same time, a reduction
in sensitivity of the emulsion occurs and the contrast is increased.

60



THE DEVELOPING SOLUTIONS 61

Organic anti-foggants used in stabilizing emulsions can be used to replace
potassium bromide. Those currently used are 6-nitrobenziminazole nitrate
and benzotriazol. Concentration 0-25-0-5 g per litre. They are necessary for
development at high temperatures.

5. A silver bromide solvent. The one most frequently used is the sulphite
itself which has this action. It can be used up to 100 g per litre. But it is also
possible to add in low concentration potassium thiocyanate KCNS; sodium
thiosulphate or even ammonia. A high solvent action encourages the formation
of fine grains of silver.

p-phenylenediamine is at the same time a developer and a solvent (less than
ammonia). This property is attributable to its oxidation products.

6. A calcium sequestering agent. This is optional, most frequently it is
omitted.

7. A wetting agent, also optional.

44. Water used for developers

Tap water or drinking-water is not chemically pure: it contains among other
things calcium bicarbonate and sulphate, chlorides, iron oxide, silica, carbon
dioxide, and dissolved oxygen. Also traces of hypochlorite are added to sterilize
it. The degree of acidity varies according to the source.

The calcium in the water is precipitated in a newly prepared developer and
makes it turbid. Calcium carbonate and sulphite which are deposited on
standing as whitish mud, are not very inconvenient: the solution can be
decanted and filtered. But the smears of calcium and other products which
may appear after drying from drops adhering to the washed films, are com-
posed of these materials.

Silica can be formed in acid-fixing baths as fine colloidal particles which
stick to the gelatin and spoil the surface after glazing.

Dissolved oxygen is the most awkward constituent present as it leads to
premature oxidation of the developer.

Unusual impurities: these are hydrogen sulphide, rust from defective pipes,
and copper from water stills. These are very objectionable.

Ordinary drinking water must not contain more than 60 mg of chloride per
litre. It contains 5-30 mg of sulphuric acid as sulphates. Its content of organic
matter must be less than 2 mg (expressed as oxygen) or less than 40 mg of
actual material; with a higher concentration, the water under consideration
is suspect.

The presence of ammonia (and of nitrite) is an unfavourable indication.
The water has probably been fouled by animal materials.

Water are classed by degrees of hardness (1 degree being 10 p.p.m. calcium
carbonate). This depends on the behaviour of a sample towards a standard
soap solution and the persistence of the lather. Ordinary drinking-water has
a hardness of less than 30°. Water of 60° hardness or above is not suitable
for any purpose.

For developers it is preferable to use boiled water. Boiling expels the dis-
solved gases and precipitates part of the calcium as carbonate. Distilled water
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is not necessary. In the absence of boiled water, ordinary tap water can be
used without harmful effects.

45, Hard Waters

Hard water produces deposits of calcium carbonate in developers and sensitive
layers. With borax developers, calcium sulphite is formed (lower pH). Henn and
Crabtree have pointed out that 0-3 g per litre CaCl, in a normal developer produce
this effect, 0-07 g per litre in a borax developer and 17 g per litre in a caustic bath.

The calcium salts can be eliminated by precipitation (this does not remove the
calcium from the gelatin) or they can be sequestered by forming innocuous complex
ions with citric or tartaric acid (5-109%,).

This effect is dependent upon the pH. It is better to use sodium hexametaphosphate
(NaPOs)s, pyrophosphate or tetraphosphate NagP,O;3. These compounds are hydro-
lyzed in warm water to the orthophosphates and lose their sequestering power. Of
the three compounds, only the tetraphosphate has no effect on the pH of the bath,
and is therefore preferable to the other two; in addition to which, it is stable in the
solid state. For carbonate and borax developers, about 2 g per litre is used, and about
0-5 g for acid developers. Under tropical conditions, hydrolysis is prevented by the
addition of 2—4 times the weight of sodium citrate (#I. Soc. Mot. Pict. Eng., 1944, 426).

Sodium hexametaphosphate in a 19, solution has a pH of 7-2; it is known under the
name of Calgon.

The crystalline pyrophosphate has the formula Na,P,0, .10 H,0. Its pH in 1%,
solution is 9-8.

Tripolyphosphate (Giltex O) has the formula Na;P;0,,. pH = 9-8.

A simple method for obtaining calcium-free water is to soften it by passing through
one or more ion exchangers in special apparatus filled with permutit or, better, with
certain synthetic resins. With permutit the calcium is replaced by sodium, and the
exchanger is regenerated with a solution of sodium chloride. With the synthetic resins
the metal and acid radicals are substituted by H and OH, that is with water. Regenera-
tion is then carried out with soda and hydrochloric acid.

46. Developer alkalis

We have said that the energy of a developer increases with its alkalinity. In
order of increasing alkalinity we have: borax, sodium metaborate, sodium
carbonate, caustic soda.

Borax is sodium tetraborate Na,B,0, .10 H,0. Slightly soluble cold, it
should be powdered before dissolving.

Metaborate (Kodalk) is obtained by fusing borax with caustic soda. Its pH
is greater than that of borax. It is very soluble in water.

Borax or metaborate are frequently used together with boric acid H;BO,
to give a buffer, which however is not very effective.

Concentration
2% 4% 6% 8%
Borax pH 94 pH 96 — —
Metaborate ph10-4 pH10-6 pH10:7 pH10-8
Boric acid pH 45 pH 39 — .

Sodium carbonate. Sodium carbonate Na,CO, is generally used in the
anhydrous form or as the monohydrate Na,CO 4 H,O. The ordinary crystal-
line form Na,CO, 10 H,O effloresces rapidly in air, and its use is not
advised.
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100 g of anhydrous sodium carbonate is equivalent of 117 g of the mono-
hydrate and 275 g of the decahydrate.

Caustic soda NaOH is a very strong alkali which is used in high contrast
developers. It is dangerous to handle as it attacks the skin and gelatin. It is
preferably used in granular form. Caustic soda is deliquescent, and in air is
quickly converted to carbonate; it must therefore be kept in well-stoppered
bottles:

2NaOH+CO, = Na,CO,+H,0

Trisodium phosphate Na PO, 12 H,O. This compound, not frequently used,
owes its alkalinity to its ready decomposition, in solution, into disodium
phosphate and caustic soda.

Potassium salts. The potassium alkalis, although having similar chemical
properties to the sodium compounds, alter the developing properties of the
solution.® The K+ ions are photographically more active than the Na+ ions,
particularly towards the internal latent image of the silver bromide grains.
The emulsion sensitivity is increased. The simultaneous presence of K+ and
Nat ions increases the efficiency of anti-fogging compounds.

Potassium carbonate K ,COj is available as a deliquescent anhydrous pow-
der. Its molecular weight is 148 compared with 106 for sodium carbonate
and therefore chemically 130 grams of potassium carbonate must be used in
place of 100 grams of sodium salt. However, as it is photographically more
active, 80 grams of potassium carbonate are sufficient to replace 100 grams
of anhydrous sodium carbonate.

Caustic potash KOH has the same uses as caustic soda. It also has the same
physical properties. 100 g of anhydrous sodium carbonate corresponds photo-
graphically to 10-4 g of caustic soda and 14-5 g of caustic potash.

47. Sulphite

Anhydrous sodium sulphite with the formula Na,SO, is stable when dry. It
has a higher purity than the crystalline sulphite Na,SO,7H,O which is
efflorescent and readily oxidized to sulphate.

100 g of anhydrous sulphite is equivalent to 200 g of crystals.

Sulphite solutions of less than 209, concentration are rapidly oxidized. The
oxidation is retarded in the presence of another reducing agent by a reciprocal
anti-oxidation action.

Instead of sulphite, potassium metabisulphite K,S,0, can be used by first
adding a caustic alkali which converts it into neutral sulphite. Bisulphite
NaHSOj; as the commercial 329, lye can also be used. 100 cc of bisulphite
exert the same action as 47-5g of potassium metabisulphite. Do not use
sodium metabisulphite which is not so pure, and less stable than the potas-
sium salt.

100 g anhydrous sodium sulphite are equivalent to: 200 cc sodium bisul-
phite lye4-32 g caustic soda or 95 g potassium metabisulphite432 g
caustic soda (or 79 cc 309 lye).
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Conversely 100 cc of bisulphite can be replaced by 50 g of sulphite and
10-5 cc (19-3 g) sulphuric acid dissolved in 65 cc of water.

Solubility of anhydrous sodium sulphite in a litre of water: 210 g at 10°C,
280 g at 20°C, 380 g at 30°C.

We would finally note that acetone added to a sulphite solution of hydro-
quinone with no alkali present forms the compound [2(NaHSO,)2(CH;—
CO—CH,)] and the sodium salt of hydroquinone C¢H,(ONa),: the latter
behaves as a developer in alkaline solution.

48. Developers preparation
Developers are prepared in units of 1, 2, 5 litres or more.

Dissolving. Use a flask three-quarters full of tepid boiled water (50°C). Add
successively the following products in the order given: metol, sulphite,
hydroquinone, carbonate, bromide.

Make sure that each item is completely dissolved before adding the next one.
After each addition shake the flask.

Add each item gently, sprinkling it with the aid of a sheet of clean paper.

To finish preparation: Make up to the required volume using cold water.
Stir and leave for several hours. Check that the volume is correct and if
necessary filter through paper which should be pleated and placed in a funnel
the same size as the paper. 500 cc or 1,000 cc bottles should be completely
filled with the solution and carefully stoppered.

If the developer is poured directly into a tank, cover with a floating lid.

Aerial oxidation fog: even when not used a developer when exposed to the
air becomes oxidized by the oxygen in the air. It is particularly the hydro-
quinone which is affected. At the same time sodium sulphate is formed
together with caustic soda and tanning organic compounds. Each reduction of
sulphite in a developer, whether accidental or not, encourages the oxidation
of the developing agent by loss of protective power. A bottle of partly used
developer becomes more and more brown as it is oxidized and gives off an
unpleasant smell.

Packed developers: ready prepared photographic products are commercially
available for the preparation of developing and fixing baths. Even when these
products are already weighted and mixed, great care is necessary when using
them. In general they are packed in temporary paper or card containers and
unless they are to be used at once it is advisable to transfer the contents to
bottles.

Packed developers for 250 cc quantities are often marketed in glass tubes;
these glass tubes have a separating division; one side is filled with metol and
hydroquinone, the other with carbonate, sulphite and bromide. The metol
hydroquinone mixture is first dissolved in water, then the remainder of the
packet.

49. Energy of a developer

An energetic reducer develops all parts of the image rapidly, both shadows
and highlights: the resulting contrast is necessary low and the image appears
greyish. Diaminophenol and metol have this action.
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A less energetic reducer first develops the parts of the image which have
had the greatest exposure; the contrast then becomes great. This happens with
hydroquinone.

Dilution of the developer slows down development, promotes the develop-
ment of the less exposed areas, and reduces the contrast.

The addition of bromide slows down development, but on the contrary,
prevents the development of underexposed areas (reduction of sensitivity)
and increases the contrast.

Instead of measuring the redox potential, developing agents are often
classified by their ability to withstand the retarding influence of a given quan-
tity of potassium bromide. The greater the reducing power, the less the loss
of density caused by the addition of bromide, and conversely. The following
table reproduces the Nietz-Tschibissoff series® in which the reducing power
of hydroquinone is taken as 1. The higher the number, the higher the reduc-
ing power.

Ferrous oxalate 0-3
p-phenylenediamine HCI (without alkali) 0-3
p-phenylenediamine HCI (with alkali) 0-4
Methyl-p-phenylenediamine (without alkali) 0-7
Phenylhydrazine <1
Hydroquinone 1
2-hydroxhydroquinone >1
Glycin 1-6
Hydroxylamine 2-0
Toluhydroquinone 2:2
Methyl-p-phenylenediamine (with alkali) 35
Benzyl-p-aminophenol <5
Dimethyl-p-phenylenediamine HCI 5
p-hydroxydiphenylamine <6
p-aminophenol 6
Chlorohydroquinone 6-7
p-amino-o-cresol 7
Dibromohydroquinone 8
p-amino-m-cresol 9
Dimethyl-p-aminophenol (sulphate) 10
Dichlorohydroquinone 11
Pyrogallol 16
Metol 20
Bromohydroquinone 21
p-methylamino-o-cresol 23

2 : 4-diaminophenol (with alkali) 3040
Thiourea 50

It is easy to state, after this table, that the introduction of CH, into the
nucleus of hydroquinone doubles the reducing power in the resulting tolu-
hydroquinone. A methyl group substituting an amino hydrogen atom of
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p-phenylenediamine (methyl-p-phenylenediamine) increases the reducing
power from 0-4 to 3-5—almost nine times greater; two methyl groups give
dimethyl-p-phenylenediamine and the index of reducing power increases
from 3-5 to 5. The introduction of halogens increases the developing
energy hydroquinone = 1, chlorohydroquinone = 6, bromohydroquinone

Influence of temperature. Raising the temperature increases the developing
potential (by a corresponding decrease in redox potential). The apparent
sensitivity of an exposed emulsion is doubled if the temperature is increased,
for example, from 15°C to 33°C.

50. Negative developers with a single developing agent

Developing solutions containing only one developing agent are less
frequently used than solutions containing a mixture of two developing
agents. They give, however, excellent results each having its own particular
characteristics.

1. Metol. Metol (Elon, Genol, etc.) is found as fine white crystals which are
insoluble in concentrated sulphite solutions: this is why it must be dissolved
first. Metol has a high reduction potential which rapidly brings up the low
exposure regions, that is the shadows, whilst it generally gives low contrast
when it is used alone.

The impurities frequently present in metol can produce dermatitis. To cure
this, it is recommended to soak the hands for more than an hour in hot water.

Water to 1000 cc
Metol 15¢g
Sodium sulphite anh. 75¢g
Potassium carbonate 50g
Potassium bromide lg

Immediately before use take one part of this solution and one or two parts
of water. Development time at 18°C, 4-6 minutes. The image appears
quickly, after about 4-10 seconds.

2. Pyrogallol. Pyrogallol is found as colourless needles which are very
soluble and oxidize very rapidly in solution (which becomes brown). It can
also stain the gelatin and the fingers. Pyrogallol baths can only be used once.
Stock solutions are therefore prepared with bisulphite or metabisulphite and
a little bromide. Just before use they are mixed with a solution of sulphite
and a solution of sodium carbonate. If the stock solutions are concentrated
they are diluted with a large quantity of water. The developer obtained in this
way changes rapidly. In preparing the concentrated stock solution of pyro-
gallol the latter must not be added until the metabisulphite has dissolved.
The following formula (D1) gives vigorous developers whose energy is not
reduced by dilution. The image appears slowly but the gamma can reach a
high value if the time is extended. A yellowish residual organic stain image
is formed at the same time as the silver image.
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A. Water to 1000 cc
Sodium metabisulphite 10¢g
Pyragallol 60g
Potassium bromide lg

B. Water to 1000 cc
Sodium sulphite anh. 100 g

C. Water to 1000 cc
Sodium carbonate anh. 75g

For development take:

Tank: 1 part of A, B and C+-11 parts of water; (12 minutes at 18°C).
Dish: 1 part A, B and C+7 parts of water; (6 minutes at 18°C).

In this formula sodium metabisulphite can be advantageously replaced by
the more stable potassium salt.

3. Pyrocatechin

A. Water to 500 cc
Sodium sulphite anh. 35g
Pyrocatechin 12 ¢

B. Water to 500 cc
Potassium carbonate 60 g

For use take 1 part of each solution.

4. Glycin. Glycin (Kodurol) is found as small mica-like plates slightly
soluble in the absence of alkali or sulphite. Glycin must therefore be dissolved
after the sulphite. Glycin gives developers which are very resistant to oxida-
tion and suitable for prolonged use in a dish. A large quantity of stock
solution can therefore be prepared. The more the developer is diluted, the
softer the results. Glycin baths are very sensitive to potassium bromide and
to temperature. Furthermore, when they contain too much sulphite there is a
risk of producing dichroic fog. Potassium carbonate gives a more powerful
developer than sodium carbonate.

KL  Agfa
Water to 1000 1000 1000 cc
Sodium sulphite anh. 3 100 125 g
Glycin 3 40 50g
Sodium carbonate anh. 6 80 —
Potassium carbonate — 50 250 g
Dilution Undiluted 3 parts +4 parts
water water

Development time at 18°C 15-25 8-10  5-10 mins.

5. p-Aminophenol. p-aminophenol is a readily oxidized compound which
needs an adequate amount of sulphite. The developers must be kept in well-
stoppered bottles. The hydrochloride is more soluble than the free base, but
as it is precipitated by alkalis there is no point in using it. The caustic alkalis
form very soluble phenates which can be kept in concentrated solution: for 100 g
of p-aminophenol, 21 g of caustic soda, 36 g of caustic potash or 6-4 g of

D
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lithium hydroxide (rarely used) are needed for this. The p-aminophenol
developers are sensitive to potassium bromide.

A B C D

Water to 1000 1000 1000 1000 cc
Sodium sulphite anh. 70 100 75 50g
p-aminophenol base 8 10 10 8g
Sodium carbonate anh. 60 50 — — g
Potassium carbonate — - — 50¢g
Caustic soda — 21 — — g
Lithium hydroxide — — 4 — g

The formula A develops in 3—6 minutes. Formulas B and C are more active.
If the concentration of C is doubled, a bath is obtained which develops in
one minute.

51. Diaminophenol developers
Some developing agents have a sufficiently low redox potential in neutral or
acid solutions to be able to develop without the addition of alkali. The
presence of sodium sulphite is sufficient to bring about reduction.

For this, it is necessary that the developing agent molecule should contain
at least one and preferably two, amino groups, as with diaminophenol.

Diaminophenol (or amidol) is used as the hydrochloride, found as a colour-
less or blue-grey crystalline powder which is very soluble. I# is a very powerful
reducer which can develop in neutral or acid solution. Diaminophenol acts mainly
at the bottom of the emulsion layer.

In alkaline solution it is rapidly oxidized. Stock solutions can be prepared
with bisulphite and before use are neutralized by adding a solution of carbon-
ate. The following formulas are generally preferable.

Neutral (Sodium sulphite anhydrous 100 g
Formula {Diaminophenol 20g
Water to 1000 cc

This solution keeps in full, well-corked bottles. For use, take one part of
solution to three parts of water. The image appears in about 12 seconds and
development is continued for 4-6 minutes. In cases of overexposure add up to
209, of a 109, solution of potassium bromide.

Sodium bisulphite 25 cc
Acid Sodium sulphite 20g
Formula {Diaminophenol 5g

Potassium bromide 2g

Water to 1000 cc

This bisulphite bath keeps better than the previous one.

52. Superadditivity of developers

Two developers are said to be superadditive when used together, if the
sum of their simultaneous action is greater than the sum of their actions
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considered separately. The phenomenon of superadditivity is mainly
apparent with short development times. The most common example is
that of the metol-hydroquinone system.

This phenomenon was first noticed by Luppo-Cramer. Reinders and
Beukers have observed that metol serves to shorten the induction period of
development by lowering the potential barrier surrounding each grain of
silver bromide. The hydroquinone takes no part until this has happened.
T. H. James® has put forward the hypothesis that superadditivity is
only possible if the two developing agents have different electrical charges
(or free wvalencies). That with the low charge (like metol) reduces the
potential barrier and starts off development. It is not until then that the
developer with the higher charge (hydroquinone) can take part in the
reduction.

Thus many developers, with a charge of 1 or 0, can be used with hydro-
quinone (charge 2) or better with sodium-hydroquinone-monosulphonate:
these are metol, hydroxylamine, diaminodurene, and Phenidone. The two
latter show stronger superadditivity than metol. R. W. Henn® has made
many tests with various substituted p-aminophenols.

Levenson’s theory. The preceding conception in which metol alone acts
first has been criticized by G. I. P. Levenson.® According to him, the
hydroquinone takes part in the reduction from the beginning of development,
its action being catalyzed by the metol, confirmed by the fact that hydro-
quinone can only develop if it is adsorbed via an oxidation product (see
Theory of development). The hydroquinone regenerates the metol by reducing
its oxidation product, p-methyl-quinone-imine. This action is furthermore
dependent on the conversion of the two oxidation products (of metol and
hydroquinone) to the sulphonates, by the sulphite. Thus a change in the
structure of hydroquinone such as the inclusion of a CH, groups tends to
slow down the sulphonation of its oxidized form and reduces the super-
additivity. Similarly, a change in the structure of metol, which, on the con-
trary, accelerates the sulphonation of the oxidized form also reduces the super-
additivity. !

To sum up, a mixture of developers is superadditive when one of them can
readily reduce the oxidized form of the other, and when the sulphite reacts less
rapidly on the former than on the latter.

Axford and Kendall have shown that at a pH of 8-2, hydroquinone is in-
active but regenerates phenidone from its coloured oxidation products.

In the case of metol, Levenson has shown that it dissociates differently
depending on the pH:(®

Cation OH—CH,—HN, . CH*+ charge +1
Metol Hybrid 0—CH,—NH, . CH, charge 0
Free base OH—C H,—NH . CH;, charge 0
Anion 0—C¢H,—NH . CH,. charge —1

The cation is formed from pH 8-3 but towards pH 10-4 there will be an
equivalent of anions and free base plus hybrid.
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53. Metol-hydroquinone developers

Metol-hydroquinone developers are used more frequently than others because
of their versatility given by the phenomenon of superadditivity. The formula
variations are infinite; however, experience has shown that it is better not
to deviate too far from certain proportions if maximum sensitivity, average
contrast, little fog, acceptable grain and good keeping qualities are required.

Universal metol-hydrogquinone formula
The following formula is the most suitable one for the majority of emul-
sions—negative or positive. It produces optimum speed without excessive

contrast or very coarse grain.

Water to 1000 cc
Metol 2¢g
Sodium sulphite anh. 35g
Hydroquinone 5g
Sodium carbonate anh. 25g
Potassium bromide lg

Development time at 18°C: 5 minutes for average contrast, 10 minutes for
underexposed images. To reduce the contrast, dilute with an equal part of
water. Increasing the metol with a corresponding reduction of hydroquinone
also reduces contrast.

Among the other formulas we would mention D 72 which is in current
use, and MQ.80 which used to be used for rack development of films.

D72 MQ.80

Water to 1000 1000 cc
Metol K 2g
Sodium sulphite anh. 45 1875 ¢
Hydroquinone 12 0-5g
Sodium carbonate anh. 62-5 12-5¢
Potassium bromide 2 075 ¢g

D 72 is used diluted with an equal part of water. Development time, 5
minutes in a tank and 4 minutes in a dish. The sensitivity obtained is less
than that given by the preceding formula and the grain is coarser.

Formulas for under-exposed images

P.G. D 82

Water to 1000 1000 cc
Metol 1-75 14¢
Sodium sulphite anh. 45 52:5¢g
Hydroquinone 435 l4¢g
Sodium carbonate anh. 22 — g
Potassium bromide 0-9 9¢g
Caustic soda — 9¢g
Alcohol (methylated spirit) — 48 cc

Development time at 18°C 12 mins. 4-5 mins.
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D 82 keeps for only a few days in stoppered bottles and for only two hours
in a dish.

54. Pyro-metol developer
The pyro-metol developer whose preparation is quite complicated, can be
used for negative development. It is used to obtain maximum sensitivity.
The D 7 formula is typical:

A.  Water to 1000 cc
Metol 75¢g
Sodium metabisulphite 75¢g
Pyrogallol 30g
Potassium bromide 42¢g

B. Water to 1000 cc
Sodium sulphite anh. 150 g

C. Water to 1000 cc
Sodium carbonate anh. 75g

This developer can be used two or three weeks.
For use take:
Dish: 1 part A, 1 part B, 1 part C and 8 parts water. Develop 7-9 mins.
Tank: 1 part A, 1 part B, 1 part C and 13 parts water. Develop 9-12 mins.
To maintain the volume of solution add 1 part of 1, 1 part of B, 1 part of C
and 4 parts of water.

55. Phenidone developer

Ilford’s Phenidone is a new developing agent disclosed by Kendall which can
be used together with hydroquinone. It produces even greater superadditivity
than metol. Used alone, on the other hand, it gives very low contrast.

Phenidone, which is 1-phenyl-3-pyrazolidone has a zero charge at low pH
and a charge of 1 at a higher pH. It initiates development so rapidly that
the induction period is practically nil.( It appears to form a positively
charged intermediate oxidation product which helps to reduce still further
the potential barrier and facilitates the adsorption of the developing agent
ions which are negatively charged.

Axford and Kendall® have shown that the maximum development rate is
reached when the developer contains 79, of Phenidone compared with
hydroquinone. This rate is 509, faster than that of the metol-hydroquinone
combination (which reaches its maximum rate with 289, metol), the two
measurements being made at pH 10-4. Unfortunately, Phenidone tends to
produce fog with high-speed emulsions. This disadvantage can be overcome
by adding 0-15 g of benzotriazole per litre of developer.

The advantage of Phenidone over metol appears to be, apart from its greater
development rate, a greater consistency of sensitivity and a high activity at
relatively low pH values The latter property enables high contrasts to be
obtained with X-ray materials in a less alkaline bath than is customary for



72 PHOTOGRAPHIC CHEMISTRY

metol hydroquinone, and even an equivalent effect to that of a hydroquinone
caustic bath.

In the preparation of Phenidone-hydroquinone solutions the hydroquinone
must be dissolved before the Phenidone, which is previously mixed with 2-5
times its weight of potassium metabisulphite. Phenidone does not appear to
produce dermatitis like metol.

Universal formula ID 62

Water to 1000 cc
Hydroquinone 12 ¢
Phenidone 05¢g
Sodium sulphite anh. 50g
Sodium carbonate 60 g
Potassium bromide 2
Benzotriazole 0-2¢g
For development, add water in the following proportions:
Emulsion Developer  Water Development time
at 20°C
Chloride paper 1 + 1 45-60 secs.
Bromide paper 1 4+ 3 1}-2 mins.
Films (dish) 1 + 3 2—4 mins.
Films (tank) 1 4+ 7 4-8 mins.

56. Combined developers

Metol can develop over-exposed images without alkali. If it is combined
chemically with hydroquinone its activity is increased and the resulting
product, Metoquinone (Lumiere) develops normally in neutral solution.

Water to 1000 cc
Sodium sulphite anh. g
Metoquinone 10g
Potassium bromide lg

Metol has also been combined with chlorohydroquinone (Chloranol) and
p-phenylenediamine with hydroquinone (Hydramine). These compounds are
not used any more but Meritol (Johnson’s) is made and is a combination of
p-phenylenediamine and pyrocatechin. Meritol is used for fine-grain develop-
ment " but the caustic soda formula (two bath) has been recommended for
under-exposed negatives:

A. Water to 1000 cc
Sodium sulphite anh. 45¢g
Meritol 8¢g

B. Water to 1000 cc
Caustic soda 63g

For development treat for 3 minutes in A, then for 3 minutes in B. To
reduce the contrast dilute A. k



THE DEVELOPING SOLUTIONS 73

57. Developer for doubling speed

According to Renwick (1920) then Stauffer, Smith and Trivelli, certain
hydrazine derivatives can make the under-exposed grains of an emulsion
developable by a contagious effect. Miller, Henn and Crabtree™!) use a hydra-
zine derivative together with an anti-foggant in a developer such as D 19
having a high sulphite and bromide concentration.

A. Water to 1000 cc
Metol 2¢g
Sodium sulphite anhydrous 100 g
Hydroquinone 9¢
Potassium carbonate 50 g
Potassium bromide 5g

B. Water to 30 cc
Nitrobenziminazol nitrate or benzotriazole

2 :1000 20 cc
Hydrazine hydrochloride 1-6 cc

Add B to A immediately before use as the developer does not keep for more

than a day.

The amount of hydrazine hydrochloride must be increased with the sul-
phite. Optimum pH 9-5. Semicarbazide hydrochloride also produces the
same effect.

The peculiarity of this developer is that it only shows the maximum effect
when the fog density is an high as 0-4-0-6, which would be inadmissible with
a normal developer. A grainy image is produced.

M. Tajima®® has disclosed D 72 diluted with an equal volume of water
together with 14 mg of nitrobenziminazole and 3 g of a hydrazine salt.

The increase of sensitivity, although definite, has frequently been exagger-
ated by some writers. This ‘contagious’ development appears to be due to the
formation of a semi-quinone which diffuses towards the other grains. This
quinone becomes a hydroxyhydroquinone, the sulphite acting as a catalyst. 12>

58. Compensating developers

The so-called compensating developers are used for the development of
images which normally have a long density scale, a scale which they reduce
by accelerating the appearance of the shadows and slowing down that of the
highlights. A metol-hydroquinone developer with a high proportion of metol
in slightly alkaline solution is used for this:

Water to 1000 cc
Metol g
Sodium sulphite anh. 40¢g
Hydroquinone 1g
Borax 10¢g

Development time: 12-20 mins. at 20°C.
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A plain metol bath, slightly alkaline and containing a solvent, primarily
alters the intermediate gradations:

Water to 1000 cc
Metol I5g
Sodium sulphite anh. 25¢g
Borax 10¢g
Hypo 2g

Another method to reduce the density range is to develop in a tanning
developer with a low concentration of sulphite; this produces, at the same time
as the silver image, a residual coloured organic image which particularly
intensifies the lower densities. This residual image is produced by the
oxidation products of the developer which are deposited in the absence of
sulphite. The very unstable bath must be made up as two solutions:

A. Water to 1000 cc
Potassium metabisulphite 12¢
Pyrocatechin 80g

B. Water to 1000 cc
Caustic soda 35¢g

For use take:
A 10 cc
B 10 cc

Water 200 cc

For under-exposure increase the quantity of caustic solution.
For over-exposure add 1 cc of 59, potassium bromide.

A Windisch formula uses:

A. Water to 1000 cc
Sodium sulphite anh. 5g
Pyrocatechin 16 g

B. Water to 1000 cc
Caustic soda 100 g

For use take:
A 5cc
B 2-3 cc

Water 200 cc
Development time: 18-24 mins.

59. Tropical developers
There are several methods for developing at relatively high temperatures
without producing reticulation of the gelatin.

1. Pre-hardening.

2. Hardening development.
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3. Addition of sodium sulphate to a normal developer to prevent the
gelatin from swelling.

Hardening developer. Diaminophenol can be used together with chrome
alum:

Water to 1000 cc
Sodium sulphite anh. 35g
Diaminophenol 5g
Chrome alum (5 %, solution) 100 cc
Potassium bromide 2g

In the case of very high temperatures a developer containing formaldehyde
or glyoxal can be used together with an anti-foggant (see ultra rapid develop-
ment, para. 95).

Sodium sulphate developers: the addition of sodium sulphate to a developer
enables development to be carried out up to 35°C without inconvenience
owing to the reduced swelling of the sensitive layer. The necessary quantity
of sodium sulphate depends on the temperature at which it is to be used.
Average quantities for metol-hydroquinone developers of the D.72 (diluted
with an equal part of water) and D 76 types:

50 g up to 26°C
Sodium sulphate anh. 100 g up to 32°C
150 g up to 36°C

In spite of the considerable increase in temperature, development time is
only slightly reduced: at 32°C the reduction is only 309%.
Special developers containing sodium sulphate

Agfa 55 DK.15

Water to 1000 1000 cc
Metol 15 6g
Sodium sulphite anh. 75 0g
,,  sulphate anh. 50 45¢g
5 metaborates . 22:5¢
Potassium bromide —_ 2¢g
Development time 8-10 mins. 34 mins. at
at 30°C 30°C
6 mins. at
25°C
10 mins. at
18°C

A reduction in the metaborate to 5 g in DK15 reduces the contrast.
Equivalents of the various forms of sodium sulphate

Sodium sulphate anh. Na,SO, 100 g

» ’ heptahydrate Na,SO,7H,0 190 g

" ’ decahydrate Na,SO,10H,0 260 g
(Glauber’s salt)

D*
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The Agfa formulary for photomechanical emulsions recommends the
addition to the developer of 10-20 g of sodium nitrite to maintain the clarity
of negatives above 25°C.

60. Bromide paper developers

Developers for positive emulsions are generally contrasty developers. They
give strong blacks and develop rapidly. It is true that positive emulsions are
fine grained which enables them to be readily reduced by the developer. The
fog must be practically nil but this is due more to the emulsion layer than to
the developer.

Any well-balanced developer can be used to develop positive images. If it is
too dilute, good blacks cannot be obtained, and if it contains too much brom-
ide the image will appear slowly.

The universal metol-hydroquinone developer given in para. 53 can be used
to develop bromide papers. Development time 2-3 minutes at 18°C. The
proportion of hydroquinone can, however, be increased while the metol is
reduced in order to give a rapid increase in contrast. It must not be forgotten
that development of positive images is generally taken to gamma infinity,
therefore development is complete. The contrast, therefore, depends on the
nature of the paper rather than on the time of development.

D 72 Kodak Agfa

Water to 1000 1000 cc
Metol 3 2g
Sodium sulphite anh. 45 26 g
Hydroquinone 12 6g
Sodium carbonate anh. 67-5 52g
Potassium bromide 2 2g
Dilution for papers add 3 parts add 1 part
water water
Development time 1}-2 mins. at 2 mins. at
21°C 18°C
Lantern slides add 1 part —
water
1-2 mins.
at 21°C
61. Developers for contrasty emulsions
D 11 for
D 154 for  Infra-red high contrast
documents plates, lantern
microfilms plates
Water to 1000 1000 1000 cc
Metol 1-25 2-25 lg
Sodium sulphite anh. 22:5 72 75¢g
Hydroquinone 6 875 9g

Sodium carbonate anh. 30 48 25g
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Potassium bromide 0-5 4 5g
Development time undiluted 2-3 mins.  6-7 mins. 5% mins.
at 18°C at 18°C at 21°C
1-14 mins.
at 21°C
Soft-working developer for photo-mechanical emulsions (Agfa)
Water to 1000 cc
Metol lg
Sodium sulphite anh. 40¢g
Hydroquinone 6g
Sodium carbonate anh. 21g
Potassium bromide 1g
Potassium metabisulphite 15¢
Citric acid 0-5g

Develop 4-6 mins. at 18°C.

62. Developers for motion-picture positives

D 16 [2] Levenson @3
Water 1000 1000 1000 cc
Metol 0-3 0-7 0-7g
Sodium sulphite anh. 38 50 40g
Hydroquinone 6 7 4g
Sodium carbonate anh. 19 40 20g
Potassium bromide -9 2 1g
Potassium metabisulphite 1-5 — — g
Citric acid 0-7 — — g

To replenish the D 16 formula: metol 0-3 g, sulphite 38 g, hydroquinone
9 g, carbonate 38 g, bromide 0-7 g, metabisulphite 1-5 g.

For titles and variable area sound-recording negatives, use formula 2. For
variable-density tracks whose gamma is low, develop in soft negative
developers.

63. Caustic developers for maximum contrast
The high alkalinity of caustic soda or potash developers gives them a very
high energy which is shown as a rapid increase in the high densities. Caustic
developers, generally using hydroquinone, utilize this property for the
development of very high-contrast images with strong blacks such as positives
for photomechanical processes (process-type emulsions).

Caustic developers have the disadvantage that they attack the gelatin and
the skin; also their action must not be carried on for longer than necessary.
Furthermore they do not keep well.

D 8 Kodak Agfa l Agfa 2
"A. Water to 1000 500 500 cc
Sodium sulphite anh. 90 — — g

Potassium metabisulphite — 5 12:5¢g
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Hydroquinone 45 5 125 ¢
Caustic soda 37-5 — — g
Potassium bromide 30 1 12:5¢
B.  Water to — 500 500 cc
Caustic potash — 25 25g
Water to dilute 500 — — cc
Development time at 18°C 2 mins. 3-5 mins. 2-3 mins.

Wash carefully before fixing to avoid smears and dichroic fog. Fix in a
hardening fixer.

64. Chloride paper developers

Chloride (gaslight) papers are made with two emulsion types: black tone and
bluish tone. The emulsions giving black tones are generally coated on ivory
cream bases, whilst the bluish-tone ones are coated on white base. The black-
tone papers can easily give bluish tones by incorporating certain anti-foggants
in the developer. Conversely, warm black tones can be obtained on bluish
materials by modifying the developer.

Chloride papers develop very quickly, the image being completely formed
at once, the density then increasing: this enables exposure errors to be cor-
rected—a property of great use to printers of amateur negatives. This effect
depends upon the quality of the emulsion.

Chloride papers tend to become yellowish particularly when kept for a long
time. The manufacturers incorporate anti-yellowing agents to overcome this
fault; these compounds can also be added to the developer. Nevertheless, it
is recommended that development of chloride papers should not be continued
longer than necessary. For the same reason the developer should not contain
an excess of sulphite which dissolves the silver chloride (subsequently
reduced by the developer to yellow colloidal silver).

Generally, the following developer formulas can be used for the develop-
ment of both black and bluish chloride papers:

Universal M.Q. developer (para. 53): development time 60-90 secs. at
18°C.

Formula D 72 (para. 53): one part stock solution to two parts of water.
Development time: 45-60 secs. at 21°C.

Phenidone formula (para. 55): one part stock solution and one part water.
Development time 45-60 secs. at 20°C.

Special chloride paper formula:

Water to 1000 cc
Metol 2g
Sodium sulphite anh. 25¢g
Hydroquinone 5g
Sodium carbonate anh. 25¢g
Potassium bromide 05¢g

Development time: 90 secs. at 18°C.
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To obtain bluish tones from papers normally giving black tones, one of the
following compounds should be added: benzotriazole or 6-nitrobenziminazole
nitrate. Concentration 0-1-0-25 g per litre. The best procedure is to add 25 cc
per litre of a 19, aqueous-alcoholic solution of benzotriazole. Many other
compounds have a similar effect—methylbenzoxazoles, azimidobenzenes,
azimidonaphthalenes, methylnaphthothiazoles, quinine salts, formalcystine
(1 : 1000). Salts of 5-halogen-2-aminopyridine and the 3 : 5-disubstituted
compounds also produce bluish images. %)

To overcome yellowing add 15 cc of a 19, aqueous solution of Antiflavog per
litre of developer.@® This is a diphenyliodonium compound.

Development of warm black images on blue-black papers. The bluish tone
does not appear in the presence of a high concentration of bromide. As the
latter retards development, it is desirable to accelerate it by raising the
temperature.

Water to 1000 cc
Metol 0-8¢
Sodium sulphite anh. 14¢g
Hydroquinone 4g
Sodium carbonate anh. 12¢
Potassium bromide 6g

Development time 23-3 mins. at 23-24°C. Compared with a normal
developer, the contrast is increased, and the sensitivity reduced slightly.

65. Developers for warm tones with chlorobromide or chloride
emulsions

The development of warm tones on papers and lantern plates made with

silver chlorobromide or chloride is primarily dependant on the fineness of

grain of these emulsions and upon their bromide/chloride ratio.

For a given emulsion, the tone becomes warmer, that is more red, as the
developer is diluted, contains more bromide, and as development is reduced.
This implies that for a given colour, a given contrast is produced, and there-
fore the emulsion contrast must be selected to suit. On the other hand, to
compensate for the loss of sensitivity, the print must be overexposed, especially
when development is shortened. As a general rule close control of the results
is difficult.

Warm black formula D 166

Water to 1000 cc
Metol 1-15¢
Sodium sulphite anh. 25¢g
Hydroquinone 85¢g
Sodium carbonate anh. 25¢g
Potassium bromide 125 ¢

Dilute with 3 parts of water.
Development time: 3 mins. at 18°C for chlorobromide papers.
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Formula for brown tone (Agfa Portriga type emulsions):

Water to
Hydroquinone
Sodium sulphite anh.
Potassium carbonate
Potassium bromide

Dilute with 4 parts of water.

Development time: 4-7 mins. at 18°C.

1000 cc
24 ¢
60 g
80g

2g

Formula for sepia and red-brown tones with glycin: D.159.
This bath, which gives attractive warm tones, must be used with a harder
emulsion than that used with D 166, to compensate for the apparent reduc-

tion in contrast:
Water to
Hydroquinone
Glycin
Sodium sulphite anh.
Sodium carbonate anh.
Potassium bromide

Dilute with 2 parts of water.

Development times: red tones 24 mins.; brown tones 6 mins.

66. Special developers for warm-tone lantern plates

1. Standard bromide formula:
Water to
Sodium sulphite anh.
Hydroquinone
Sodium carbonate
Potassium bromide

Dilute wth an equal part of water.

Examples of relative exposure and development times:
Colour obtained

Exposure Development
24 secs. 3 mins.
20 » 4 »
1 6 » 5 »
12, 6
4 ” 1 O »

1000 cc
25g
12 g
24 g

4g

red
red-brown
brown
sepia

warm black

2. Ferrocyanide developer: often gives brighter colours. First prepare:

Water

Sodium sulphite anh.
Potassium ferrocyanide
Hydroquinone

Caustic potash

1000 cc
40¢g
30¢g
10g
50g

and add, to a litre of developer, the following quantities of 10%, potassium bromide:

Amount of bromide Colour obtained
100 cc Purplish brown

180 cc Purple
200 cc Carmine

Developing time
10-15 mins.
20-30 mins.
30-40 mins.
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3. For green tones develop 2-3 minutes in:
Water to 1000 cc
Sodium sulphite anh. 10g
Potassium ferrocyanide 30¢g
Hydroquinone 4g
Sodium carbonate anh. 15¢g
Potassium bromide 02¢g

The colour becomes yellowish if 35% of a 5 g per litre hypo solution is added.

4. Bright colours can be obtained by mixing metol with tartaric acid and hypo. A
red image is obtained by developing for 6—8 mins. in the following solution:

Water to 1000 cc
Sodium sulphite anh. 19¢g
Metol 25¢g
Hypo 25g
Tartaric acid 075¢g

If the amount of tartaric acid is increased, together with the developing time, the
colour passes through purplish red to violet, then to blue. With 4 g of the acid and a
development time greater than 20 minutes, a blue image is developed. On the other
hand, with only 0-25 g tartaric acid the image colour shifts towards the orange.

5. The addition of ammonia or ammonium salts to a hydroquinone bath accelerates
the formation of red tones without a great reduction in contrast:

A. Water to 1000 cc
Sodium sulphite anh. 65¢g
Hydroquinone 14 g
Potassium bromide 10g

B. Water to 1000 cc
Ammonia S.G. 0:920 32¢g
Ammonium bromide 6g

Mix 1 part A with 1 part B and develop 3 mins. at 18°C.

6. Thiocarbamide (thiourea) produces warm tones following the method which has
been given by Mees. Three baths are prepared: A—metol 10, hydroquinone 5, sul-
phite anh. 50, carbonate anh. 36, water 2,000.

B—ammonium carbonate 50, ammonium bromide 50, water 500.

C—thiocarbamide 3, ammonium bromide 1, water 400.

The solutions A, B and C are mixed in the following proportions: brown tones,
14 : 18 : 1; blue-grey tones, 12 : 3 : 1; warm black tones, 10 : 5 : 1. The warm tones
are obtained with long exposures and the contrast must be kept constant for each tone.
The order of the colours is successively: yellow, purple, blue-grey and black.

Carreil has used thiourea for physical development (Phot. ¥l., 1947, p. 157) after
iodide conversion. The stock solutions are as follows: silver nitrate 4+excess sulphite
+hypo; M.Q. developer; thiocarbamide +ammonium bromide. Depending on the
exposure and development time, blue, blue-black, purple-black, brown, purple, red-
brown and warm black tones are produced.

It should be remembered that the colours and development times shown for all
these warm tone formulas are given only as examples. The results are greatly depen-
dent on the emulsion type.

The exact colour of lantern images is only seen after drying.

7. Warm tone developer using reductone. Willmanns and Schneider have claimed®®
that organic compounds containing the grouping OH.CH = C.OH —have develop-
ing properties and that they give brown or red images. Stewart(!”) has used glycore-
ductone, isolated by Euler and Martius,(*8) and prepared in the following way:
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20 g of anhydrous sodium carbonate (or 22-5 g of the monohydrate) is dissolved
with 50 g glucose in 300 cc of warm water. The solution is heated to 91-93°C for
two-and-a-half minutes and then cooled rapidly. A second solution of 45 g of anhy-
drous sulphite, 12 g of hydroquinone and 4 g of potassium bromide in 400 cc of water
is prepared. The two solutions are mixed and made up to a litre. This solution
develops warm tones in about five minutes at 18°C.

67. Inorganic developers

1. A number of inorganic substances are capable of developing photographic
images. They are not used in practice but can be of use in certain cases where organic
developers are not available and also for laboratory research.

Gaseous hydrogen in the presence of colloidal palladium,(*® hydrazine NH ,—NH,,
hydroxylamine®* NH ;—OH, hydrogen peroxide in an alkaline solution, and all salts
which can pass from a lower to a higher valency, are reducers of silver halides. In the
latter case the degree of reduction is limited by the reversible reaction and develop-
ment ceases when an equilibrium is reached, for example with copper chloride

Cut+Ag* = Cutt+Ag

For development to take place normally, it is necessary to displace the equilibrium
of the reaction by removing the higher valency ions completely as they are produced.
This can be done by converting them into complex ions: thus a ferrous ion reduces
a silver salt and itself is oxidized to the ferric state:

Fett4Ag+ < Fet+++Ag

The ferric ions are sequestered by the addition of sodium fluoride (NaF) which con-
verts them into a ferrifluoride ion (FeF )~~~ in which the ferric ion is not reactive.

2. Sodium hydrosulphite .

Sodium hydrosulphite, Na,S,0, or more exactly Na. 0—S—0O—0O—S—O . Na
is an energetic reducer. It has, however, the disadvantage that its solutions are un-
stable and the vapour is suffocating. Lumiere and Seyewetz have prepared a relatively
stable dry mixture:

Sodium hydrosulphite anh. 100 g
Sodium bisulphite anh. 165 g
Potassium bromide, dry 35g

To prepare the developer, 120 g of this powder is dissolved in a litre of water. This
developer has a strong desensitizing action (200 times) which permits the use of a
deep yellow light during development. With some emulsions a high fog level is
produced.

68. Metal-organic complexes
Polybasic organic acids have the general formula R(CO.OH),, where R is
an organic radical and CO.OH is the carboxylic acid radical. Among the
bivalent acids the simplest of the series are oxalic acid CO.OH—CO.OH,
malonic acid CO.OH—CH,—CO.OH. Of the tribasic acids, citric acid
C0O.O0H—CH ,—C.OH(CO.OH)—CH,—CO.OH is the most common.
With polyvalent metals, such as iron, titanium, vanadium molybdenum,
uranium, etc., these acids form complex anions which correspond to each
valence, and in which the characteristics of the metal are completely masked.
The general discussion of complexes will be deferred but the ions of interest
in this connection are those with the constitution [(R(CO,)n), My]*~ where
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M is a metallic atom and the integers x and y depend upon the valency of the
metal and the number of acid radicals in the ion, whilst the basicity of the
complex ion is represented by the usual symbol -, the number of such elec-
trons being shown by Z.

Thus iron, bivalent in the ferrous state Fet+ and trivalent in the ferric
state Fett+, forms with the oxalate ion (CO.0—CO.O)= or (C,0,),
ferro-oxalic [(C,0,),Fe]~— and ferri-oxalic [(C;0,);Fe] ions respectively.
With bases, ferro-oxalates and ferri-oxalates are formed.

The ferro-oxalic ion, being derived from the ferrous ion, is a reducing agent.
It reduces silver ions, and is itself oxidized to the ferri-oxalic ion:

[(C,0,),Fe]—+(C0,)—+Ag+ = Ag+[(C,0,);Fe]—

terro-oxalic ion oxalic ion silver silver ferri-oxalic ion
ion metal

Sodium or potassium ferro-oxalates are therefore developers, whilst the
corresponding ferri-oxalates are oxidizing agents. Similar behaviour is found
with ferro-malonate (CH, = C,0,),Fe K, and ferro-citrates; the titano-
oxalates whose valency changes from 3 to 4, and the uranium derivatives
having valency changes from 4 to 6.

Many other complex substances studied by Rzymkowski show developing
properties, particularly cuprammonium oxalate, tartrate and citrate® and
complexes of iron Fe™* and titanium Tit*+ with nitrilotriacetic acid and
ethylenediamine-tetracetic acid.®* The cuprammonium compounds can be
obtained by mixing an ammoniacal solution of cuprous chloride with a
solution of neutral potassium tartrate, oxalate or citrate. The iron and titan-
ium complexes are produced by mixing the corresponding acid or its sodium
salt with an ammoniacal solution of ferrous or titanous sulphate. The most
interesting complexes are those from the tetrasodium salt of ethylenediamine-
tetracetic acid, with the formula:

NaO.CO.CH, CH,.CO.ONa
/N——CHz—CHZ—N
AN
NaO.CO.CH, CH,.CO.ONa

better known by the names Trilon B or F, Celon E, Versene and Seques-
trene.

Titanium oxalate developer. This developer has the property of depositing,
in proportion to the silver image, titanium oxide TiO, which can be used as a
mordant for dyes. It is prepared by mixing the two following solutions : ®3)

Potassium oxalate 3%, 550 cc
Titanium trichloride comml. soln. 50 cc

Ferrous oxalate developer. To prepare a ferrous oxalate developer, a ferrous salt is
mixed with an excess of potassium oxalate in distilled water. As it does not keep, it
must be prepared just before use. To prepare the developer, 3 parts of a 330 g per litre
solution of potassium oxalate is mixed with one part of a 330 g per litre solution of
ferrous sulphate and 20 drops of 10%, potassium bromide solution should be added
to each 100 cc of mixed solution. To accelerate development, 3 drops of 5% hypo is
added to 100 cc of developer.
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When the ferrous sulphate and potassium oxalate are mixed a precipitate of ferrous
oxalate is formed, but this is redissolved in excess potassium oxalate (which gives a
ferro-oxalic complex).

Aerial oxidation results in the precipitation of basic ferric salt. This disadvantage
can be overcome by replacing the ferrous sulphate with ferrous lactate (Rzymkowski):
7 g of ferrous lactate in 100 cc of 259, potassium oxalate. The resulting red solution
is neutral. (24

A more stable bath is obtained using sodium glycolate:(2%) 3 parts of 300 g per litre
potassium oxalate, 1-5 parts of 350 g per litre sodium glycolate and 1 part of 350 g
per litre ferrous sulphate.

The three ingredients can be mixed in the dry state, after each has been powdered
separately and dried at 100°C under reduced pressure. The yellow powder obtained
by mixing 91 parts of ferrous sulphate, 244 parts of neutral potassium oxalate and
155 parts of sodium glycolate, dissolves readily in water at a strength of 250 g per litre.

After development, the plate is treated in a hydrochloric acid stop bath, rinsed in
distilled water, and fixed in a bath containing 19, calgon to avoid precipitating calcium

oxalate in the gelatin.
T. H. James has studied dilute ferrous oxalate developers in a basic solution.(2®

69. Reversible developers. Development with vanadium salts

Normal developers are irreversible reducing systems. The study of super-
additivity, however, has shown that, with some developer combinations, one
is immediately regenerated from its oxidized form by the other. Some organic
derivatives such as those from anthraquinone-B-sulphonic acid can be re-
generated by electrolytic reduction.

The most suitable compounds for experiments on reversible systems are
metallic ones. In 1894 A. and L. Lumiere®? foresaw the use of vanadium
salts Va*+ as developers, Liesegang®® the use of chromium, zinc and molyb-
denum salts. The first systematic study of the electrolytic regeneration of
vanadium salts was carried out by Rutter in 1906.®9 Much later, Fuchs©®®
used an electrolytically reduced chrome alum solution, and Kellner and
Bennevitz®!) developed with nascent hydrogen liberated at a cathode.
Rzymkowski®?) has finally disclosed since 1935 a series of photographic
developers prepared electrolytically, by stressing the reversibility of metallic
complexes such as potassium ferro-oxalate and titano-oxalate.

For a reversible system to be used as a developer bath, oxidized and re-
duced forms must be soluble, and the redox potential must be sufficiently
low.

Vanadium developer. The complete reversible system represented by
V++—e = V+++ has recently been studied by Roman®® and used in prac-
tice. Bivalent vanadium bromide develops a positive emulsion very quickly;
the resulting oxidation products are electrolytically regenerated at a lead
cathode, following the scheme:

VO+++4-2H*+4e - VH++4+H,0
Vit —» Vit

The developer must be kept in a high-pressure nitrogen atmosphere. A
cell enables the intensity of regeneration to be controlled. Fortmiller and
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James®% have shown that the development velocity depends mainly on the
concentration of vanadous ions.

Rasch and Crabtree® have used a developer made from a solution of
vanadic anhydride in dilute sulphuric acid, in the presence of oxalic acid,
which is electrolytically reduced to the vanadous salt. A specially constructed
machine enables 1000 metres of 35-mm positive film to be developed in
only 1 litre of solution, the liberated bromide being partially eliminated
by diffusion into the cathode section of the cell. The image is developed in
20 secs. at 15°C and the sensitivity is doubled. The tendency to fog can be
avoided by including some potassium iodide. The high acidity of the bath
makes hardened emulsions necessary. Tests on negative emulsions have not,
so far, been satisfactory.

70. Special developers

1. Deep-acting developers. The most effective are acid diaminophenol
(amidol) (para. 51) and p-phenylenediamine developers. The addition of
safranine favours depth development (Namias 1924).

2. Solutions for developing the surface latent image

Ferrous oxalate developer :3®)

A. 259, neutral potassium oxalate

Water to 300 cc
B. {Ferrous sulphate cryst. 25¢
Citric acid 1g

For use, mix equal parts of A and B and develop for 5 minutes at 18°C.

Sulphite-free glycin solution:®7)

Water to 1000 cc
Glycin 30¢g
Sodium carbonate anh. 444 ¢

Develop 5 minutes at 18°C.

Isoascorbic acid developer : %)

Water to 1000 cc
Metol 25¢g
Isoascorbic acid 10g
Sodium metaborate 35g
Potassium bromide 1g

3. Solutions for developing the internal latent image.
The internal latent image of silver bromide crystals can be developed by
adding 1-4 9%, hypo to a normal organic developer.
Hautot and Sauvenier’s formula:
Water to 1000 cc
Metol 15¢g
Sodium sulphite anh. 50g



86 PHOTOGRAPHIC CHEMISTRY

Hydroquinone 6g

Sodium carbonate anh. 2g

Potassium bromide 2g

Hypo crystals 10g
The following bath has also been used:

A. Water to 800 cc
Pyrocatechin 50g
Sodium metabisulphite 52g
Potassium bromide 100 g
Potassium iodide 6g

B. Water to 200 cc
Caustic soda 50g

Develop for 3 minutes at 18°C.

71. Physical development

Physical development is the production of a visible image by depositing
metallic silver on the development centres, from a solution containing a
soluble silver salt and a reducing agent.

In normal chemical development it is the silver bromide crystals containing
the development centres which are reduced, but here in contrast, the sensi-
tive silver salt takes no part in the development process; the only reaction is
between the developing solution and the development centres. Consequently,
the first step can be to remove the silver halide, allowing development to be
carried out in white light.

The developing solution consists of a solution of a silver salt—silver
nitrate, or preferably silver sodium sulphite—and a reducing agent. The
reducing agent is normally an ordinary developing agent such as hydro-
quinone, metol, p-aminophenol or p-phenylenediamine.

Even in the absence of a sensitive layer, the silver salt is reduced very
slowly to produce colloidal silver. In the presence of the particles of metallic
silver which constitute the latent image, however, the reduction takes place
much more rapidly, depositing silver from the solution on the development
nuclei to produce very fine silver grains which soon give a visible image
which increases in density.

With such a fine-grain image, a much greater resolving power can be
achieved by physical development. On the other hand, there is a loss of
speed which necessitates an increase of 2—4 times in exposure. The images
are flat and frequently foggy. Furthermore, development is very slow, often
taking several hours.

1. Development before fixation. It is necessary to reduce the soluble silver
salt in the solution but not the insoluble halide. This can be done merely by
raising the redox potential of any kind of developer to a value not exceeding
120 mV, by reducing the pH (that is by acidifying the solution). At this
potential the soluble silver salts are still reducible. An acidified developer is
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therefore used (pyrogallol, sulphite and acetic acid, for example) to which is
added 109, of a 10%, silver nitrate solution, or silver sodium sulphite.
The following solutions are prepared:

A. (Distilled water 60 cc
Sodium sulphite anh. 12¢g

B. (Distilled water : 20 cc
Silver nitrate 32g

Pour B into A with stirring. Then add 70 cc water followed by 32 g hypo.
This solution of silver sodium sulphite will keep. Just before use, 800 cc of
water containing 3-3 g diaminophenol (amidol) is added.

2. Development after fixation. The plate is first fixed in 6%, hypo. After
washing, it is developed in a mixture of the following solutions, a suitable
ratio being 1 part of A to 5 parts of B.

A. Distilled water 1000 cc
Sodium sulphite anh. 180 g
109, silver nitrate 75 ¢

B. Water 1000 cc
Sodium sulphite anh. 30g
p-phenylenediamine 20g

Other developing agents can be used together with the silver sodium sul-
phite solution (solution A).

If the silver nitrate is replaced by mercuric nitrate, a solution of mercury
sodium sulphite is formed, which gives a mercury image similar to the silver
image. The mercury developer is more stable, but less active than the silver
developer.

3. Quinhydrone physical developer. This developer disclosed by Rzym-
kowski®? is a powerful intensifier.

A. Distilled water to 100 cc
Citric acid 12¢
B. Alcohol 909, to 100 cc
p-benzoquinone 2g
C. Distilled water to 100 cc
Hydroquinone 2g
D. Distilled water to 100 cc
Silver nitrate 10g

Mix in the order A : 3 cc; B :7-5¢cc; C:7-5cc; D : 45 cc and make up
to 100 cc with distilled water.

4 ¥ Development after iodizing. To prevent reduction of the silver halide,
it can be converted to silver iodide by bathing for a few minutes in 19, potas-
sium iodide containing 2-5%, anhydrous sulphite. After rinsing, develop for
30-40 minutes.
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Chapter VII

FINE-GRAIN DEVELOPERS

72. What is ‘grain’ in a photographic image?

Everyone knows that the photographic image is made up of a dispersion of
silver particles in a thin layer of gelatin. The average diameter of these par-
ticles in negatives is 1-3u; and depending whether there are many or few, the
image appears dark or light. The image is therefore discontinuous like a more
or less coarse mosaic.

It is obviously always beneficial to have images whose grain appears as
fine as possible. Now it is best to see how and to what extent fine grain is
possible, without upsetting the other important aspects. It is also advisable
to correct certain false preconceived ideas which are widely held, but whose
correctness has not been established.

A negative emulsion has coarser grain as it is made faster. An emulsion of
extreme sensitivity and very fine grain cannot be obtained. The individual grain
diameter is not however the only factor, and we will see the part that the
other ones play.

The commonly used methods of determining graininess are by judging
either a photomicrograph of the negative or, more frequently, an enlarged
print. Now it is very easy to be deceived by one or other of these methods.

By enlarging parts of each step of sensitometer strips on a coarse-grain fast
emulsion and a slow fine-grain one, using a microscope (Fig. 6a) the differ-
ence of average grain size is readily seen. However, the most striking point is
that the grains, at first not numerous in the clear parts of the negative (corres-
ponding to the shadows of the subject) multiply as the density increases, and
aggregate to form large black veins leaving big empty spaces (half-tones of the
subject). The texture of this mottling is finer with medium speed emulsions.

In the dense areas of the negative (which are the subject highlights), the
grains are so numerous that they cover the major part of the surface of each
zone examined, but they leave empty spaces between them, which contract in
the very high densities. These empty spaces form holes which are smaller as
the emulsion grain is finer.

Let us make a positive print, which as far as practical results are concerned
is the final product:

The clear parts of the negative, containing the dispersed black grains give,
on printing, the shadows of the positive (Fig. 6b). The black grains become
white patches which, as the negative density increases, become bigger, to give

89
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Fi1G. 6A. Photomicrographs of developed areas of increasing density on two emulsions, one
coarse-grained, the other fine-grained. Enlargement, 850X.
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FicG. 6B. Positive prints corresponding to the two negative wedges (enlarged to 850 diameters)
of Fig. 6A. The light negative areas with isolated silver grains naturally give dark positive
areas whilst the dark negative areas give the clear areas in the print, whose ‘grains’ are in fact
the spaces between the silver grains of the corresponding negative images.



92 PHOTOGRAPHIC CHEMISTRY

mottled areas in the positive half tones. Finally, in the highlights of the print
(printed from the high negative densities) black dots are found which corres-
pond to the spaces between the grain clumps of the negative.

Now, where is the grain most obvious, in the enlargement? Not obvious in the
highlights, it becomes more apparent as the density increases, with a maxi-
mum in the middle densities. Beyond there, the black patches on a white
background are replaced by white patches on a black background, which
become smaller and less noticeable.

We can therefore draw the following primary conclusions:

1. The grain which we see on a positive print is not the grain of the nega-
tive emulsion, but the image of the holes left between the grain aggregates,
these holes being considerably larger than the grains themselves.

2. In the shadows of the print, white patches are seen which correspond
to the grain aggregates and not the individual grains.

3. The half-tones are formed of large mottled black and white areas whose
pattern is more likely to be finer as the initial grain size is smaller. However,
the individual small size of the grains of the negative is not enough to ensure
apparent fine grain in the print; a regular topographical dispersion of the
grains in the gelatin during the manufacture of the material is essential. This
is not easy, as the precipitated crystals generally form chain aggregates. It is
these chains which lead to the formation of the large veins of reduced silver
seen with the microscope. By varying the conditions under which a single
emulsion was prepared, the writer obtained different dispersions, with the
same average grain diameter. This shows that the dispersed state of the
crystals affects the final apparent graininess on the print.

4. Comparison of a fine- and a coarse-grain emulsion is only of value at
equal densities. The mottled structure of the areas of different density can
lead to errors of judgment.

5. This leads to the printing of positives which has an influence on grain.
The masses and spaces of the negative image are not sharply defined. Their
density decreases at the borders. This results in a variation in their apparent
diameter by diffusion depending on the exposure given during printing, in
turn depending on the general density of the negative. This effect can be
estimated from the examples in Fig. 6c.

(a) For dense negative areas giving the light areas in the print, the grain
increases with printing exposure.

(b) For lLight negative areas giving the shadows in the print, the grain
decreases with printing exposure.

(c) For the middle negative densities giving the half tones, the grain is at
a maximum with the optimum exposure. It is reduced by underexposure
(enlargement of the whites) and by overexposure (enlargement of the
shadows).

In consequence, therefore, of the printing factors, that is on the choice of
subject, we are obliged to use the dense or clear negative areas and under-
expose or overexpose, print of different apparent graininess will be obtained
in which chance plays a considerable part.
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73. Effect of the developer on grain

Of the various factors which, as we shall see, affect the grain of the photo-
graphic image, we will study first the developer and the development pro-
cedure.

The effect of the developer is great, but it is not always enough to counter-
balance the effect of initially coarse grain, of a bad crystalline dispersion or
unfavourable printing conditions.

O
s

(i) Print with increasing density of a dense negative area. The sensation of graininess increases
with increasing exposure.

(ii) Print with increasing density of a medium density negative area. The graininess is at a
maximum in the area of optimum exposure (in the centre).

F1c. 6¢. Effect of exposure during the printing of a positive on the
‘apparent grain’ of the image. The negative was enlarged 300X.

A fine-grain developer cannot restore the loss of definition caused by a
coarse-grain emulsion. We would add, furthermore, that the effectiveness of
M.Q.-borax, and metol-sulphite developers has been greatly overrated, and
contrary to the general belief, they are not at all suitable for certain types of
ammoniacal emulsions. In general, care must be taken before generalizing
on the good results which can be obtained with some negative materials.

What is the mechanism which produces finer developed grain than that
produced by normal development.

Fine-grain developers generally contain a solvent for silver bromide: this
solvent can be excess siulphite, potassium thiccyanate, or the developing agent
itself, e.g. p-phenylenediamine. It is unlikely that the solvent works by
simply breaking the bromide crystal into small pieces as was thought at one
time. The silver grains are as we know, spongy clusters of filaments which are
extruded during the reduction process carried out by the developing agent,
a process which is affected by a large number of factors such as the adsorption
of the developing agent onto the halide crystal. The shape, the size and the
constitution of the developed grains are in the first place dependent on the
nature of the developing agents, which is shown in Fig. 6d.
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By reducing the alkalinity, the energy of the developer is reduced, develop-
ment takes place more slowly and the mass of filaments thus formed is more
fragile In the presence of a solvent, which during this time etches the crystal
surface, the latter can become detached from the parent mass to form separate
grains, often with their own side branches.

Simultaneously, the crystals undergo physical development, by deposition
of silver around the centres, due to soluble silver complexes formed by the
solvent (see end of para. 40). Unfortunately, the importance of that physical
process has not yet been estimated.

F1G. 6D. Action of different developers
on the grains of the same emulsion
(after Trivelli)

H: hydroquinone;

HG: metol-hydroquinone;

D: diominophenol;

P: paraphenylene-diamine.

There are two types of fine-grain developer:

(a) Pseudo fine-grain developers of the M.Q. borax or metol-sulphite types,
whose effectiveness is questionable. In the most favourable cases they only
produce a slight reduction in grain. On the other hand the loss in sensitivity
is nil or negligible. The solvent action is of slight importance, it results only
from the long immersion in the developer.

(b) True fine-grain developers: principally those containing thiocyanate or
p-phenylenediamine. They have a strong solvent action towards the silver
bromide, which has the result of reducing the emulsion sensitivity, neces-
sitating an increase in exposure of 50-100%,.

Before passing to the description of the different baths used, we note that
the development gamma varies between 0-6 and 0-8. Many workers prefer
the higher value. In fact, the choice depends on the contrast of the subject
photographed. A flat subject is preferably developed to »0-8 and a harshly lit
subject to 0-65. The shape of the characteristic curve also intervenes, and can
completely falsify tone values. We will return to this important point in the
chapter on sensitometry.

Fine-grain images are warmer toned and more transparent than coarse-
grain ones. Their visual contrast is frequently lower than their true contrast.
This must be taken into account when judging their results.
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74. Borax developers

M.Q. borax developers are widely used for the development of amateur and
ciné negatives. The development time is long and the contrast is low. As
amateur films are generally treated alike whatever their make, considerable
differences between them are found: emulsions with a high gelatin ratio or
ammoniacal types usually give flat results if the time is adjusted for a make of
neutral emulsion.

D 76 type formula

Working Replenishment

solution solution
Water to 1000 1000 cc
Metol 2 3g
Sodium sulphite anh. 100 100 g
Hydroquinone 5 7-5g
Borax 2 20g

Development time at 18°C: films 8-16 minutes in dish, 10-20 minutes in
tank. Ciné films: 10-25 minutes in tank. These times are for y = 0-8; for
y = 0-65 reduce times to 60%,. At 24°C and y = 0-8 reduce to 65 9%,

Development time is doubled after treating 0-25 m? of film that is 7-5 m
of 35 mm film. Also, replenisher can be added gradually to maintain the level
of the solution, but it is not recommended to add more than 1/5th of the initial
volume; it is better to change the bath.

The activity of D 76 in a tank increases the first day, then drops rapidly.
Levenson® has shown that the increase in activity is due to the oxidation of
some hydroquinone which liberates caustic soda from the sulphite; thus the
hydroquinone is used up.

Development with D 76 is more rapid if the borax is replaced by sodium
metaborate (DK 76). The development times for various quantities of alkali
are as follows:

Quantity per litre Borax Metaborate
2g 20 mins. 10 mins.

10g 15 mins. 7% mins.
20g 10 mins. 5 mins.

Buffered borax developer formula D 76d. The addition of boric acid to a
D 76 developer increases its resistance to pH variations (buffer effect). Also
it produces lower gammas. This bath has mainly been used for the develop-
ment of ciné and sound recording negatives (variable density) which only need
a low gamma.

Water to 1000 cc
Metol 2g
Sodium sulphite anh. 100 g

Hydroquinone 5g
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Borax
Boric acid crystals

With a new bath add 0-25 g potassium bromide.

Development time 10-15 mins. at 18°C.

75. Pyro, p-aminophenol, and Phenidone developers

Pyro developer.® 1f the hydroquinone in D 76 is replaced by pyrogallol, and
the borax is increased to maintain the pH at 7-6, a developer is obtained which
not only gives the same graininess as D 76, but higher contrast due to the
formation of a secondary organic image, from the oxidation of pyrogallol,
which intensifies the main image. The sensitivity appears higher than with

D 76.
Water to
Metol
Sodium sulphite anh.
Pyro

Borax

1000 cc

Development time 15 mins. at 20°C for Super XX film.

p-Aminophenol developer I1.D 44
Water to
Metol
Sodium sulphite anh.
p-Aminophenol hydrochloride
Glucose
Sodium hexametaphosphate
Salicylic acid

Exposures must be doubled.

1000 cc
4g
60 g
5g
20g
lg
0-5¢g

Phenidone developer. Axford and Kendal have proposed® the following

phenidone developer for relatively fine grain:

Working

solution
Water to 1000
Sodium sulphite anh. 100
Hydroquinone 5
Phenidone 0-2
Borax 3
Boric acid 35
Potassium bromide 1

Development time: 7-11 mins. at 20°C.

Replenisher
Continuous Intermittent
1000 1000 cc
100 100 g

8 6:5¢g

0-24 0-22¢g

9 4g

1 0-25¢g
= = g

Continuous regeneration requires 365 cc per square metre of film. Note
the small amount of Phenidone in the formula, sufficient to promote



FINE-GRAIN DEVELOPERS 97

superadditivity, because kydroquinone regenerates Phenidone from its oxidation
product.

76. Plain metol developers

These simple formula developers contain a single developing agent. The
results which they give vary with various emulsions; also the published
information on the fineness of grain must be taken with reserve.

Metol formula D 23. Metol, in simple sulphite solutions has little tendency

to fog, which at a pH of 7-6 enables development to be carried out up to
30°C.

Water to 1000 cc
Metol 7-5¢g
Sodium sulphite anh. 100 g

Development time at 20°C, about 25 mins.

Metol formula D 25. The preceding bath is acidified with metabisulphite,
and its activity is reduced. It therefore develops more slowly and is said to
give finer grain than D 76, but with only 509, of the emulsion speed.®

Water to 1000 cc
Metol 75g
Sodium sulphite anh. 100 g
Potassium metabisulphite 15g

Average development time 22 mins. at 25°C.

77. Simple pyrocatechin developer

Burki and Jenny®) have stated that ammonium sulphate added to a pyro-
catechin developer gives warm-toned colloidal silver. They have prepared

a fine-grain developer by adding a phosphate buffer to keep the pH between
9-7 and 10. The sensitivity is reduced by 509,.

Water to 1000 cc
Sodium sulphite cryst. 15g
Pyrocatechin 3g
Disodium phosphate cryst. 2g
Trisodium phosphate cryst. 14¢g
Ammonium sulphate l4¢g

78. Thiocyanate developer

This developer gives quite fine grain, intermediate between that given by
D 76 and that from p-phenylenediamine. The loss of sensitivity is 40 %.

Working
DK 20 formula solution Replenisher
Water to 1000 1000 cc
Metol 5 7-5¢

Sodium sulphite anh. 100 100 g
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Sodium metaborate 2 20¢g
Potassium thiocyanate 1 5¢g
Potassium bromide 0-5 1lg

Development time 15-25 mins. at 18°C in dish or 12-20 mins. in tank.

79. p-phenylenediamine developers

p-Phenylenediamine developers® give very fine grain. They have the dis-
advantages of being slow and toxic; they must therefore be handled with
great care. They stain the skin brown. Loss of sensitivity is 50 9.

p-Phenylenediamine alone

Water to 1000 cc
p-Phenylenediamine (base) 10g
Sodium sulphite anh. 50g

Development time: average 25 mins.

p-Phenylenediamine-glycin, preferable to the above.

Water to 1000 cc
p-Phenylenediamine (base) 10g
Glycin 8g
Sodium sulphite anh. 90 g

Development time: 12-20 mins. depending on the initial emulsion grain.

Developers with better solubility and reduced toxicity are obtained by
substituting one of the amino hydrogens with a sulphone group of the types
—S0,NH,,—SO,NHR, —NH—SO,R (F.P. 866,339—1941).

A satisfactory compound of this type is N-B-methyl-sulphonamidoethyl-
4-aminoaniline NH ;,—C H,—NH—CH ,—CH,—NH—SO,—CH,. It can
be used in the following bath:

Water to 1000 cc
Sulphonamido-p-diamine 5g
Sodium sulphite anh. 30g
Sodium carbonate anh. 30g

Unfortunately, these compounds are not available commercially, except
for some colour motion picture films.

p-Phenylenediamine-metol formulas

Super Micros T.P.1

Water to 1000 1000 cc
p-Phenylenediamine (base) 5 15¢g
Metol 10 8g
Sodium sulphite anh. 60 60g
Hydroquinone - 0-5g
Trisodium phosphate 5 5g
Potassium bromide 1 0-5¢g
Development time at 18°C  6—9 mins. 10-12 mins.

Loss of sensitivity 60 % 509,
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80. Developers using combined p-phenylenediamine

We have already seen (para. 56) that developing agents can be reacted
together to give combined developers such as, for example, metol and hydro-
quinone and p-phenylenediamine and hydroquinone. The compound of
p-phenylenediamine and pyrocatechin gives a fine-grain developing agent,
Johnson’s Meritol.

Water to 1000 cc
Meritol l6g
Sodium sulphite anh. 90 g

Developing time: 13-24 mins. at 18°C.

Loss of sensitivity 509%,.

Used with metol the grain is less fine, but the loss of sensitivity is only
25%.

Water to 1000 cc
Meritol 13-5¢
Metol 25g
Sodium sulphite anh. g

Development time: 8-12 mins. at 18°C.

Once used, the solutions do not keep.

Taylor( was able to prepare compounds of p-phenylenediamine with
diglycocoll derivatives, which in alkaline sulphite solutions are fine-grain
developers. For example, p-phenylenediglycocoll obtained by condensing
p-phenylenediamine with monochloracetic acid.

81. o-Phenylenediamine developers

Windisch compounded a developer using o-phenylenediamine and metol
which gave images with grain intermediate between p-phenylenediamine and
D 76. The W 665 formulas are given below:

W 665 W 665N
Water to 1000 1000 cc
o-Phenylenediamine (base) 11-6 78
Metol 11-6 11g
Sodium sulphite anh. 90 0g
Hydroquinone — 1lg
Potassium metabisulphite 10 7g
Potassium bromide — 0-5¢g
Development time at 18°C  12-18 mins. 12-15 mins.

Loss of sensitivity—509,

82. Atomal developer
The Agfa ‘Atomal’ fine-grain developer uses hydroxyethyl-o-aminophenol. (®)

A. (Warm water 800 cc
Hydroxyethyl-o-aminophenol 6g
Pyrocatechin 10g

Hydroquinone 4g
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B. (Sulphite anh. 100 g
Sodium carbonate anh. 25g
Potassium bromide 1g
Sodium metaphosphate lg

Add B to solution A and make up to 1 litre.
Development time: 10-15 mins.

83. Miscellaneous fine-grain developers

A series of fine-grain developers comprises certain basic heterocyclic com-
pounds such as 6-amino-1 : 2 : 3 : 4-tetrahydroquinaldine.

By combining a pyridine nucleus with chlorohydroquinones a developing agent
is obtained(® which can be used for the preparation of fine-grain developers.
Negative substituents in the molecule help in this. For example, from
2 : 3-dichlorhydroquinone, hydrogquinone-pyridine chloride is obtained which
can be used in a concentration of 7 g per litre together with 60 g anhydrous
sulphite and 15 g anhydrous carbonate. With positive substituents (methyl),
on the contrary, very vigorous developing agents are obtained, for example
2 : 3-dimethylhydroquinone-pyridine, which can be wused in normal
developers.
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Chapter VIII

USE OF DEVELOPING SOLUTIONS

84. Methods of development

The simplest and oldest development method is to immerse the exposed
sensitive material in a quantity of developer sufficient to cover it completely.
The surface of the material can be either horizontal or vertical. In the former
case the operation is carried out in a dish, and in the latter, a tank. The stag-
nant accumulation of development by-products in a tank where a large volume
of liquid remains stationary is greater than in a dish. This is why tank
development generally takes longer.

When the liquid is circulated, or the material agitated, the development
time can be greatly reduced. This takes place in the development of motion
picture materials in a continuously running machine; here, the film, guided
by rollers passes successively through the development, fixing and washing
tanks.

It is, however, sometimes necessary to perform all these operations—
development, fixing and washing—in the same vessel without disturbing the
material. This takes place, for example, in some radar ultra-rapid processing
units.® The vessel in this case is very small and is equipped with a pump to
change the baths rapidly.

Another method which is becoming widely used is spray development. The
developer is applied as flat conical jets from nozzles.® Oxidation is obviously
accelerated, but as the volume of the bath is small it is frequently renewed.
The system is more economic if the pH of the bathis 9.

Katz and Esthimer® have speeded up development up to three times by
applying a turbulent liquid to the development surface, that is, a rapidly
circulated liquid.

Application of a viscous developer is used in the treatment of optical sound
tracks in some colour processes. The developer is thickened with carboxy-
methylcellulose or with methylcellulose. If the picture area is treated in the
same way, one would imagine that the bromide liberated in the high densities
would soon prevent the small quantity of developer from functioning.
According to Rudkin, this disadvantage can be overcome by adding colloidal
silica or kieselguhr.®

Finally, it is possible to develop with a sponge which is kept moving over the
image to avoid uneven treatment. This method is often used for processing
large bromide prints.

101
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85. Development time

The development time is influenced by many factors: emulsion type,
developer formula, dilution and working method, required gamma, tempera-
ture and agitation.

Negative development takes a long time with fine-grain developers—10 to
20 minutes. With ordinary developers the time is 5 to 10 minutes. Motion
picture positive is developed in 3 to 4 minutes.

The contrast increases with development time until a limit is reached depen-
dent on the emulsion type and the developer composition.

Fine-grain emulsions develop much more quickly than coarse-grain high-
speed ones. The speed of development also depends on the crystalline form
of the silver bromide and the gelatin ratio of the photographic layer.

As a general rule in continuous professional work the development time must
be periodically modified to compensate for the changes in contrast due to varia-
tions in the composition of the bath, changes which can reach or even
exceed 109 of the required gamma.

86. Development temperature

Temperature influence is represented by an Arrhenius equation which has
been studied by James.**) The normal development temperature is 18-20°C,
but it is possible that development must be carried out at temperatures lower
or higher than this. In this case the normal time must consequently be in-
creased or decreased. Inadequate temperature control of the bath always
results in irregular development.

Below 18°C the activity of hydroquinone decreases much more rapidly than
that of metol, which, in effect, varies the composition of an M.Q. developer
towards a less contrasty bath. The reverse takes place at temperatures above
18°C.

Generally, the development time should be doubled or halved for a difference
of 8°C less or more. As an example, here are the relative times for three differ-
ent developers:

D 76 D72,1:1 D11

13°C 17 mins. 8} mins. 6 mins.
15-5°C 13, 6% 5
18°C 10 5 4+
21°C 7% ”» 4 ”» 3%’ ”»
24°C 6 3, 2%,

We have already seen that in the presence of sodium sulphate, which
prevents the gelatin from swelling, the development time at 24°C is practically
the same as at 18°C. It is the same with an unhardened film developed at
18°C and the same film pre-hardened and developed at 24°C. Above 24°C

the time must be reduced:
Temp. 27°C 29°C 32°C 35°C 43°C
Take 85% 709, 609, 50% 259, of the nor-

mal time
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To develop at low temperatures without too great an increase in time,®
5-159%, urea can be added to swell the gelatin and speed up development by
259%,. The oxidation of the developer is accelerated, giving warmer tone
images.

87. Agitation

Developer agitation is an important operation which has a consider-
able influence on the image characteristics. The rapid elimination of by-
products can bring about a considerable reduction in the time taken to
complete the image; this takes place by development with a turbulent
liquid.

Agitation by intermittent jets of gas(® at a pressure of 0-35kg/cm? is
preferable to mechanical agitation or simple circulation. Changes in the
developer are negligible if nitrogen is used.

The development of low densities is governed chiefly by the reaction speed
of the developer, but that of high densities depends on the diffusion of
the developer in the emulsion layer. This is important in case of short
developing times. The use of hydroquinone prepared with radioactive carbon
C! permits the phenomenon to be observed. ()

88. Equipment materials

Development is carried out in dishes or tanks made from materials inert to the
developer. Pyrex glass and porcelain are suitable only for small apparatus. Enamelled
iron(®) is often used for dishes, and stoneware for tanks; the former is readily chipped,
whilst the latter is very heavy and awkward. Stainless steel and plastic materials are
best.

Stainless steel must not contain more than 0-089%, carbon otherwise an iron carbide
is formed during welding which leads to corrosion.(” Welding is preferably done
electrically in an inert atmosphere with a jet of cooling water on the opposite side.
The sheets must be annealed and polished. Treatment with nitric acid diluted with
2-5 parts of water for 30 minutes at 50-60°C removes the superficial impurities (this
operation must be carried out where there is adequate ventilation and gloves must be
used).

Muehler and Crabtree have given the following test for molybdenum stainless steel,
the only resistant one: put a drop of concentrated nitric acid onto a clean area of the
vessel or sheet, then a drop of concentrated hydrochloric acid. Leave for 30 seconds.
Transfer the reacted drops to a porcelain crucible with a micropipette. Add 10 drops
of distilled water then 4 drops of 109, potassium thiocyanate. Stir, then add 5 drops
of stannous chloride solution (dissolve 6-5 g stannous chloride in 5 cc hot hydro-
chloric acid then make up to 25 cc with water). If an orange-red coloration is produced
the steel is molybdenum stainless type 316, but if only pale green then the steel is
type 304 without molybdenum.

Developing tanks are often made from polyvinyl chloride which can be hot-air
welded. At one time ebonite was used, but chlorinated rubber is better. Teflon (poly-
tetrafluoroethylene), which has very high chemical resistance can also be used. In the
absence of other materials, wood can be used, but if possible it should be impregnated
with paraffin wax, bitumen or bakelite, or it will be necessary to sterilize it periodically
with a toxic solution of 1 : 1000 pentachlorophenol.

The developing apparatus fittings (pump, pipes, taps) should be stainless steel,
lead, ebonite or P.V.C.
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Non-metallic equipment can be cleaned with the corrosive solution of dichromate in
sulphuric acid:

Water 1000 cc
Potassium dichromate 80g
Sulphuric acid conc. 50g

Dissolve the dichromate in warm water. Cool, then slowly, and with stirring, add the
acid to the solution. Warning: never pour water into the sulphuric acid: this can splash
acid into the air.

After cleaning retain the chromic acid solution, and wash with plenty of water.

Metallic apparatus is cleaned with damp pads and fine chalk or pumice powders

or even household cleaners. Remove rust marks with 109, nitric acid or sodium
nitrate.

The bath is contaminated during development with foreign matter brought in by
the films and by the air, and with particles of gelatin, colloidal silver and insoluble
calcium salts. The sludge which is produced necessitates careful filtration of the
circulated bath, using clean filters. The sludge is deposited on the inside of tanks and
in the pipes. Periodic cleaning in 1%, hydrochloric acid for 3—4 hours is advisable.(®)
Neutralization with 29, soda and washing follows.

89. Sulphide fog

Water frequently contains sulphur-producing bacteria which attack the sulphite
of a developer left in a deep tank. They form sodium sulphide which results in
a yellow fog of silver sulphide. After a few films have been developed, this fog
disappears due to exhaustion of the sulphide.

Hypo-contaminated clips can also produce this fog.

Bacterial reduction (proteus vulgaris) of sulphite (or hypo) of used develo-
pers was noted by Dundon and Crabtree.(®) It produces a slight grey
deposit or dichroic fog with a metallic lustre on the gelatin surface of films.
This deposit is not firmly fixed; it can be removed with a pad damped with
alcohol, or by immersing in a 109 solution of ammonium thiosulphate con-
taining 0-59, acetic acid, or failing that, in an acid-hardening fixer. It con-
sists of silver sulphide Ag,S covered with metallicsilver. It can be reproduced
artificially by adding 0-2-10 mg per litre of sodium sulphide to the bath. Its
natural occurrence is encouraged by the presence of particles of gelatin (rich
in sulphur compounds such as cysteine), red antimony sulphide rubber, or
atmospheric hydrogen sulphide.

The sulphide fog can be avoided by adding to the bath 30 cc per litre of 19,
cadmium chloride.

To neutralize the sulphide, add 0-1 g per litre lead acetate dissolved in a
little water. The resulting precipitate is allowed to settle.

To prevent the action of sulphide bacteria Henn and Crabtree@® re-
commend resorcinol (0-1-0-59,) and pentachlorophenol (0-005-0-019%)
(poisonous). Rogers®) proposed derivatives of 3 : 6-diaminoacridine:
acriflavine, proflavine and dyestuff 914 (I.C.1.) in a concentration of 1-25 mg
per litre.

Whatever method of elimination is used, cleaning the tanks with warm
water containing 59, trisodium phosphate is recommended.
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90. Aerial oxidation of developers

Aerial oxidation of developers takes place spontaneously without use. During
development, the two oxidation processes—aerial and by silver bromide
—take place concurrently. In aerial oxidation it is primarily the hydro-
quinone which is affected, the products being hydroquinone-mono-
sulphonate, sodium sulphate, sodium hydroxide and various brown tanning
substances (5 %,).

The amount of sodium sulphate which is produced can be used to determine
the degree of aerial oxidation, as this substance is not produced during oxida-
tion by silver bromide. One molecule of oxygen, O,, forms one molecule of
sodium sulphate Na,SO, from sodium sulphite Na SO, the other half of the
oxygen being used in the formation of a molecule of sodium hydroxide. The
sodium sulphate is estimated by adding barium nitrate, and weighing the
barium sulphate BaSO,, which is precipitated.

In developing machines, aerial oxidation is encouraged by circulating
pumps, filtration systems, film perforations and by air forced in for agitation.

Oxidized baths give much lower gammas.

Aerial oxidation fog is accelerated by copper in concentrations of 2 mg per
litre (except with the non-alkaline D 76). The action of the copper can be
neutralized with 0-19, phenosafranine and sequestering agents: Versene,
Sequestrene, Trilon B or F.

Keeping properties of developers. Developers keep for 24 hours in dishes,
15-30 days in tanks, and 3-6 months in well-stoppered bottles.

Tank Stoppered bottle

D72 15 days 3 months
D76 30 days 6 months
DK 20 30 days 6 months
D11 30 days 6 months

Caustic soda developers do not keep.

91. Exhaustion of developing solutions

Take, for example, a metol-hydroquinone solution containing sulphite, car-
bonate and 19, potassium bromide. The reduced silver bromide liberates an
equivalent quantity of soluble bromide, whilst the silver is deposited in the
gelatin layer. The silver iodide produces soluble iodide. The developing agents
are used up in proportion to the amount of film developed. To reduce 1 g of silver
bromide, 0-36 g of hydroquinone or 0-8 g of metol are needed and they
decompose 0-55 g sulphite, forming monosulphonates and small quantities of
disulphonates. The halide dissolved by the sulphite is reduced to colloidal
silver which coagulates to muddy materials removed by filtration.

The progressive destruction of the developing substance leads to a reduc-
tion of image contrast; the accumulation of bromide slows down develop-
ment although, after a certain limit is reached, the iodide in solution is taken
up by the sensitive layer. 12
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With an unreplenished developer the necessary development time increases
in proportion to the exhaustion. After an area of 0-5 m2 has been developed
the time is doubled with an M.Q. carbonate bath. It is doubled after only
0-25 m? in D 76 which is spent after 0-37 m2. It is the same with the thio-
cyanate containing DK 20.

In the case of papers, D 72, diluted with an equal volume of water can
develop 1-5 m?2.

92. Continuous development

In the development of film on continuous machines the composition of the
developer must be kept constant for months on end. Let us see what happens
during the treatment of 35 mm film.

When the developed film leaves the developer, it takes with it a certain
amount of developer (observed to be in the region of 30 cc/metre) which is
completely lost. In the same film 0-05 g of metallic sifver per metre (5 g/100 m)
is produced, and a corresponding quantity of soluble bromide is left in the
solution. The proportions of metol and hydroquinone which are used up have
already been given. Knowing the quantity of film developed in an hour
(1800 metres for example) it is easy to calculate the approximate weights of
materials involved.

Consequently, on one hand the concentration of active constituents is
reduced, whilst the concentration of unwanted by-products is increased.
Hydroquinone, metol and sulphite are used up, whilst bromide, sulphonates
and sodium sulphate are produced, and the pH is altered by the liberation of
hydrobromic acid and sodium hydroxide.

Use is made of the carry-over of solution in regenerating the bath by
maintaining the solution level with a new solution of special composition
(replenisher).

If, after an hour, for example, a quantity h of hydroquinone is used in each
litre (by oxidation by silver bromide and by the air) and if the volume of
liquid lost is L, a similar volume L of new solution containing Vh+L(H—h)g
of hydroquinone must be added. V is the total volume of developer and H the
initial hydroquinone concentration per litre. Similarly with the other con-
stituents, metol and sulphite. Taking a smaller unit of time, more accurate
amounts can be calculated.

Calculations are more complicated in the case of the by-products formed
in the same bath. The solution is continually enriched with more and more
unwanted substances. The loss of the volume L of developer in each unit of
time removes a certain amount, but as this is again diluted with the bulk of
the liquid, the quantity removed is less than the quantity produced.

Suppose that sg hydroquinone-sulphonate are produced per litre per hour.
At the end of the hour L litres of old developer are removed and replaced by
L litres of a new developer. After this operation there are s(V—L)/(L)g of sul-
phonate per litre. (V—L)/V is the proportion of solution kept after each
operation. If we represent it by 7, the amount of substance remaining after
the first replenisher addition is s7. After the second hour, there is s--sr g of



USE OF DEVELOPING SOLUTIONS 107

sulphonate of which it remains (s-+s7) X7 = sr+sr% And after the nth opera-
tion, we shall have sr—sr2+-s7% . . . s7”, which can be written: s(r—72+473...7")
Actually the variation does not take place each hour, but continuously at each
instant dt. One can therefore apply the Evans formula®®

x =k —(k—a)e

where x represents the concentration (per litre) of the substance under
consideration at time t (minutes) 4 is the initial concentration of the substance
in the bath, & the concentration of substance formed at each moment,
assumed to be dissolved in the volume L (per minute) and e is the Naperian
logarithm base.

There then comes a time when the concentration of the unwanted sub-
stance formed is so high that the amount disposed of in the volume L of the
solution carried over equals the amount formed. At this moment the bath is in
equilibrium; the unwanted material is removed as quickly as it is formed. The
function x represented by the Evans formula is an exponential function which
consequently tends towards a limit which is precisely this equilibrium. But
there are several different equilibriums for each of the substances concerned.
Take, for example, the example of soluble bromide given by Evans.

The initial concentration in the developer is / g per litre therefore a = I.
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