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INTRODUCTION

Photographic-emulsion making is carried out commonly more as an art
than as a technological process soundly based on science. The reasons for
this situation are many. One is commercial secrecy. C. E. K. Mees, in the
introduction to his Theory of the Photographic Process, writes “A book on
the theory of photography should contain a chapter on emulsion making, . .
The author’s knowledge of this subject has been acquired in confidence,
however, and he is not entitled to publish the material with the frankness,
which alone would justify any publication™. This statement, made in 1942,
characterizes the attitude of the photographic industry to this day.

Very few institutions exist at which photographic science is studied inde-
pendently, and in these, for very good reasons, emulsion technology is, as a
rule, neglected, preference being given to areas more suitable for academic
research. For some years, however, emulsion work was done systematically
at the National Bureau of Standards, under the guidance of the Senior Author
of the papers in this book, Dr. B. H. Carroll. The value of the series of papers
produced during the years 1927 to 1934 is undisputed to this day, and they
are widely quoted; indeed they should be regarded as classics.

Access to the original papers is decidedly'difficult, since the National
Bureau of Standards Journal of Research is not freely available everywhere.
Hence it has seemed well worthwhile and a service to the photographic
community to present these papers anew between two covers. The careful
planning of the research will thus become apparent to the critical student and
is well reflected by their order of publication.

One wishes to acknowledge with gratitude the generosity of the National
Bureau of Standards, whose regulations allow free reprinting of material
published by them.

The papers fall into two main classes: chemical sensitization, and spectral
sensitiza‘ion. All of them will repay close study; it is perhaps just personal
preference that causes the writer to single out two for special attention:
that on Silver Ion-Gelatin Equilibrium (No. 4) and that on the Mechanism
of Hypersensitization (No. 12). In spite of the volume of research devoted
to this question, the precise function of gelatine in our emulsions is not clear
to this day, and these two papers form the backdrop to any research done,
or to be done, on this subject. Furthermore, they lay the basis for the modern
methods of control of emulsions by the measurement of pH and pAg by means
of electrodes, and by an understanding of the processes involved.

Photographic research at the Bureau of Standards did not start with the
authors of the present papers. During the first World War Dr. W. F.
Meggers, the spectroscopist, worked on hypersensitization and was respon-
sible, in 1922, for the establishment of an emulsion laboratory by Drs. F. W.

.



Walters and B. H. Carroll who took charge of it that year. One can well
imagine these young men finding their feet and establishing their methods,
leading to that most fruitful period of some 5 years reflected in this volume.
Unfortunately, work came to an end in 1933 when the photographic laboratory
was closed as an economy measure.

Burt H. Carroll was born on March 20, 1896 at Tenafly, N. J., and graduated
to B.Chem. at Cornell University in 1917. After a few months in the consulting
organization of Arthur D. Little Inc. he joined the Chemical Warfare Dept.
of the US Army in Dec. 1917 and left in Feb. 1919 to work for his Ph.D.
degree which he obtained at the University of Wisconsin in June 1922, on a
thesis on the properties of solutions in mixed solvents and from Wisconsin
went to the Bureau of Standards.

In 1933, Dr. Carroll joined the Kodak Research Laboratories at Kodak
Park, where he became Senior Research Associate in 1945. Most of his work
was in the Emulsion Research Division, on sensitization and addenda; for
some 10 years he was in charge of Scientific Plates. In 1962 he retired to a
consultant’s position with Kodak as well as the Rochester Institute of
Technology where he was appointed as Professor in Photographic Science in
1963, a post he still holds, and in which he directs thesis problems for the BS
and MS degrees in photographic science and teaches theory of photographic
process.

He is Fellow of the SPSE and the OSA, member of the ACS and RPS;
and elected corresponding member of the DGPh. He was honoured by the
Société Frangaise de Photoyraphie with the Niépce-Daguerre medal and by
the Royal Photographic Society with the Henderson Award.

Donald Hubbard was born on Terra Ceia Island, Florida, Oct. 4, 1900.
He obtained his BS., and the MS degree from the University of Florida. In
1925, he joined Drs. Meggers and Carroll at the National Bureau of Standards.
The work for his Ph.D. thesis on “Membrane Equilibria in Photographic
Emulsions” is reported in abbreviated form as No. 12. After the photographic
work at the Bureau was abandoned, he remained, being able to apply the
fundamental understanding gained in the photographic work to a multitude
of problems: chemical activity at liquid-glass interfaces, chemical durability
of all kinds of glasses, interpretation of the potential on a glass electrode;
and in particular, voltage anomalies; dispersion of glass fibres in the pro-
duction of silicate papers, problems in the preparation and stress behaviour
of concrete; coagulation of blood and the causes of circulatory occlusions
and on the other end of the scale, a study of the sizes and shapes of tektites,
those showers of interplanetary glass pellets, from which stems a life-long
interest in space and space travel.

Dr. Hubbard is a Fellow of the W ashington Academy of Science, member
of the American Chemical and Optical Societies, and of the Association for
the Advancement of Science. He was honoured by the American Department
of Commerce with a Silver Medal for Scientific Attainment, and by the
Société Frangaise de Photographie with the Niépce-Daguerre Medal.
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Charles M. Kretschman was born at Salisbury, Pennsylvania, on August
14, 1912, took his B.S. in Chemistry at George W ashington University in
1934 and the M.S. in Organic Chemistry at Rochester (N.Y.) University in
1939. He did his studying whilst at work as Laboratory Assistant at the
Bureau of Standards, joined the Eastman Kodak Co. in 1934 and is now a
Technical Supervisor in production of photographic emulsions for infrared,
documentary, recording and cine films.

It will be clear that a well-qualified, competent team was at work during
those fruitful years. One wishes this belated collection of their papers the
success and recognition it so well deserves.

W.F. Berg

A!-l t_zr.'r'cfes, except the initial one, have been reproduced facsimile from the
original papers published between 1928 and 1934 by the National Bureau of
Standards at the United States Department of Commerce, as reprints from
the Bureau of Standards Journal of Research, printed by the U.S. Government
Printing Office.
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THE PHOTOGRAPHIC EMULSION. I. THE COMPARISON
OF EMULSIONS MADE WITH DIFFERENT BROMIDES*

BY BURT H. CARROLL AND DONALD HUBBARD

INTRODUCTION

The recent rapid progress of photographic science has been largely
through study of completed materials, and there can be little doubt
of the value of studying photographic sensitivity from the standpoint
of the conditions under which it originates—a subject which, for
commercial reasons, has been almost entirely a secret for a generation.
The Bureau of Standards has accordingly undertaken an investiga-
tion of fundamental factors in emulsion making.! While much of
the material presented here may be common knowledge to emulsion
makers, it has never been published in quantitative form, and it is a
fact that the literature, and also the verbal opinions which the writers
have been able to obtain from various sources, are both filled with
contradictions regarding the most elementary points of emulsion
making. These contradictions probably arise from the widely vary-
ing conditions under which emulsions may be made and the rapid
variations in the influence of any given factor as the type of emulsion
is changed. Though the problem of securing systematic knowledge
of the subject is in many quarters considered hopeless of solution, and
though indirect methods have accomplished much, we believe in the
possibilities of a frontal attack, provided that all information of
possible significance be reported.

As a means of outlining the variables which need to be studied, a
very brief description of emulsion making will be given. So far as
we know, the only process to be considered for fast emulsions is the
addition of a silver salt solution, either neutral or ammoniacal, to a
solution of bromide or mixed bromide and iodide containing gelatin.
The bromide is invariably in excess. The known variables in this first
and most important step are numerous. Enumerating them without
specifying their particular importance, they are: the other ions of the
silver and halogen compounds; the absolute concentrations; the
relative excess bromide; the relative percentage of iodide; the tempera-
ture; the method and rate of mixing; the hydrogen ion concentration

* Published by Permission of the Director of the National Bureau of Standards of the
U.8. Department of Commerce.

1 The investigation was originally carried on by Dr. F. M. Walters, now of the
Carnegie Institute of Technology, and the senior author. The equipment of the
laboratory, and development of much of our present technique of emulsion-making,
date from this period, and the data on emulsions 6—4 and 6-5, quoted in this paper,
were obtained while Dr. Walters was associated with the project.
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12 Burt H. Carroll and Donald Hubbard

(pH); the presence of ammonia; the quality of gelatin.! After
mixing (or “‘emulsification’’) the emulsion is commonly “ripened’ for
a time by digestion in the presence of the excess bromide and the by-
products of the reaction; more gelatin is commonly added towards
the end of the ripening. Ammonia is introduced at some point into
almost all fast emulsions; in this country at least, more frequently
during the ripening of an emulsion mixed in neutral solution than in
the silver solution. Many other materials have been added to emul-
sions; citric acid and alcohol are frequently mentioned.

The most important variables in the ripening process appear to be
the temperature and concentrations with special reference to soluble
bromide and ammonia; the extent to which ripening can profitably
be carried is controlled by the original conditions of emulsification.

Having obtained the desired degree of ripening, the usual practice
is to chill the emulsion to a firm jelly, then shred, and wash in cold
water to remove soluble salts. The pH and dissolved salts in the
wash water have considerable influence by their effect on the swelling.
An alternative procedure, which we have found useful in experimental
work, is to centrifuge the silver halide out and re-emulsify in pure
gelatin solution. After washing, the emulsion is remelted, commonly
with the addition of more gelatin, and usually digested for some time
at a moderate temperature. This step is omitted in the old emulsion
formulae found in the literature; in fact it is usually recommended
to melt with the minimum possible heating. The apparent variables
in this step are temperature, pH2 and the amount of gelatin added
after melting. Before coating, chrome alum in quantities said to be
photographically inert, is commonly added to harden the gelatin.
Addition of small amounts of soluble bromide is recommended in the
old formulae. Sensitizing dyes, with the exception of the eosins,
which may be introduced into the original mix, are always added
after washing. The concentration of dye and of soluble bromide are
of considered importance as well as the individual characteristics of
the dye.

THE COMPARISON OF EMULSIONS MADE WITH
DIFFERENT BROMIDES

Eder3 states that only potassium and ammonium bromides are to
be considered for emulsion making and our original program was

1 Assuming for the gelatin good physical properties and the absence of such im-
purities as salts of heavy metals and reducing agents, the concentration of sensitizers
such as thiocarbamides appears to be the major factor in determining its photographic
quality.

2 Rawlings and Glassett, Phot. J., 66, 495 (1926).

3 **Ausfiihrliches Handbuch der Photographie”, 3, 19.
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limited to a comparison of these two salts. Having detected differ-
ences between emulsions made with them, the experiments were
extended to include sodium, calcium, cadmium, and zinc bromides.

Liippo-Cramer! states as a result of his general experience that
potassium bromide is better for some types of emulsions, and am-
monium bromide for others. Eder suggests that because of its more
acid reaction, the latter may give less fog in cooked emulsions.
Liippo-Cramer has published a recent paper on the ripening process,?2
in which he notes the very fine grain and slow speed of a cooked
emulsion made with CdBr,; this he attributes to retardation of the
ripening by formation of a double salt with the AgBr, but we are
unable to find any evidence for the existence of such a compound. -
He found sodium and potassium bromides to be equivalent. Lithium
bromide caused faster ripening and more fog, while barium, stron-
tium, and magnesium bromides were approximately equivalent to
potassium bromide. No quantitative data are given.

Eder and Pizzighelli3 compared silver chloride—gelatin emulsions
made with various chlorides, finding that the chlorides of the alkali
metals gave faster and softer emulsions than those of the alkaline
earths, while emulsions made with zinc and cadmium chlorides were
very slow, clear and ‘“hard”.

Schweitzer4 reports that infra-red sensitive emulsions may be made
by the use of mixtures of NH,Br and ZnBr,, and the famous infra-red
sensitive collodion emulsions of Abney> were made with ZnBr,.
These are probably cases of sensitization by colloidal silver, from the
fog readily produced under these conditions.

Suggestions as to the mechanism of the differences between the
bromides are even rarer than experimental results. Differences in
solubility of the silver halide have been suggested by Liippo-Cramer
and by Eder. Slater-Price® postulates that adsorbed bromide may be
built into the crystal lattice of the grain, introducing strains depend-
ing on the dimensions of the cation.

We believe the most probable mechanisms to be as follows; one
or more of these being operative when a given change in cation is
made:

1. Adsorption on the silver bromide grains, affecting the crystal
habit and recrystallization; the ripening is normally controlled more
by the rate of recrystallization than by the rate of solution.

2. Alteration of the pH by hydrolysis of the bromide or by

1 Z. wiss. Phot., 23, 290 (1925).

2 Z. wiss. Phot., 24, 291 (1926).

3 “Ausfiihrliches Handbuch der Photographie™, 8, 919.
4 Phot. Abs., 6, No. 408.

5 Phil. Trans., 171 11, 655 (1880); 177 II, 547 (1886).

6 Phot. J., 65, 303 (1925).



14 Burt H. Carroll and Donald Hubbard

repression of the dissociation of ammonia.
3. Alteration of the solubility of the silver bromide in the emulsion.
4. The removal of ammonia as complex cation, affecting solubility,
pH, or crystal habit of the grain.
5. Changes in the viscosity and protective action of the gelatin.

In the following ammonia process formula, we have a type of emul-
sion in which a considerable amount of ripening from the standpoint
of both speed and grain size, occurs after the mixing (“‘emulsification”)
is complete; in this case it may be possible to distinguish between
effects on the formation of the grains and on the ripening. It is ob-
viously impossible to precipitate crystals of the size and perfection
characteristic of the grains of modern fast emulsion; they must be
grown from their original ultramicroscopic beginnings. But we have
evidence! that all the processes commonly associated with ripening go
on at a greatly accelerated rate during the mixing, so that, as in the
case of the following neutral formula, the grains may be well formed
at the end of a gradual emulsification, and the emulsion is compara-
tively little changed by subsequent “‘ripening”. KEven with the
ammonia process formula, the growth of grains and nuclei during
mixing is far from negligible, and it will be difficult to say definitely
that a given one of the factors just mentioned influences ripening or
influences the formation of the grain.

1. EXPERIMENTAL

Materials

The alkali bromides were commercial “c.p.” salts free from heavy
metal and iron, and contained less than one-half per cent chloride.
NaBr, because of its variable water content was used in solution.

Calcium bromide was purified by treating the solution with H,S,
filtering, making barely acid with HBr, and removing H,S by pro-
longed bubbling with filtered air. It was used in solution without
recrystallization. '

Cadmium bromide was freed from bromate by treatment with HBr,
and recrystallized from water and alcohol.

Zinc bromide was prepared by saturating redistilled HBr with
analyzed zine, free from heavy metals and iron. The solution was
used without recrystallization.

Silver nitrate was spectroscopically free from other heavy metals

1 For example, emulsions 6-4 and 6-5 were made with the proportions given later
as the neutral formula, but with different gelatin. 6-4 was mixed comparatively
rapidly (5 minutes); initial speed 90, ys 0.92, average grain area 0.33 u2; after 80
minutes ripening at 75° the speed was 200, yg 0.77, average grain area 1.38 u2. The
mixing of 6—5 was extended over a period of 40 minutes; speed directly after completion
of mixing 230, y¢ 0.55, average grain area, 1.89 u2, indicating much more ripening than
6—4 after 80 minutes.
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and iron, and contained 0.05 per cent material not precipitated by
HCL

(Gelatin—Emulsions were made from all the bromides with two
makes of gelatin of different types: Koepf “3738 hard” and Nelson
No. L.

Water—Distilled water was used throughout.

Ammoniacal Emulsion Formula

The larger number of tests were made with an ammonia process
formula, washing by centrifuge. The centrifuge was used primarily
because of the possibility of following the ripening process in a single
batch of emulsion, but also because it greatly improves the keeping
qualities of ammoniacal emulsions.

The ammonia process formula was as follows:

A. Water 125 cc.
AgNO;, 0.1765 gram equivalent (30.0 gm.)
NH,OH 0.353 gram equivalent
—(28-30 cc. concentrated ammonia solution)

B. Water 250 ce.
Gelatin 12.5 gm.
Bromide 0.218 gm. equivalent (for example, 26.0 gm.
KBr)
KI 0.0015 gm. equivalent (0.25 gm.)

The ammonia necessary to redissolve the silver (2 mols per mol
AgNO,) is found to be reproducible to 1 per cent. The excess halide
is 25 per cent; assuming complete precipitation of the iodide, the mol
fraction Agl is 0.0085 (1.06 per cent by weight).

The emulsion is mixed in conventional fashion. The gelatin is
soaked in the bromide solution for 15-25 minutes at room temperature,
then placed in a thermostat at 45° +0.5° and stirred about 15 minutes
until the gelatin is dissolved and the solution is at thermostat tempera-
ture. A standard size Pyrex beaker (1.5 liter) and glass stirrer at
250 r.p.m. are used; the silver solution at 25°-30° is added from a
separatory funnel in 2.5 minutes.

Within 2 minutes after the completion of mixing, one quarter of the
emulsion is removed, the rest continuing to ripen at a constant
temperature of 45°, with stirring. The sample is centrifuged at
3000 r.p.m. in a 5-inch hard rubber bowl. The time required for
separation of at least 95 per cent of the silver bromide varies from
8 minutes with certain of the unripened emulsions to 2 minutes after
long ripening. When separation is complete, the bowl is drained, the
silver bromide re-suspended in 100 cc. of 1 per cent gelatin solution
and the centrifuging repeated. Gelatin solution has been found
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preferable to water for washing, as when much of the gelatin is washed
from the precipitate it no longer adheres properly to the walls of the
bowl. Two separations have been found to give sufficient washing,
the soluble bromide and ammonia being eliminated as completely as
by ordinary washing. After the second separation, the silver bromide
is suspended for coating in a solution of 12.5 gm. of gelatin in 175 ce.
of water. After warming to 45° it is filtered through an open
(Whatman No. 41) paper and 10 ce. of 60 per cent alcohol is added to
break foam and assist in setting.

Samples are again taken at approximately 30, 60, and 120 minutes
from the end of the mix, and treated like the first. This gives four
stages of ripening, from the practicable minimum to over-ripening.
The progress of the ripening can be followed by the texture of the
silver bromide on the wall of the centrifuge bowl, which becomes very
distinctly rougher with each successive sample.

The plates are machine-coated, with 9-10 cc. emulsion per 100 ¢m?2
(4 mg. AgBr per ecm?2), a thickness which experiment has shown to be
sufficient to elimiate the effect of coating thickness on gamma. They
are dried at 17-19° C. The air after leaving the plates passes over
ammonia coils which keep the humidity in the room at approximately
60 per cent.

Neutral Emulsion Formula

The ‘““cooked’” emulsion formula which was used was much less
satisfactory, but the results obtained with it were parallel with the
others. The solutions were as follows:

A. Water 225 ce.
Gelatin (Koepf) 10 gm.
Bromide 0.265 gm. equivalent (509, excess halide,
for example, 31.5 gm. KBr)
KI 0.0015 gm. equivalent (0.25 gm.)
B. Water 100 ce.
AgNO, 0.1765 gm. equivalent (30.0 gm.)

The emulsion was mixed at 75° C, in the same apparatus, with the
important exception that the silver nitrate solution was delivered
from a capillary stem funnel which increased the mixing time to
27 minutes, the idea being to secure a better range in grain size.
Samples were taken 30, 60, and 105 minutes from the start of the
mix. The results suggest that the grains first formed were over-
ripened before the mixing was completed.

The emulsion was washed in the centrifuge and otherwise treated
the same as the ammonia emulsion.
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Methods of Testing

The standard sensitometric methods of the Bureau were used.
Backed test strips were given a non-intermittent sector wheel exposure
at an intensity of one candle meter, color temperature 5325° K; brush
developed in unbromided pyro-soda.* and densities measured in
diffuse light with a Martens photometer. Fog densities are automatic-
ally subtracted by the photometer as used; with backed plates, the
fog strip is uniform within the limits of error of development for the
entire length.

The grain of all experimental emulsions was photographed at 1500
diameters, using a Bausch and Lomb 2 mm. apochromatic objective
N. A. 1.3, and Zeiss Homal IV ocular. The illuminating system
consists of a Point-o-lite lamp, condenser to give approximately a
parallel beam, Wratten “C” filter, and aplanat substage condenser
N. A. 1.4. Measurements of grain size were made from enlargements
to 5000 diameters. Circles of the proper diameter have been found
more convenient than linear rules. The size classes differed by
0.2 u2,

Reproducibility of Emulsions

The parallel results from the emulsions made in the two different
gelatins are perhaps the best proof that the effects observed are cor-
rectly attributed to the cation of the bromide in question. But
direct tests of the reproducibility of our emulsions indicate that it
approaches that of the sensitometric methods.! Fig. 1 gives the data
on two emulsions made by the same formula, comparing speed and
gamma at all stages of ripening; 8-33 was made by one of the writers,
and 8-58 by the other, a year later. Similar results have been obtained
in other cases.

These results will be considered in detail after taking up the de-
termination of conditions in the emulsion which might be expected to
influence the photographic properties.

The centrifuged emulsions have an unusual tendency to increase in
speed on storage, which introduces some uncertainty as to what is to
be taken as the true value. The general question of ripening after
washing will be taken up in a later communication. We may state
with confidence, however, that the changes in the emulsions in
question, while rapid for the first two to three months, become pro-
gressively slower, so that the changes between three and twelve

* Solutions:

A, Water 1000 ce. B. Water 1000 ce. C. Water 1000 cec.
Pyro 60 gm. Na,80; 95 gm. NayCOs; (e.p.) 70 gm.
K;5,04 12 gm. (Actual NM?O; determined

by analysis)

1 part each A, B and C to 7 of water; developed 3, 6, and 12 minutes at 20° C.
1 We have so far had no experiences with inexplicable mutations such as the case
given by Renwick, Phot. J., 61, 333 (1921).
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months are a small fraction of those in the first three. The tests in
all cases were made between eight and nine months after coating, so
that the difference in age, between any emulsions compared, becomes
negligible. This storage ripening may apparently be eliminated by
the proper amount of digestion before coating, but the correct amount
varies with the emulsion and it was very desirable to avoid intro-
ducing another variable. We should, perhaps, mention that the
storage ripening is equally marked in neutral and ammoniacal emul-
sions, and is prevented rather than accelerated by the addition of
soluble bromides before coating.

300 . 2
N\ - ‘
200 \‘\ / ,,
2 N(
s ]\ 1
a.
i 100 ~ i 4
//
0 1 2 3
HOURS
Fic. 1

The sensitometric data are presented in Tables 1 and 2. Average
grain size of some of the emulsions is included.

Solubility of AgBr in the emulsion, and pH

The solubility of the silver halide in the (unwashed) emulsion has
already been mentioned as of possible influence on the precipitation
and ripening. Other conditions being the same, an increase in solu-
bility would, by von Weimarn’s theory, decrease the initial velocity
of crystallization and, therefore, increase the average grain size. It
would also increase the velocity of the Ostwald ripening. The
solubility of silver bromide was determined under conditions approach-
ing those of the (unwashed) emulsion as closely as practicable. As
the separation of silver bromide from the solution could not be made
quantitative in the presence of the gelatin, this was necessarily omit-
ted, as was also the iodide. The ammonia was placed in the bromide
solution to reduce changes in solubility during precipitation, and the
silver bromide precipitated as in making an emulsion, temperature



TABLE 1.—Ammonia Process Emulsions

Koepf Gelatin Nelson Gelatin
Bromide Emulsion Ripening Speed 3 Yo Y12 Fogs Foge  Foggyz Average Emulsion Ripening  Speed ¥ V6 Y12 Fog, Fogs  Foga
Number Time Grain Number Time
size p?
NH4Br 8-63-1 4 min. 26 1.62 2.42 3.3 0.02 0.09 0.18 0.18 8-61-1 4 min. 50 2.1 3.1 3.6 0.05 0.13 0.26
2 31, 160 0.88 1.50 2.22 A2 .20 .38 0.35 2 32 100 1.40 2,15 3.2 12 .22 41
3 63 340 0.58 0.97 1.50 .09 24 .56 0.99 3 62 . 190 0.95 1.47 — 14 .26 .51
4 125 450 0.53 0.89 1.44 0.07 .26 58 1.46 4 121 350 0.72 1.08 1.54 21 AT .65
KBr 8-64-1 [ 35 1.26 1.93 2.63 0.02 0.07 0.13 0.16 8-62-1 4+ 67 1.28 2.48 3.3 0.04 0.11 0.26
2 35 160 0.76 1.24 1.92 A1 .33 .68 0.87 2 31 ,, 590 0.65 1.01 1.51 .32 56 1.00
3 61 335 0.54 0.88 1.49 .09 25 .42 1.05 3 61 ., 780 0.61 098 1.51 .25 H5 1.10
4 121, 500 57 1.04 1.75 07 24 .49 1.40 4 121 ,, 950 0.62 0.94 1.29 .23 48 0.92
NaBr 8-67-1 4 26 1.55 2.11 2.67 0.04 0.08 0.13 8-73-1 3 . 45 1.70 2.20 3.1 0.01 0.05 0.14
2 33, 370 0.57 0.97 1.35 23 .35 .60 2 32 630 0.52 1.06 1.69 .15 31 .68
3 63 ,, 460 0.43 0.77 1.05 .22 .34 .54 3 63, 790 0.62 0.95 1.45 .20 .37 7
4 121 430 0.74 0.97 1.63 15 33 57 4 119 8§00 0.66 1.09 1.63 14 .28 il
CaBra 8-65-1 4, 12 1.53 2.50 3.2 0.02 0.06 0.17 12 8-74-1 1 23 2,35 3.2 4.2 0.01 0.03 0.11
2 33, 35 2,13 2,88 3.6 06 15 37 25 2 31, 68 1.78 2.56 3.2 .05 .09 .20
3 62 57 1.90 2.37 3.4 .08 17 34 33 3 61 ,, 85 1.59 2.63 3.4 .08 .15 .29
= 110 1.36 2.16 2.90
4 112 105 1.15 1.65 2.56 .08 13 .34 40 4 120 ,, 575¢  0.54 0.80 1.20 13 21 45
CdBr; 8-66-1 4 2 0.24 0.40 0.53 0.01 0.05 0.13 A1 * The lower portion of this curve is effectively a second
2 39 37 0.38 0.54 1.00 0.16 0.41 1.12 1.20 straight line, giving the speed and gammas indicated.
3 8. 63 0.38 0.54 1.00 0.35 0.75 1.34 1.84
4 122 90 0.30 0.47 — 0.49 0.96 1.73 1.54
25% Br 8§-70-1 3 . 5 1.15 1.95 2,13 0.03 0.09 0.19 12 8-75-1 4 12 1.60 2.10 2.40 0.08 0.13 0.20
as CdBr; 2 36 ,, 300 0.43 0.74 1.07 18 .30 46 .20 2 31, 410 0.60 0.90 1.20 27 .37 62
75% as KBr 3 67, 240 0.55 0.88 1,28 21 .48 T7 .81 3 61 ,, 575 0.56 0.87 1.23 22 .32 57
4 122 275 0.53 0.83 1.18 16 .39 67 1.17 4 121 ,, 715 0.44 0.66 1.00 .26 .b1 .80
10%, Br 8-68-1 4 10 1.50 2.00 2.52 0.03 0.06 0.14 .13
as CdBr; 2 31, 110 1,23 1.88 2,50 09 .18 .37 .33
90% as KBr 3 61 ., 450 0.51 0.87 1.42 15 .28 05 053
4 124 530 0.56 0.74 1.14 .18 45 .76 .87
25% Br 8-71-1 5 8 1.08 1.61 2,40 0.06 0.13 0.25 .15 8-76-1 4 21 1.73 2.44 2.96 0.09 0.15 0.36
as ZnBr 2 33 300 0.57 0.98 1.46 .16 .45 T4 67 2 31 205 0.70 1.00 1.60 .26 48 0.98
759% as KBr 3 61 155 0.53 0.84 1.26 .16 43 .78 1.37 3 61 ,, 510 0.51 0.85 1.21 .28 48 1.02
4 118 150 0.45 0.79 1.04 .15 .45 .79 1.79 4 116 , 455 0.7 1.15 .35 71 1.34



20 Burt H. Carroll and Donald Hubbard

and concentrations, except as above noted, being the same. The
mixture was stirred for an hour and sampled, with filtration, by the
method of Walton and Judd.! Dissolved silver bromide was deter-
mined by diluting the sample with twenty times its volume of dilute
HNO;, digesting overnight, and weighing the precipitated AgBr in
Gooch crucibles. The method was tested by adding a known small
amount of nitrate, just sufficient to give a precipitate, to a sample of
the ammoniacal bromide solution. 18.7 and 18.0 mg. AgBr were
recovered from an amount corresponding to 18.8 mg.

TaBLE 2.—Neutral Emulsions (all with Koepf Qelatin)

Emul- Ripening  Speed V3 vs Y1z Fogs Fogs Fogi» Average
sion time from grain
start of size
mix u?
6-15-1 30 min, 130 0.82 0.84 1.57 0.13 0.42 .87 1.03
2 61 150 0.50 0.86 1.28 24 47 93 1.65
NH4Br 1.89
3 106 175 0.60 0.85 1.30 19 .43 B3
6- 8-1 33 ., 225 0.68 0.96 1.40 14 41 B8 0.93
2 70 235 0.64 0.88 1.45 .13 .43 .87 1.15
KBr
A-17-1 30 ., 105 0.76 1.14 2.26 A7 .40 R g 1.08
2 60 ,, 110 0.64 1.00 2.08 18 42 T4 0.99
CaBrz
3 106 105 0.69 1.20 1.50 21 46 a4 1.67
6-16-1 30 15 0.78 1.34 2,18 07 18 41 0,10
2 60 ,, 15 0.96 1.44 2.18 05 15 29 .12
CdBr»
3 1056 ,, 18 1.31 2.06 3.3 13 .29 59 0.14

The pH of the solution was also determined by thymol blue,
thymol-phthalein, alizarine yellow or tropaeolin O, comparing with
glycocoll-NaOH or borax—boric acid buffer solutions, as recommended
by Sorensen and Palitzsch respectively.

Solubilities in the ammoniacal emulsions are given in Table 3. The
density of the solutions was not determined but the (volume) nor-
mality of the AgBr would be 0.00031 +0.00002 in the first case (KBr).
The solubility of AgBr in NH;, N 0.93 at 15° is 16 mg. per 100 cc. and
at 25°, 52 mg.; extrapolating, it would be at least 100 at 45°.

The solubility of the silver bromide in the ammonia is thus seen to
be greatly reduced by the presence of soluble bromide. The equi-
librium in these solutions is too complex for calculation, but may be
briefly discussed. Assuming that the solubility product [Ag+] x[Br-]
remains approximately constant, the silver ion concentration must be
greatly reduced by N 0.1 bromide, both by mass action and possible
formation of complex anions such as AgBr,~. The concentration of
the complex cation Ag(2NH,)*, dependent on Ag* and NH; con-
centrations, must be correspondingly reduced. Thus the further
complication of the complex cadmium-— or zinc-ammonia cation pro-
duces comparatively little effect on the solubility.

1 J, Am, Chem. Soc., 38, 1036 (1911).
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TaBLE 3,—Solubility of AgBr at 45° in solutions of the composition of unwashed ammonia
emulsions: NHj, 0,93 N; soluble bromide, 0.108 N; soluble nitrate, 0.465 N

Bromide Milligrams AgBr pH
per 100 grams
solution

KBr 5.4 11.8+0.5
NH4Br 6.7 9.7+0.2
NaBr 9.1 11.8+0.5
CaBr; 6.5 11.8£0.5
CdBr; 1.9 9.4+0.2
25% Br as CdBr2

2 B s K i 6.4 10.3+0.2
25% Br as ZnbBr; E P
75?'2 Br as KBr 4.5 10,1 £0.2
NH4Br—Pyridine, 1.4 N (0.6) 7.0+£0.2
NHs;Br—XHj, 047 N 2.5 94102

When pyridine (3 mols per mol AgBr) was substituted for ammonia,
the solubility was too low for measurement by this method. This
was also the case for the completed neutral emulsions. It was
possible, however, to secure satisfactory data on the solubility in
plain bromide solutions simply by addition of AgNO; of appropriate
concentration until a permanent precipitate was formed. N 0.1 or
N 0.01 AgNO; was used, the volumes being from 1 to 7 cc., to 100 cc.
of normal bromide solution, so that there was little dilution of the
latter. It will be noted that these solubilities given in Table 4 are
higher than those in the completed ammonia emulsions. As the
solubility of the AgBr varies roughly as the square of the soluble
bromide concentration, it falls during the mixing of the neutral
emulsion lower than it ever goes in the ammonia process.

TABLE 4.—Solubility AgBr at 74° in normal solutions of bromides

Soluble Bromide Normality AgBr  Soluble Bromide Normality AgBr

KBr 0.0013 CaBr; 0.00115
NH Br 0.0014 ZnBr; 0.00068
NaBr 0.00095 CdBr, 0.00024

Effect of the Halides on the Gelatin

Any attempt to explain the behavior of the emulsions in this way
meets with the usual difficulty of interpreting physical tests on gelatin.
A determination of the effectiveness as a protective colloid is most
likely what is wanted in this case, but no satisfactory method has
been devised. Viscosity was chosen, as it could be determined under
the conditions of emulsion making. Measurements were made on
Koepf gelatin at 45°, with a burette consistometer.! Concentrations
were the same as in an ammonia process emulsion. After soaking for
20 minutes at room temperature, the gelatin was dissolved by heating
for 25 minutes at 60° and filtered through a loose plug of glass wool.
The determination was started after 10 minutes in the 45° thermostat
and viscosity burette. After measuring the viscosity of a “neutral’
sample (pH 5.2-5.4) ammonia was added to the remaining solution
and another determination made after 15 minutes. A third was

1 Herschel and Bulkley, Ind. Eng. Chem., 19, 134 (1927).
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made after 90 minutes at 45° with the ammonia. The observed
viscosities in centipoises, are given in Table 5.

TABLE 5.—3.6%, gelatin solutions at 45.0°. Bromide, N 0.62; NHj;, N 0.94

Bromide Neutral Viscosity Viscosity with Ammonia pH with NH;
After 15 min. After 90 min,

None 0.0186 0.0229 0.0204 11.5
KBr 0.0230 0.0214 0.0181 11.3
NH4Br 0,0222 0.0210 0.0195 9.8
NaBr 0.0234 0.0221 0.0194 11.3
Cagr:B odB 0.0234 0.0197 0.0177 11.2
10 ras } i)

ggg/: ?53 KBEdB 0.0197 0.0197 0.0175 11.3

7o Br as CdbBr; " —

?5(5_}; up,s KB% . 0.0178 0.0199 11.0
259% Br as ZnBra :

75(!,:'; as KBr 0.0185 0.0200 0.0101 10.4

It is obvious that the alkali bromides and calcium bromide all
increase the viscosity to the same extent, within the limits of experi-
mental error and that the addition of the ammonia in the presence of
the alkali bromides differs little in its effect from that of the same
volume of water. The decrease in viscosity with calcium bromide
is more marked. The effect of the cadmium and zinc bromides is
opposite to that of the others, the viscosity being reduced. The
increase in viscosity on adding ammonia may be ascribed to the
elimination of the cadmium or zinc ion by formation of the ammonia
complex. The rate of decrease in viscosity on long digestion of the
mixtures increases with pH; no other influence can be detected.

It appears to be impossible to explain the differences between the
emulsions in terms of the effects of the gelatin. The calcium and
cadmium bromides alike give lower viscosities in the presence of the
ammonia than do the alkali bromides, but the properties of the emul-
sions made with them differ in opposite directions from those made
with alkali bromide.

Crystal Habit of Grains

One point of interest, which the writers have never seen explicitly
mentioned, is the influence of materials present in the original mix,
on the crystal habit of the silver halide grains. This is illustrated by
the photomicrographs of Fig. 2. When an ammoniacal mix is used,
the ammonia being in either the silver or bromide solutions, the grains
take a characteristic rounded form instead of the flat plates typical of
the neutral emulsions. The spherical appearance of the grains is
more apparent than real; it is largely due to their greater thickness
and the very limited depth of focus of a high power microscope ob-
jective. On careful visual focussing, sharp angles, successively appear
on one side or the other of the grain, but the whole grain can never
be sharply focussed at once. As the ripening goes on, the grains
become more distinctly hexagonal or triangular in shape, but the
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general shape is very persistent. The use of ammonia for ripening of
emulsions mixed without it has no tendency to produce this form.

.

&
o

F1c. 2,—Crystal habit of grains from emulsions made by different processes
(1) Grains from neutral emulsion, made by mixing silver nitrate with mixed bro-
mide-iodide solutions; (2) Ammonia in mix; (3) Ammonia and cadmium salts in mix;
(4) Potassium cyanide in mix; (5) Pyridine in mix; (6) Diethylamine in mix. All
at 3000 diameters.

When cadmium or zinc was used in ammoniacal emulsions, the
removal of the ammonia as complex cation caused the silver bromide
grains to take the characteristic form of neutral emulsions. The
influence of the ammonia on the crystal habit of the silver bromide is
apparently due to complex formation. It is not due to the alkalinity,
since the addition of NaOH to emulsions to give the same pH as “full
ammonia’’ had no influence on the habit of the grains; neither is it due
to increased solubility, since emulsions made with KCN had flat
hexagonal grains. Substitution of pyridine for ammonia gave fine
grains with a strong tendency to coagulate, behaving somewhat like
silver bromide without a protective colloid, so that it was difficult to
secure a photomicrograph. The thickness of the grains is of the
same order as their other dimensions; the larger ones are apparently
tetrahedral. Diethylamine, on the other hand, gave flat plates, so the
rounded grains are not characteristic of all nitrogen bases.

Under the same conditions of solubility and temperature, the flat
plates would be expected to increase in area faster than the rounded
grains, since the same change in mass produces a larger change in
area, and since their shape is prsumably due to more rapid growth at
the edges. This is fulfilled in the case of the ammoniacal emulsions
containing cadmium or zinec.
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2. GENERAL DISCUSSION

The left-hand set of curves in Fig. 3 (Emulsion 8-64) illustrate very
well the general behavior of the ammonia process emulsions. The
characteristic curve for the six-minute development, and the distri-
bution of the projected area among the different class sizes of grains,
are plotted on the same sheet. The unripened emulsion has a small
grain and high gamma, but there is much more “toe’ to the character-
istic curve than in a good contrast emulsion. As the ripening pro-
gresses, there is a marked decrease in gamma and increase in speed;
the straight line portion of the curve shortens more and more from
the region of higher densities, and there is finally a decrease in speed.
The average grain size steadily increases. The size-area curve
broadens and flattens, so that the decrease in gamma is to be expected.
One would, however, expect an increase in scale, which is not found,
because the density for long exposures actually falls off with longer
ripening. Part of this is due to the excessive fog on ripening for the
longer times, but when the characteristic curves are plotted with fog
included, there is still a marked loss of density at values of E greater
than 1 c.m.s. This effect would be explained if there were a change
with ripening in the photometric constant of the developed image.
We have as yet no experimental evidence on this point. The other
alternative is that a considerable portion of the grains have become
undevelopable. The work of Svedberg, Schunk and Anderson!
indicates that in an emulsion with wide range of grain sensitivity,
some of the more sensitive grains are solarized before the least sensitive
are developable, but the percentage is too small to account for the
results here. Furthermore, this loss of density never occurs when the
emulsion is increased in sensitivity without change in grain size, by
digestion after washing, or by storage. The preliminary results
reported by Sheppard? show that variations in the photometric
“constant’ may be much larger than had previously been reported.
Assuming that the developed grains of the ripened and unripened
emulsions have very roughly the same proportions, the larger grains
should give the lower density, since the same mass of silver would have
a smaller projected area, and the minimum thickness of metal en-
countered in a developed grain is completely opaque to visible light.

The emulsions made with Nelson gelatin invariably show more
speed and generally worse fog than those made with Koepf, and the
difference appears in the unripened stage; the former always have not
only higher speed but higher gamma. Our experience in comparing
different makes of gelatin in the same formula confirms the general
rule that potential speed is always evident in the unripened state.

1 Phot. J., 64, 272 (1924).
2 Phot. J., 66, 470 (1926).
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This cannot be applied too freely in comparing the emulsions made
with different bromides, since the ripening may proceed so differently.

Comparing the emulsions made with the alkali bromides, we find no
certain differences between the sodium and potassium salts. The
ripening of 8-61 with NH Br and Nelson gelatin is much slower than
that of the corresponding 8-62 and 8-73 and 6-15 is slower than 6-8,
but the differences between 8-63, 8-64, and 8-67, are within the limits
of error. The pH of the ammoniacal emulsions containing NH,Br is
lower by 1.5 unit (Table 5) than those with KBr, owing to repression
of the dissociation of NH,OH by mass action of the NH, ion. The
other conditions being almost identical, this should be sufficient to
account for the difference in rate of ripening.

The emulsions made with calcium bromide are consistently slower
and cleaner. The difference is less marked in the case of the neutral
emulsion (6-17), which, as would be expected from the solubility, has
a grain size about the same as that of the corresponding emulsions
made with ammonium and potassium bromides. The very slow
ripening of the ammoniacal emulsions (8-65 and 8-74) we can explain
only by adsorption of Ca(OH), on the grains. The pH of these is
close to that of saturated Ca(OH), solution, and the turbidity of the
viscosity samples was distinctly higher as determined by nephelo-
metry, than that of the other bromides. As the ammonia was
added with the silver solution, there might be momentary precipita-
tion of Ca(OH),, and if this were adsorbed, the growth of the grain
would certainly be retarded, and probably reaction with thiocar-
bamides as well. The photographic difference in the neutral emul-
sions is not to be explained in this way, however, and we are obliged
to admit that there is a specific difference in behavior, still to be
explained.

The emulsions containing cadmium or zinc bromide have a very
fine grain in the unripened state. Even in the case of the ammonia
process emulsions, the precipitation begins in the practically neutral
bromide solution, the ammonia being added with the silver. The
solubility of the silver halide in the bromide solution is, therefore, one
of the factors determining grain size. By von Weimarn’s theory, the
grain should be smaller because of the lesser solubility in cadmium
or zinc bromide. The neutral emulsion with cadmium bromide
remained very fine-grained and slow, the low solubility resulting in
slow ripening. The ripening of the ammoniacal emulsions was much
affected by the change in crystal habit of the grains, the flat plates
being formed under conditions of comparatively high solubility with
consequent very rapid change in area. The ripening becomes pro-
gressively more rapid with increasing proportions of cadmium in the
series 8-68, 8-70 and 8-66. The great difference between the con-
ditions under which the first and the last of the silver bromide is
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precipitated, in these emulsions, resulted in a peculiar distribution of
grain size. Even the unripened emulsions contained some rather
large grains, and 8-68-2, 3 and 4 (Fig. 3) show a distinct secondary
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Fi1e. 3.—Characteristic curve (for siz-minute development) and distribution of total

projected area between grains of different size classes, for two ammonia-process emulsions
at four stages of ripening. 8-64 made with K Br, 8-68 with a mizxture of KBr and CdBr

“hump” in the sizefrequency curve. Corresponding to this wide
range in grain size, there is a scale extraordinarily long for these
emulsions with their rapid mix and long ripening. All the ammonia
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emulsions with zine and cadmium bromide show in an exaggerated way,
the mechanism of ripening which we believe is generally charac-
teristic of the formation of a fast emulsion. However, when the
mixing is retarded, so that most of the ripening takes place by the
time the addition of the silver is completed, great differences are
introduced by the continual supply of freshly precipitated silver
bromide. Referring to Fig. 3 the unripened 8-68-1 has a rather
pronounced “toe’ to its characteristic curve. After 30 minutes
ripening, 8-68-2, the toe extends to higher densities, accompanied
by a general displacement of the curve to the left. After 60
minutes, 8-68-3, the toe has continued its development to become a
second straight line, encroaching still further on the original straight
line portion of the characteristic curve, and finally (8-68-4) absorbing
it entirely. The presence of the large number of small grains still
remaining prevents the loss of density at large exposures such as
occurs in 8-64. The emulsions with cadmium, and even more with
zinc were of little value because of the excessive fog characteristic
even of the fresh plates; if this can be eliminated, these salts may
have considerable value. Calcium bromide, on the other hand, may
have possibilities for process emulsions.

The neutral emulsions have been given less consideration, having
been over-ripened by too high temperature and too large an excess of
bromide. The range of grain size which was the object of the slow
mixing was actually obtained, but the expected scale did not material-
ize for the reasons just mentioned.

3. SUMMARY

1. Emulsions of the rapid type have been prepared with potassium,
ammonium, sodium, calcium, cadmium, and zinc bromides, or mix-
tures of the same, under otherwise identical conditions, and compared
sensitometrically, and as to grain size.

2. Data on the solubility of silver bromide in the unwashed emul-
sions, on the pH, and on the viscosity of gelatin in the presence of the
different bromides, have been obtained for their bearing on the
mechanism of emulsion making.

3. The observed differences between the emulsions can, in most
cases, be explained by simple chemical and physical principles.
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SENSITIZATION OF PHOTOGRAPHIC EMULSIONS BY
COLLOIDAL MATERIALS

By Burt H. Carroll and Donald Hubbard

ABSTRACT

Recent evidence indicates that photographic sensitivity is greatly increased
by the presence of ultramicroscopic particles on the silver halide grains of an
emulsion. Theories of this effect are discussed in some detail. Technique has
been developed by which, without altering other variables, it is possible to
introduce colloidal particles into the emulsion to test the possibility that these
may be adsorbed by the grains and function as sensitivity nuclei. The experi-
ments were carried out with a number of types of emulsion, including emulsions
with the silver halide grains positively charged by adsorption of silver ions.
Emulsions of this type were partfcularly adapted to sensitization by negatively
charged metallic colloids; they were made stable enough for experimental
purposes by new technique. The presence of the colloids interfered with after-
ripening to such an extent that the ultimate effect was desensitization, but the
direct result with colloidal gold and silver was an increase in speed at constant
or decreased contrast. This may be explained, as proposed by Sheppard, by
localization of the photochemical action in the grain around the nucleus, thus
increasing developability. The theory that the sensitivity nucleus is a bromine
acceptor does not apply to this case. Colloidal silver iodide produced a marked
inorease in contrast, on chemical development of the emulsion, and in total
sensitivity, on physical development. The hypothesis of nucleus exposure
which has been used to explain similar results on bathing in iodide solutions
can not be applied here; both effects are explained by increased rate of develop-
ment, probably caused by increased adsorption of the developer,

CONTENTS

I. Introduction
II. Experimental methods.
1. Preparation of the emulsion
2. Methods of testing
III. Sensitization by colloidal silver iodide
IV. Sensitization by colloidal silver
V. Sensitization by silver sulphide
VI. Sensitization with colloidal gold
VII. Summary

I. INTRODUCTION

The sensitivity of a photographic emulsion is the resultant of its
photochemical sensitivity, the chemical change produced by a given
exposure, and of the developability of the photochemical change.
Either or both of these may be affected by factors which are, over a
limited range, nearly independent. These include, for example, the
composition of the emulsion in terms of the percentages of the three

3696°—28——1 29
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silver halides, the size of the grains, the hydrogen ion concentration,
and the presence of nuclei of ultramicroscopic dimensions adsorbed
to the grains. The sensitivity as normally measured is a function of
all these which defies exact formulation; but in the opinion of the
writers, it approaches more nearly a product than a sum. In the case
of the faster emulsions, the last-named factor, the nucleus, is perhaps
the largest; it is the most generally accepted explanation of the large
difference which may exist between emulsions identical except for
the origin of the gelatin used in their preparation. This is the result
of much indirect evidence,! culminating in the discovery by the
Eastman Kodak Laboratories ? of sensitizers in gelatin which almost
certainly function by reaction with the silver halide to form nuclei of°
silver sulphide. Prior to Sheppard’s publication, the nuclei were
considered to be most probably metallic silver, and reasoning both
from the conditions in the ripening emulsion and from the action of
oxidizing agents on sensitivity, this still accounts for at least part of
the nuclei.?

The mechanism by which the nucleus acts has been the subject of
several hypotheses. In the opinion of the writers, the original
mechanism suggested by Sheppard * is the most satisfactory. The
essential feature of this is that the nucleus adsorbed to the surface of
a silver halide grain produces what may be described as a weak spot
in the crystal structure. The photolysis of the silver halide utilizes
the entire energy absorbed by the grain, but is localized or oriented
to this spot. As a fairly definite minimum size of latent image is
required to start development, the efficiency of the primary photo-
chemical process, from the standpoint of the resulting developed
density, is greatly increased if the product is gathered into a single
center instead of scattered through the grains in much smaller units.
If the material of the sensitivity nucleus is silver, silver sulphide or
other substance capable of acting as a development center, the silver
from the photolysis of the silver halide will build around it to form the
latent image, and the extent of photolysis necessary to produce a
latent image of developable size may obviously be much reduced if the
sensitivity nucleus was originally but little below this size. The
orienting action would not necessarily depend on the composition of
the sensitivity nucleus. It might be exerted by a material not in
itself capable of acting as a development center. As Toy ®has pointed
out, the evidence is insufficient for Sheppard’s statement that the

1The following articles are of special importance: Svedberg, Phot. J., 62, p. 186; 1922. Toy, Phil. Mag.,
44, p. 352; 1922, Clark, Phot. J., 64, p. 61; 1924. Sheppard, Trivelli, and Loveland, J. Frank. Inst., 200,
p. 51; 1925,

1 Sheppard, Phot. J., 65, p. 380; 1025,

3 Trivelli, J. Frank, Inst., 204, p. 649; 1927. Liippo-Cramer, Camera, p. 39; 1027. Weigert and Liihr,
Naturwissenschaften, 15, p. 788; 1027. Wightman and Quirk., J. Frank. Inst., 204, p. 731; 1027.

4+ Sheppard, Trivelli, and Loveland, see footnote 1, above. Sheppard, Brit. J. Phot., 73, p. 33; 1920.

& Toy, Brit. J. Phet., 13, p. 205; 1926.
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nucleus can not change the quantum efficiency of the primary
photolysis.

Hickman ® has suggested that silver sulphide may act as an acceptor
for the bromine from the photolysis of the silver bromide. Lambert
and Wightman 7 have examined the energy relations and found this
possible, even when the reaction is postulated to go to sulphur bromide
and metallic silver. On this theory, the failure of halogen absorbents,
such as nitrite, to act as sensitizers may be due solely to the fact that
they are not adsorbed by the silver halide, and an efficient sensitivity
nucleus must be a bromine acceptor. The failure of the adsorption
compounds of thiocarbamides and thioanilides ® with silver halides
to sensitize for anything but the print-out effect, although they are
halogen acceptors, is an argument against this theory. This failure
of known bromine absorbents to sensitize is supplemented by the
success of materials which can not react with bromine during exposure,
such, as the metallic silver already mentioned. While it is possible
for chemically inert nuclei to adsorb bromine, this is probably unim-
portant because of their insufficient capacity; the nuclei are of the
same order of magnitude as the latent image, and it seems necessary
to assume a chemical reaction between the nuclei and the bromine
to account for the quantity of the latter which must be absorbed.

Most recently, Trivelli ° has proposed a mechanism which com-
bines some of the features of the others with an entirely new idea.
He postulates a sensitivity nucleus containing both silver and silver
sulphide, which on exposure sets up a photoelectric current from one
to the other through the silver bromide, liberating silver from the
silver sulphide by electrolysis. The theory derives support from the
results of Toy ¥ that the spectral sensitivity of silver bromide is the
same for photoconductivity and photographic exposure, and from
the improvement in sensitivity by the combined use of the sulphur
sensitizers and reducing agents.! If correct, it follows directly that
no single material can form an efficient sensitivity nucleus; although
in practice silver will almost certainly be present to supplement a
second substance. Silver sulphide would be expected to be an excep-
tionally good sensitizer, according to this theory, sinee according to
Tubandt ** it is by a very large factor the best conductor of the solid
electrolytic type known. Silver iodide, which is one of the next best,
has a conductivity not more than 1078 that of the sulphide.

¢ Hickman, Phot. J., 67, p. 34; 1927,

? Lambert and Wightman, J. Phys. Chem., 31, p. 1249; 1927,

8 Sheppard and Hudson, Phot. J., 67, p. 359; 1927.

® Trivelli, J. Frank. Inst., %04, p. 849; 1927; 205, p. 111; 1928.

I Toy, Nature, 120, p. 441; 1927,

it Sheppard and Punnett, U. S, Patent 1623499.

1 Tubandt and Reinhold, Zeit. anorg. Chem., 160, p. 222; 1927,
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Some experiments have already been reported on the effect of
colloidal materials on sensitivity. Schwartz and Stock,"” following
the photolysis of silver bromide by the liberated bromine, found that
it could be catalyzed by various colloids, and followed this up by intro-
ducing them into completed emulsions. They obtained some increase
in sensitivity from Bredig method silver and from a proprietary silica
sol (of unknown alkalinity). The metallic colloids in large amounts
caused fog. Jenisch * added noble metal sols to the emulsion.
Introduced after washing, small amounts had no effect and large
amounts caused fog, but when colloidal gold was added to the bromide
solution used in mixing the emulsion, the sensitivity was much im-
proved by the use of 3 mg. per liter.

The primary object of this investigation was to determine the
effect on sensitivity of nuclei adsorbed to the surface of the grains,
the nuclei being prepared separately as a colloidal suspension, and
introduced into an emulsion which should be reasonably free from
ripening nuclei. To be certain that the presence of the nuclei should
be the only new factor, they must be added to the emulsion after
the end of the ripening, in the sense of change in grain size.
Their presence during the mixing or ripening processes, especially
the former, might very well change other variables, such as the
structure or average size of the grains. An attempt to secure prac-
tical improvements in sensitivity by the use of colloids would be very
seriously restricted by this condition. The greatest difficulty is the
poor adsorptive capacity of the grains in a completed emulsion.
Reinders * proved directly that the adsorption of gelatin by silver
halides greatly reduces the adsorption of other materials. Some
evidence of this had already been obtained from the behavior of emul-
sions. Liippo-Cramer found that comparatively large amounts of
colloid silver could be added to a completed emulsion with compara-
tively little effect, but if it were introduced into the original mix it
produced intense fog. We succeeded in improving the adsorption,
or at least the sensitization, by the use of opposite charges on the
colloid particle and emulsion grain, as will be explained in more detail
below; but at best only a small part of the colloid introduced is
adsorbed. If the colloid used is such that its particles can act as
precipitation centers for silver, the unadsorbed excess causes dichroic
fog on development if allowed to remain in the emulsion; the dichroic
nature of the fog indicates that it is the result of physical development
on centers outside the grains. A means for avoiding this difficulty
was at hand, in the centrifugal washing of the emulsions, which we '
had already used for other purposes. The unadsorbed colloid re-

1 §chwartz and Stock, Berichte, 54, p. 2111; 1921, Zeit. wiss. Phot., 22, p. 26; 1922,
W Jenisch, Zeit, wiss. Phot., 24, p. 248; 1026.

18 Reinders, Zeit. Phys, Chem., 7%, p. 677; 1011,

18 Carroll and Hubbard, J. Phys. Chem.,, 315 p. 906; 1927,
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mained in the gelatin when the silver halide was centrifuged out, only
the portion adsorbed to the grains being carried with them.

The material of the nucleus must be insoluble and not reactive
with silver bromide. Silver and silver sulphide are obviously sug-
gested by their occurrence in normally ripened emulsions. Other
silver salts less soluble than the bromide and metals more noble than
silver also fulfill the necessary conditions. From these classes silver
iodide and metallic gold were chosen for serious consideration.

II. EXPERIMENTAL METHODS
1. PREPARATION OF THE EMULSION

The emulsions were of both ammoniacal and neutral types. Those
designated by the series No. 8 were made by the ammonia formula
described in the first paper of this series,'” using ammonium bromide.
The ammoniacal type was found to be more readily sensitized with
colloids, as with dyes. The neutral, centrifuged, emulsions have the
series No. 6. Their formula was generally as follows, or in the same
proportions with increased amounts:

Bromide solution Silver solution
Water __ o _____ ml__. 175 | Water - ________________. ml__" 225
Gelatin. oo _____ g.. 10| AgNOg____________________ g- 30.0
BBy ot g._ 23.3
KI g._ 0.29

The silver solution was added to thé bromide solution very slowly,
over a period of 10 to 15 minutes, both solutions being at 65° C.
The emulsion was held at 65° with stirring until centrifuged, the last
batch normally being separated within half an hour from the end of
the mixing process. . The emulsions of series 1 and 4 were made,
respectively, by ammoniacal and neutral formulas identical with those
of 8 and 6, but were washed after the usual chilling and shredding,
instead of by the centrifuge. The ripening of these emulsions was
limited to a few minutes after the completion of mixing. Swelled
gelatin, sufficient to bring the total to 50 g in a batch of the above
size, was then dissolved in the emulsion, which was rapidly chilled,
and washed the next day after standing over night at 5 to 8° C.
The pH, after washing 7 hours in Washingten tap water, was from
7 to 8. Emulsions of all the series were also made with pure silver
bromide, the formula being changed only by substitution of an
equivalent amount of bromide for the iodide, without making any
obvious difference in the effectiveness of the colloid sensitization,
even by colloidal silver iodide.

All the later emulsions were made with deactivated gelatin, to
reduce as far as possible the nucleation of the grains before addition

17 Carroll and Hubbard, J. Phys. Chem., 31, p. 906; 1927.
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of the colloid. The method of deactivation which we found most
satisfactory for our purposes in these experiments is based on the
conversion by ammonia of the isothiocyanates, and probably of more
complex sulphur compounds, to the soluble thiocarbamides. After
digestion with ammonia (approximately 20 minutes time at 45° with
a normal solution), the gelatin was chilled, shredded, and washed
for 24 hours in running water; 12 to 15 hours were necessary for
removal of the ammonia so that no Nessler test could be obtained
from the drainings. The final pH of the gelatin varied from 7 to 8.
The physical properties were noticeably injured by the rather drastic
ammonia treatment, but no serious difficulty was introduced. The
emulsions made with it were slow and very free from fog, but the
‘““after-ripening’’ (either by digestion or by storage) was not reduced
as much as had been anticipated. Expressed in terms of the ratio
of speed before and after digestion, it was of the same order as with
untreated gelatin.

As a means of improving the adsorption of negatively charged
colloids (such as the metals), a large proportion of the emulsions were
prepared with the grains positively charged by adsorption of silver
ions, instead of negatively charged by the normal excess of bromide
ions. Gelatin emulsions with excess soluble silver salts were fre-
quently prepared in the early stages of the development of dry
plates,’® and found to be highly sensitive but very instable, fogging
completely in a few days. This is still not to be considered a practical
type of emulsion, but we find that if the hydrogen ion concentration
of the emulsion is increased well above the isoelectric point (pH
preferably 3.5 or less), and deactivated gelatin is used, such emulsions
may be kept for at least a month without noticeable increase in fog.
It is impossible to ripen in the presence of soluble silver salts so the
emulsions were made by one or the other of the usual formulas and
after the first centrifugal separation, the silver bromide was sus-
pended in acid gelatin, to which silver sulphate was added. After
the second centrifuging, the silver bromide was suspended for coating
in acid gelatin without further addition of silver sulphate, so that the
final excess was limited to that adsorbed on the grains, and was of
the same order as the excess soluble bromide in a normal emulsion.
The quantities varied slightly, but the following figures are typical :

Excess bromide in the emulsion. .. ____________________ g equivalent._ 0. 044
Silver sulphate added to first suspension_.______________ g equivalent__ . 002
Silver sulphate found in clear gelatin from first resuspension after centri-

fuging oub Blver Dromide. .. oo ore o = mmepme e g equivalent__ . 001
Silver ion concentration in first resuspension_____________________ N_. .0025

18 Eder, Ausfiihrliches Haadbuch der Photographic, 3d ed., 3, p. 50.
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No measurable amount of silver salts could be extracted from the
plates coated with these emulsions. The traces of silver sulphate,
which must have been present, were evidently adsorbed by the
silver bromide. The above use of acid and silver sulphate is implied
in the later references in this paper to ‘“‘emulsions with excess silver.”
The sensitivity of portions so treated, when compared with other
portions of the same emulsion which had been washed and coated at
the same pH, but without the addition of silver sulphate, had been
at least doubled. However, digestion was impracticable after
washing and addition of the silver sulphate; accordingly, the sensi-
tivity produced by the use of the soluble silver salt was less than could
be obtained in the sam® emulsion by after-ripening (by digestion or
storage after washing), at the normal pH of 6 to 8 and in the presence
of the usual trace of soluble bromide. The characteristics of these
emulsions will be described in more detail in a later paper.

Our regular procedure for washing by the centrifuge is to separate
the silver halide from the ripening emulsion, resuspend in dilute
gelatin (114 ‘per cent), separate again, and suspend in the gelatin
used for coating. The quantity given in the formula is sufficient
for coating four sets of test plates, and the division into the four
batches was regularly made in the first resuspension. While both
separations are necessary for adequate washing, the concentration
of soluble materials in the first resuspension is less than 2 per cent
of the value in the unwashed emulsion. The corresponding change
in the solubility of silver bromide is still greater, so that ripening,
in the sense of change in grain size and structure, may be considered
negligible. After-ripening can not be eliminated, but the treatment
of the different batches at this stage could be standardized, so that
duplicate controls on both types of emulsions were found to check
to 10 per cent; the uncertainty thus introduced is thus much smaller
than the 50 to 200 per cent changes produced by colloidal sensitiza-
tion. The capacity of our centrifuge is not sufficient for an entire
emulsion at once, but the resuspensions of the two or more portions
necessary were carefully mixed. As already mentioned, if the silver
sulphate was used, it was added at this point. The emulsion could
then be divided into batches identical in concentration, size, ripening,
pH, and soluble bromide or silver, to be compared against each other
for the sensitizing action of the colloids. The colloids were introduced
at this stage of the process. Then, taking care to treat the control
and sensitized batches the same, the centrifugal separation was
repeated, eliminating the excess colloid. Adsorption of the colloid
apparently reached its full value immediately. There was no im-
provement on allowing it to stand longer than a few minutes before
centrifuging. Each batch was suspended for coating in 12.5 g
gelatin in 180 to 220 ml volume, depending on the viscosity.
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Unless stated to the contrary, all emulsions were coated without
digestion after washing. After-ripening is very sensitive to materials
adsorbed to the grain, such as color-sensitizing dyes or the colloids.
Since digestion involved wide differences in the formation of sensitizing
nuclei in the control and colloid-treated batches, it was eliminated
as far as possible. The emulsions with excess silver were, of course,
liable to fog under digestion treatment perfectly safe for normal
emulsions, and could not be after-ripened on this account. The
after-ripening in the presence of either dye or colloid is, to the best of
our knowledge, invariably less; so much less, as a rule that the
control ultimately becomes the faster either on digestion or storage
ripening and any after-ripening which occurred before testing tended
to subtract from the apparent sensitizing effect of the colloid. No
method of sensitization by externally prepared nuclei which we have
been able to devise is as efficient as the formation of the nuclei by
reaction of the ripened silver halide grains with sensitizers, such as the
thiocarbamides.

2. METHODS OF TESTING

The standard methods of the Bureau of Standards were used for
testing, with modifications of the development to meet certain
special cases. Exposure was in all cases on a nonintermittent time
scale, at an intensity of one candle meter, of the spectral distribution
of mean noon sunlight. The chemical development was by the brush
method, at 20°. The appearance of three times of development (3, 6,
and 12) indicates the usual pyro formula. As the emulsions with
excess silver fogged excessively on prolonged development with un-
bromided pyrogallol, a metol-hydroquinone formula ' was used for
these. The acid emulsions were particularly sensitive to irregularity
of coating. In cases of uncertainty, the 6-minute development was
run in quadruplicate. '

A considerable number of the emulsions were also compared by
physical development,” before, and in some cases, after fixation.

¥ Eastman D-61a. Stock solution, diluted with an equal volume of water for use:

ot W s e ml_. 500
TIOR3 e W R A St S g- 3
A e s e S e e s S de T g-- 9%
R e s e ————_—————— e e i S e s el ] E-- 2
AU o i e s e e e Y g.. &5
NI e o rcon e e T T e R Tl g.- 10.5
BB i e e s e e S SR e e B e e S T g.. L5
Cold water tomake________ e e———mmem liter 1
® Stock solution; 50 ml mixed with 2 ml 10 per cent AgNO;:
| R B L e T R B e L e o SRR e S A ml__ 240
B, o e e s o g.. &
Oroadd: .. - - e e T8
20 per cent gum arabie solution . ... ool ml. 10

Six minutes development at 15° or less. Fixation before develospment in 25 per cent NasSi0s, 5 per cent,
NasS Oy, followed by 30 minutes washing in running tap water, pH 70 8.
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Physical development, of gelatin emulsions is relatively unsatisfactory,
but the acid emulsions in this case give less fog than the normal. By
comparing only strips which had been developed together, and
testing in duplicate or quadruplicate, the results were sufficiently
reproducible.

Physical development is commonly regarded as a simple deposition
of nascent silver on the nuclei provided by the latent image. It is
at least true that the reduction of silver bromide, by a developer
such as we used, is negligible, but the physical development is more
sensitive than the chemical to adsorption effects which do not appear
to involve a change in the amount of latent image. Physical devel-
opment after fixation should be the most free from complications,
but according to Liippo-Cramer,” bathing with iodide can accelerate
development even in this case, indicating that the remaining latent
image is not entircly metallic silver. There is the further difficulty
that the inertia is invariably much larger for development after fixa-
tion than for chemical development, so that it gives no information
of conditions at small exposures. Bearing these limitations in mind,
physical development is valuable for comparison with the normal
method, as will be evident from the results on sensitized emulsions.

One of the principal difficulties of sensitometry became especially
obvious in the course of this investigation. The colloid sensitization
commonly changed the shape of the characteristic curve, and under
these conditions the speed and gamma numbers alone are insufficient
for comparison of the sensitivities. The characteristics of the under-
exposure period (the “toe”) are also necessary, but in order to deter-
mine then accurately, one must locate more points in the under-
exposure region than is commonly done. Renwick ** has shown that
the equation, D+e¢<=u E, for the underexposure region, accurately
expresses the results up to the beginning of the straight-line portion
of the characteristic curve, where it becomes D =y (log E-log i).
Designating the exposure at this point by E;, and that for zero
density by Ey, he further derives the equations:

E, =0.434 v/u
E./E, =0.434 v/c®

With the limited number of points available in the underexposure
region, it is impossible to obtain from our curves the excellent verifi-
cation of these equations which was found by Renwick. However,
the data from the representative curves in Figure 1 will illustrate the
points which we wish to make. Referring to Table 1 and the figure,

and

9 Lippo-Cramer, Die Grundlagen der Photographischen Negativverfahren, p. 161,
# Renwick, Phot. J., 63, p. 127; 1913.
# This becomes indeterminate for ¢=0, since F, then is also 0,

3696°—28 2
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it is evident that curves 1 and 4 may be fairly compared on the basis
of speed and gamma alone.

TaBLe 1
B urfau B E, ur E.
o [i]
Emuision No. | Stand- Seal from: | D484 | from | 0.6M
ds | Y | S®e| e | % | Eo | Diog| yu | DHog| e
speed E curve E curve
8851 s 33 0.75 410 | 0.05 0. 66 0.075 L0 0.5 13 6.5
B—ﬁ?—:ﬁ ............... 31 2.00 5 .04 .45 .09 2.5 L9 28 22.0
G064 . 36 1.35 16 . 055 1.02 .05 B .6 16 11.0

In the case of curves 1 and 3, while one may calculate from these
quantities (and the definition, B. S. speed =10/i) that the straight

3

6-65 3
4

’ P

7 |/
o = d /
8.0 9.0 0.0 10 2.0

LoG. E.c.M.s.

Fic. 1.—Characteristic curves, 12-minute development, for emulsion 6—65
(1) Control; (3) sensitized with colloidal silver iodide; (4) sensitized with colloidal silver

line portions of the curves must cross at log £E=0.25, D=0.58, it is
impossible to predict that they will practically coincide throughout
the underexposure region. There is no theoretical reason why the
speed and gamma derived from curve 3 might not be combined with
a much larger value of ¢, with correspondingly decreased densities in
most of the underexposure region.

We have not made complete determinations of the underexposure
characteristics. The characteristic curves, made with a sector wheel
of the conventional H and D form, did not regularly include enough
points in this region. Enough are given to illistrate the types of
change in the underexposure region produced by colloid sensitization.
In interpreting the value of ¢ and u, it should be remembered that,
while % corresponds exactly to v in the equation for the straight line
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portion, it is ¢/u (or E,), rather than ¢, which corresponds to log <.
Those values of ¢ and u which are given correspond to the longest
time of development.

ITI. SENSITIZATION BY COLLOIDAL SILVER IODIDE

The data on this subject have been divided into four sections.
Table 2 gives the results with normal emulsions (excess bromide),
and Table 3 those with the acid emulsions, with excess silver. Both
of these represent immediate tests, without digestion. As most of
the emulsions with silver iodide were made before we decided to
make use of physical development, some of those which appear for
the second time in Table 5, on comparison of the effects with chemical
and physical development, had changed considerably by storage
ripening since the tests recorded in Table 2. Since silver iodide alone
is not capable of acting as a development center, it may be left in
the emulsion without causing fog. A number of such cases are given
in Table 4. The iodide was added before digestion, but after the
washing was complete, both centrifugal and normal washing having
been used. The quantities of silver iodide are in all cases expressed
as molar per cent of the total silver halide in the emulsion. The
second column of Tables 2, 3, 4, and 5 gives the amount of iodide in
the original mix of the emulsion, and, therefore, present before addi-
tion of the colloid; the amount of colloidal silver iodide is expressed
as “Agl added.”

TABLE 2.—Normal emulsions, excess bromide; sensitized with colloidal silver iodide

—TT l Mol Bu- 3 Fog
sion | Per Type of colloid cent |Stand- c|u
No. |50 Al lards | 316 (12|36
I T T 0.0 30(0.45 0. 500. 120. 220. 2810. 04 0. 86
2 apercantexmx“l undialyzed....__. 1.0 .90 .31) .36 .44 .01 .42
3 1.5 Npercent exeess AgNOy; undialyzed. . 1.0 72| .78] .21 .30] .34] .04 .38
i one. eater than excess
AgNOs oo}ll}d ____________________ 0 .08 .44) . 10] .18] . 21| . 03] .75
8-109-1 ; 0 .83 .88] .11 .15] .21 w
3|} 10| Excess AgNOy; dialyzed............... { %4 i :
8-110-1 3 0 . 0011, 10 ——
4 } 1.0 Equivalent; un(nalym—. ............. { .8 L8512 13 Tl
_______________________________________ 0 .031.20] . .52
-l 3 per cent excess K1- undiaiyzed. ... 1.0 .60'1. 87 .58
3 1.043 per cent excess AgNOs; undlllyned 1.0 .40 1.60) . .70
H Ag:80,equivalent to4 times the excess [
AgNOjincolloid. ... 0 .70; .85 . .55
IR D oo s na v e 0 .96 . .60
2 1.0/J3 per cent excess KI; undialyzed....__. 1.0 -7l 52I .58
3 *7(]3 per cent excess AgNO; undialyzed . 1.0 .501.85 . .50
4| Colloidal Agl in the final suspension. . .6 732.13 . .68
81254 " 0 1 .8
1[} o | Equivalent; undialyzed............... { 1o i -
0 110{ . 7211.352.10 . [
.4

1 82'
1. 81|

HL’; 5 per cent excess AgNOy; dialmd Ex
posed to diffuse day é 1421. 20
ﬁer cent excess Ag ; dislyz

ndled entirely under sale light 147118

1 All batches of 8-96 digested 30 minutes at 45° before coating.
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TaABLE 3.—Acid emulsions, excess silver; sensitized with collovdal silver iodide

Mol Mol Bu-J ¥ Fog
Emul- per |reau
sion | PO Type of colloid cent |Stand- clu
No. | Ael adid| g | 3|6 [12]3]6 |2
o O R I 0.0, 40 1.401.98..-.0.300.99|.-..10.1811.72
2 } 1.0 {2 per cent excess ﬁNO;, undialyzed. . L1 43 |[1.67]1.86|....| .22 ceee| L1470
3 2 per cent excess KI; undialyzed.......! 1.1] 34 [1.852.35_ ___|.28 ‘90 | 12174
G001 H . liicasccccicarnmaisasnirnsinasraiiins 0 28 |.35]. 75 .06] .11:0.22{ . .68
2 } 1. 5/43 per cent excess KI; undialyzed.______ 1.0 11 |.95]1. 135 .06 .11] .24] . 09| .27
3 3 per cent excess AgN Oy; undialyzed. . 1.0j 13 .7B|l .502.00 .08| .18 .37|.05( .46
SIS B M it e e i 0 13 |2.40(3.07|....| .07| .18]._._| .23| .08
2 1.042 per cent excess AgN O;; undialyzed. _ 1.1 21 [1.94{3.10....] .07| .17i____| . 23)1. 24
3 per cent excess KI; undial ywd-_____- 1.1 12 [2.353.20....|.05| .18;_._.] .28 .81
8-113-1 } 10{ ....................................... 0 23 |1.556(2. 64|....| .11{ .29} .__| . 26|1.10
6 "Y1 per cent excess AgN Oy; undialyzed. . .9 1.37/2.23|....] .17| .32|....| .19]1.18
8=122-1 |]  |femocemmccccrmceecccccmemmen————————— 0 6.5 .57(1.38/1. 08/ , 02| .11| .20] .02] .21
2 1.0/48 per cent excess KI; undialyzed....__. 1.0 11 [1.10,2.202 85 .11| .15 .26 .06 .27
3 3 per cent excess AgN Oy; undialyzed.. 1.0 9 |1 152.3OI&OS L10( .14] .22 ,03] ,20
TasLe 4—Colloidal silver iodide in final suspension of normal emulsion
6-minute Development
Physical
Origi- M-Q development after
Emul- Added development; fixation
sion | Agl | Agl After ripening
No. | in |inmol -
mo 'i i o .
@ | = 5 z | ~|= c% ~| =
) P.c.| P.c.
8—123-1 1 0.0, 2 modnths' T 1 3{ 25.0. -
i A 471, | s
4- 254 3 : Digesmdzhours 5 o 2.07] . —
3 : i N, R Z72. 7 i
1-128-2 None ............................... 45|L. 45, . [F—
5 ' 11{2. 67| . I
1-128-6 ol 160/1. 40/ . L3
8 = 302, 00| . i
1-126-1 0 30/2.15| . . 27/0. 46
2 N 18{3. 30 . .48 .48
1-130-1 0 138{2. 10| . 1 . 28| .36
2 . 1322. 60| . .38
1-133-1 . SN, SENSROT L8 i ) 1 ) .15
2 1 S T T S 431.?2[. 21
3 [, LA I B S R 301, 62 . .18 .49
|

! The silver iodide in this case was added after digestion was complete.
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TasLe 5.—Comparison of partial conversion to Agl, by bathing in soluble todide,
with addition of colloidal Agl

6-minute Physical Development
Origi- M-Q development ﬁaft‘"r
Emul- nal |Added Aft development xation
sion | Agl | Agl ripen?zlg Other treatment
No. i1:|1 in mol o - o
mo 2 2
g g g
218 &8 c% | =
P.ot. | P.cl.
8-110-1 0.0/ 7 months | Washed._............ 166,1. 30/0. 16 31{0.61/0. 22 3910. 25(0. 43
storage.
1 L0 LV T« [ Bathed in KT solu- 1051, 25 .15 430 .27 23} N Ep—
tion and washed.
4 BloeadOaaaaas Washed._________.__ 28(2.30| .25 31 .61 . 35 30] .52 .37
8-100-1 N N, [ I - i [ R S 190(1. 30| .18 250 .60 21| .. S
1 1.0 O Ao Bathed in KI solu- 10001, 16] . 17 110) .21 .18 ... SR S
" tion and washed.
4 .8 47(1.61] .20 43} .56/ .27 ... coaiegn
81254 0 .0 2012. 15, .11 7 .78 .14 4] .23 .52
1 . 1.0 615, 30| . 36, 911, 04| .28 4] . 50| .49
8-123-1 0 0 1321, 20| . 08| 26| .62 .13 25| .30 .44
2 .0 1.0/, 63|1. 45| . 18 390 .60 .29 17) 37| .47
ﬁ—ﬁ-i—l} 15{ 0. 145| . 84| . 25 5 .48 17 26) .30| .42
3 ' 1.0]-. 34{1. 00| . 32 22 .45/ .38 20 . 36| .46
Cramer. .| ...... .0 ed 79)2. 60/ . 10 22/1. 45 . 08 13{1. 00| . 08
Contrast.|....... R Bathed in KI solu- 52|13, 05t .09 45 .67 112 24) .74 .12
tion and washed.
1

1 Four minutes in N /400 KI, followed by 15 minutes washing in running water. The volume of KI
solution was such that complete reaction would have converted about 10 per cent of the AgBr to Agl.
Silver iodide may readily be prepared in the colloidal state by reac-
tion of dilute solutions of silver nitrate and potassium iodide. The
charge on the particles is negative if an excess of iodide is used, positive
if the silver is in excess.?* We found it advisable to stabilize all our
colloids with gelatin to avoid risk of coagulation on mixing with the
emulsion. The silver iodide with excess iodide was made up at
approximate neutrality, and that with excess silver at a pH less than
4.7, generally at 3.8, to reduce reaction of the excess silver with the
gelatin. N/100 solutions, with 1 per cent gelatin, were rapidly mixed
at about 30°. The excess Ag* or I in undialyzed sols never
exceeded 3 per cent. In the absence of protective colloid, the sols
with excess iodide are the more stable, corresponding to stronger
adsorption of the iodide ion. We found that excess silver was liable
to be completely removed by prolonged dialysis of the protected sols,
reversing the charge on the silver iodide. Most of the sols were,
accordingly, used without dialysis. In the case of the emulsions
listed in Table 2, the soluble silver salt introduced along with those
silver iodide sols containing excess silver nitrate, was never equiva-
lent to the soluble bromide present in the emulsion at this point. All
batches of emulsion listed in this table were coated with excess bro-
mide, with the possible exceptions of 6-64-4 and 8-121-4. Silver

# Lottermoser. J. pract, Chem. [2], 75, p. 293; 1907.
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sulphate only was added to these, and it is evident that its effect was
quite different from that of colloidal silver iodide.

The characteristic effect of the colloidal silver iodide was an
increase in contrast. Under practical conditions, with digestion of
the emulsion after washing, the addition of silver iodide at any point
after the original mix of the emulsion produces desensitization.®
However, we found by testing the emulsions both with and without
after-ripening, that this is explained by the marked tendency of the
silver iodide to prevent after-ripening. The immediate effect was to
increase the density over most or all of the straight-line portion of
the characteristic curve, as compared to the control; the under-
exposure region was slightly depressed, as a rule. When the iodide
was added before the final centrifuging, the speed number was
increased and decreased in an equal number of cases; if it was added
to the final suspension (with either type of washing), there was an
invariable decrease. Either on digestion or storage, the control
batches reached higher sensitivities (by normal development), but
the difference in gamma never disappeared.

Figure 1 shows the characteristic curves of three batches of 6-65:
Control, silver iodide sensitized, and silver sensitized. These illustrate
the typical effects of the iodide in increasing density only for the
larger values of F, and of the metallic colloids, which were most
effective at the “toe’ of the curve.

All combinations of charge on the silver iodide particles and emul-
sion grains were tried out, without disclosing the expected improve-
ment by opposite charges. In both types of emulsion the advantage
was possibly with the colloid with the same charge as the grains,
although the difference was not large enough to be determined with
certainty. It is evident that the strong adsorption of silver iodide to
silver bromide is specific and is not of the nature of a mutual coagu-
lation of oppositely charged colloids.

The colloidal silver iodide was never exposed to full daylight. This
might have affected it, but there was no difference evident between
the results with preparations which had been handled only by a
safe light, and those which were exposed to the artificial light or weak
diffuse daylight of the laboratory. (8-96, Table 2.)

The most striking effect produced by the colloidal silver iodide
was the apparent sensitization when the plates were physically
developed (Tables 4 and 5). This was accompanied by an increase
in fog, which was greater when the excess colloid was not removed by
the centrifuge, the average increase being 215 per cent (Table 4)
against 87 per cent (Table 5, excluding the bathed plates). The
changes in sensitivity and fog both disappeared on development after
fixation, within the large limits of error inherent in this method.

# Renwick, Sease, and Baldsiefen, Photo. T., 66, p. 163; 1926; also private communication.
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With this evidence, it is possible to account for the results, and we

believe that a similar method of attack will be useful in the study of
the function of iodide introduced into the emulsion in the original
mix.
The acceleration of development by bathing in solutions of soluble
iodide, with partial conversion of the silver bromide to silver iodide,
has been known for a long time. The results are discussed at length
by Liippo-Cramer.® His hypothesis of nucleus exposure (“Keim-
blosslegung’’) is the best known explanation of the phenomena con-
nected with iodide bathing. It may be stated briefly as follows:

Only the nuclei on the surface of the grains are effective in pro-
moting physical development. Those in the interior are relatively
ineffective for chemical development, and totally so with the physical
developers which do not reduce the grains but supply the silver of the
developed image entirely from the solution. Conversion of silver
bromide to iodide involves considerable change in volume and crystal
structure, and, therefore, disintegrates the silver bromide grains,
exposing the nuclei in the interior and making them available as
development centers. This theory is apparently well substantiated
where extensive conversion to iodide takes place, but Sheppard,
Wightman, and Trivelli ¥ have pointed out that the marked selective
effects, which are found when very dilute solutions are used, are
better explained by increased adsorption of the developer to the
iodide. In our experiments, silver iodide was introduced into the
emulsion after practically complete removal of soluble bromide, or
other silver halide solvents. No replacement of bromine by iodine
in the crystal lattice could take place, only adsorption of the silver
iodide to the bromide, and the hypothesis of nucleus exposure is
therefore inapplicable. The effects of the colloidal silver iodide may
be attributed entirely to the acceleration of development. Speed in-
creases even more than contrast, with increasing physical develop-
ment, so that not only the increased contrast with chemical develop-
ment, but the increased speed with physical, are accounted for in this
way. The increased fog on physical development is logically ex-
plained by adsorption of silver nitrate (or a silver nitrate-metol com-
plex). All the silver nitrate in the developer is ultimately reduced,
and that adsorbed to the silver iodide in the emulsion produces fog
instead of merely a suspension of silver in the developing solution.
Fog and silver iodide present increase together in the order—develop-
ment after fixation, development before fixation of emulsions with
the unadsorbed silver iodide eliminated, development before fixation
of emulsions with all the silver iodide present.

# Liippo-Cramer, Grundlagen der Photographische Negativverfahren, pp. 526-560.
% Bheppard, Wightman, and Trivelli, J. Frank. Inst., 196, pp. 653, 779; 1923.
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On the orientation theory of sensitivity nuclei, it might be possible
for the adsorption of silver iodide to increase the primary photolysis
of silver bromide; in other words, to increase the amount of latent
image rather than its developability, but we haveobtained no evidence
to this effect.

It is not wise to attempt to draw analogies, from the results obtained
either by bathing or by addition of colloidal silver iodide, to the use
of iodide in the original mix of the emulsion. In the latter case the
final product must be largely mixed crystals; while it has been
suggested * that adsorption of the developer by iodide may account
for the results obtained, there is evidence for a change in the primary
sensitivity caused by distortion of the silver bromide crystal lattice
on formation of mixed erystals with iodide.® Wilsey *® has actually
found, by X-ray measurements, the predicted change in the space
lattice of (fused) silver bromiodide mixed crystals, and Huse and
Meulendyke ® find an analogous change in the spectral absorption
of the fused salts and in the spectral sensitivity of emulsions of
corresponding iodide content.

IV. SENSITIZATION BY COLLOIDAL SILVER

Metallic silver is one of the probable materials of the sensitivity
nuclei, as already mentioned. It is of further interest because it
can not be considered as a bromine acceptor. There is no evidence
that the photolysis of silver bromide and the bromination of silver
reach any equilibrium in light, so that the first process could not be
accelerated by the second even in the earliest stages. Bromination
after exposure but before development, by local differences of bromine
pressure in the grain, would be expected to reduce rather than increase
developability, since the bromine would tend to migrate from the
interior of the grain to the vital development centers on the surface.

We were able to secure a very definite sensitization by colloidal
silver of the acid emulsions with excess soluble silver salts. (Table
6.) The adsorption of the negatively charged metallic colloids on the
negatively charged grains of the normal emulsions was apparently
too poor for definite results. Gelatin-protected sols gave by far the
best sensitization. It wasapparently a question of protection rather
than particle size, since dextrin-protected sols, which were practically
ineffective, were converted by the addition of acidified gelatin into
the equivalent of the sols reduced by hydrazine in the presence of
gelatin, both in appearance and sensitizing action. The dextrin sols
were prepared by the Carey Lea method, with a decreased amount of
sodium hydroxide, as suggested by Wiegel.** They were purified by

# Sheppard, Phot. J., 62, p. 88; 1922,

% Trivelli, Rec. des Trav. Chem. [4], 3, p. 714; 1923,
% Wilsey, J. Frank. Inst., 200, p. 739; 1025,

% Huse and Meulendyke, Phot. J., 68, p. 306; 1026,
» Wiegel, Zeit. wiss Phot., 24, p. 316; 1927.
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No difference was apparent between those
A number of these sols were treated

with hydrochlorie acid or sodium. chloride, with the idea that, if the
adsorbed OH™ ions on the particles were replaced by C17, the
adserption might be improved. There is no evidence that this was

of any value.

Commercial “argyrol,” presumably reduced and pro-

tected by hydrolyzed albumen, produced only intense fog without
sengsitization.

The data in Table 6 are all without after-ripening.
Table 7 were made after two months storage, using both chemical

and physical development.

The retests in

The colloid for some reason retarded

the reduction of soluble silver salt in the emulsion, since on chemical
development the batch with colloid fogged less than the control.
The much greater fog on physical development is probably ex-
plained by the presence of silver particles large enough to initiate
deposition of silver, but not firmly enough adsorbed to accelerate
reduction of the silver bromide grains.

There is no evidence in this case of a development effect.
change in sensitivity is primarily a decrease in inertia, with practically

constant gamma.

The

The indication 1s an actual increase in latent

image, although it is impossible to decide whether there is a real
increase in the photochemical process or only an orientation around
silver nuclei.

TaABLE 6.—Sensittzation with colloidal silver; acid emulsions with excess silver

Emul- Me Ag L
sion Preparation of colloid per |Speed e | W
No. gAgBr 36|12 3
L 2 L e e T T B T oo 0.0 28 |0.350.63)0.750.050.680. 06
4 | Reduced by N:H, from ammoniacal AgCl, in
presence of gelatin__. . oo L6 34 | .63[L 181 35| .07|1. 10{ . 19)
5 | Dextrin; alcohol precipitated and dialyzed
aiter adding Nall] i i L6 27 | .30] .68] .85 .05 .68] .11
Bel2-1 | ocirvcscuvsusnnnans S L S R R R L0 23 |.60[1. 852 66/ ,20]1. 27| .
2 | Dextrin; twice precipitated by aleohol; added
to final SUSPENSION - - eem e e oo .21 27 | .55/1.60{2. 50| .11/1. 24{ . 15
F120 Y | s e e S S R R e R .0 6.5 .57/1.38/1. 98| .02 .21| .02
4 | Dextrin, once precipitated by aleohol._._..__. .6 10 | .80/L 05]1.82 .07| .40 .08
5 | Dextrin, twice precipitated by aleohol________ .6 8 | .700L 26/L 60| .02 .23 .07
6 | Reduced by Na2H; in presence of gelatin_______ L6 11 | . 55|L 24]1.70 . 06] . 38] .07
Bl b s s e —————— e . ————— e .0 8 |1.05/1.60(._..] .07 .41| .05
2 | Dextrin; once precipitated by aleohol.___.._._ L2060 8 [1L0011L.70[____| .06/ .40( .09
3 | Dextrin; twice precipitated by aleohol.._.__.. .26 8.5/ .94[1.55____| .06/ .34 .05
8141 | ies L0 14 |L3812,13____|.03] .52 .08
2 | Reduced by N:Hy from ammoniacal AgClin
resence of gelatin_________________ ... 6 31 |L1201.75_.___] .08 .98 .10
3| Asin (2),dialyzed_.___.____ ... L6 26 |L221.90.___].05 .93 .09
4 | Dextrin; once precipitated by alcohol; plus
gelatin and HCltopH 4____________________ L6 25 |1.352.200____).12(1.02 .07
5 | Dextrin; once precipitaied by alcohol; dia-
lyzed after adding 10— g equivalent HCL ____ L6 156 |L 42183 __| .04] .50 .20
6 | Dextrin; once precipitated by alcohol; dia-
lyzed after adding 10— g equivalent HCL ____ L6 15 |L222.01).__.| .04 .55 .09

Fog

]

0.11
. 56|

12

0.22
1.61
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TABLE 7
Six minutes metol-hy-
droq;.linona develop- | Physical development
€
Emulsion No. e

Speed ¥ Fog | Speed ¥ Fog
B OBl oo e o B e e S N T S SR 100 1.056 0.78 10 0.73 0.12
B S e R N R T e R e e S S a3 1,562 .14 4 i .42
B124-1 oo e 47 2.05 .41 0.7 1.02 .08
B e e e ore——— 52 2.05 17 10 .88 .59

V. SENSITIZATION BY SILVER SULPHIDE

We were unable to produce definite sensitization by colloidal
silver sulphide in either type of emulsion. As the silver sulphide
caused a considerable increase in fog, it is possible that the particles
of the sol were too large. Our sols were prepared by two methods;
first, by mixing 0.01 N solutions of silver nitrate and sodium sulphide,
with 1 per cent gelatin in one or both solutions, and second, by the
decomposition of silver thiosulphate in the presence of gelatin.

As we wished to compare the results of chemical and physical
development on emulsions with silver sulphide nuclei, a number
were sensitized with allyl thiocarbamide, 2 to 12X 10® g/g of silver
bromide. It is evident from the typical cases quoted in Table 8
that the percentage increase in sensitivity is nearly the same by both
methods of development. The similarity is so great that a develop-
ment effect becomes highly improbable. The thiocarbamide sen-
sitization must increase the latent image formed.

TaBLE 8. —Comparison of chemical and physical development of emulsions sen-
sitized with allyl thiocarbamide

Six-minute develop-
ment with metol- | Physical development
Emul- hydro-quinone
sion
No.
Speed v Fog | Speed ¥ Fog
1-128-1 | Control _____.___ . __ ___________ 30 2.15 0.03 4.5 0.68 0.09
8| Bensitized - 210 177 .08 13.0 .88 .09
11316 | Control. o wovnsmimiisuimnanassioreacusin,. 95 110 .17 27.0 .80 .16
| e A ——— 380 1.32 .30 | 870 .57 .21
1-132-3 | Contro). _____ . e 125 1.60 .02 7.9 .52 .03
2| Bemsithead . ool e e il 480 1.42 .16 16.0 L7 .06
1=138-1. | COBIEOL. oo o cm s a s v s an e s G 175 1.33 .02 12.0 .60 .4
6| Sensitized. ... . 410 1.47 .10 | 40.0 .58 07

VI. SENSITIZATION WITH COLLOIDAL GOLD

Metallic gold was found to be, under proper conditions, the most
effective of the colloidal sensitizers. The optimum conditions for its
use are so restricted that erratic results were obtained for a consider-
able time. They may be summarized as follows:
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The gold sol should be blue to purple in color (absorption maximum
about 560 to 570 mg); free from unreduced auric chloride; free from
particles coarse enough to give a cloudy appearance; protected by
gelatin.

The emulsion should contain excess silver in a concentration of the
order of 2X107* N at the time the gold sol is added, and the pH at
this time should be less than 3 (preferably not less than 2); the excess
gold and soluble silver should be removed by centrifuging.

Some sensitization of normal emulsions, with excess bromide, is
probable, but we were unable regularly to secure effects larger than
the experimental error by adding the colloidal gold to the fully
ripened and washed emulsion as already described with the other
colloids. A number of experiments were also made under other con-
ditions which appeared to have possibility of greater effectiveness.
The work of Jenisch * on addition of the gold to the bromide solution
used in making the emulsion, was repeated with completely negative
results, although we tried both neutral and ammoniacal emulsions with
varying degrees of ripening and with three different gold sols. When
the gold was added after the mixing was complete, but before washing,
it usually caused fog, but the sensitization was within the limits of
error. As the presence of the gold under these conditions may alter
variables, such as the ripening process, these experiments were dis-
continued when they did not show promise of practical results.

The necessity of a low pH was entirely unexpected. It is probably
connected with the increase in sensitivity of emulsions with excess
silver as the pH of their first resuspension is decreased, an equally
unexplained effect, to be treated in a later publication. The data in
Table 9 permit direct comparison of sensitization of the same emul-
sions by the same gold sols at different hydrogen ion concentrations,
supported by results with comparable emulsions. The increase in
sensitivity at pH 2.2 to 2.5 was 60 to 200 per cent, as compared to 10
per cent or less at pH 4.5 to 5.2. The figures for the underexposure
region show that the sensitizing effect of the gold was strongest there;
as there was usually a decrease in gamma, it tended to disappear with
increasing exposure.

On any of the theories of sensitivity, there should be a minimum
effective size for the sensitivity nucleus, and, assuming it to be either
a portion of the subsequent development center or a bromine absorb-
ent, the sensitization would, within limits, increase with the size. We
made no direct determinations of particle size in the gold sols, but, at
least in the case of sols prepared by the same general method, it seems
safe to assume that the particle size increases as the spectral absorb-
tion shifts to the longer wave lengths. We found that a series of sols
ranging in color from red through purple to blue may be prepared by
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reduction of auric chloride with hydrazine in the presence of gelatin,
varying only the hydrogen ion concentration at the time of reduction.
Our results were similar to the much more comprehensive work sub-
sequently published by Beaver and Muller.®* As will be evident
from inspection of Table 10, the effectiveness of the gold sols increase
from almost nothing with the red sols to a maximum with the blue.
The regular change in the underexposure regions of 8-113 and 8-115
should be noted. It is peculiar that the neutral emulsions, 6-56 for
example, were fogged by the gold more than were the ammoniacal
type. The pH given in the “description of colloid,” Table 10, is that
at which reduction of the geld took place; the pIl of the different
batches of emulsion was independent of this, and was approximately
3.5.

All our sols were made up quantitatively with equivalent amounts
of standard solutions of auric chloride and hydrazine sulphate, and
were generally dialyzed for several days in collodion sacks against dis-
tilled water. Undialyzed sols with incomplete reduction (sce 8-150-4,
Table 11) were generally desensitizing, because of the auric chloride.
However, the presence of the gelatin interfered with analysis for pos-
sible hydrazine in the sols. Accordingly, hydrazine sulphate was
added to the emulsions under the same conditions used for the gold,
and was mixed with gold sols on the possibility that the combination
might be more effective than either one alone. Large quantities
(0.001 mol per mol Ag Br) caused intense fog in the emulsions with
excess silver. Smaller amounts, of the order used in preparation of
the gold sols, were quite inert, as will be evident from Table 11.

As gold is attacked by the halogens, it might be considered an
acceptor for bromine from the photolysis of silver bromide, provided
that gold halides are inert to the latent image. Auric chloride solu-
tion was found to be destructive to the latent image in high dilu-
tions, as is evident from Table 12. It is even more destructive to
sensitivity. There remained the possibility that halogenation may
go through the aurous state. Aurous chloride is decomposed by
water to gold and auric chloride, and the bromide is less stable.
This is, in itself, probably a sufficient argument. However, it is
possible to prepare moderately stable solutions of aurous gold * by
reduction of auric chloride with sulphite in the presence of soluble
chloride. These solutions are almost as destructive to the latent
image as those of auric chloride. Because of their unstable nature
it was difficult to reproduce results. They occasionally produced
heavy fog, accompanied by more than the usual destruction of the
latent image, and it was difficult to correlate this with their stability.
An illustration of this occurs in the last section of Table 12. These

% Beaver and Muller, J. Am. Chem. Sec., 50, p. 304; 1928,
# Lenher and Diemer, J. Am. Chem. Soe., 35, pp. 546, 552, 733; 1013.
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solutions evidently represent an equilibrium mixture. When sulphite
suflicient to reduce the auric chloride to the aurous state is used in
the presence of small amounts of soluble chlorides, the yellow color
of the solution is not completely discharged, nor is the use of excess
sulphite suflicient to do this, but it gradually fades out as the con-
centration of chloride is increased. It will be noted in the last sec-
tion of Table 12 that as the molar ratio of NaCl to AuCl is raised
from 1 to 100, the reduction in density is less, while the addition of
more sulphite has no such effect. In fact, it increases the action on
the latent image, corresponding possibly to the maximum increase
in the electrode potential of gold found by Diemer at the concentra-
tion of sulphite corresponding to reduction to AuCl. The evidence
1s that the actual concentration of aurous ion in these solutions is
infinitesimal, as a result of complex formation, and, altogether, that
there is no possibility that the bromination of gold either to the
aurous or the auric state could assist in the photolysis of silver
bromide. We discovered a minor point which is not mentioned by
Lenher and Diemer. The aurous solutions are much more stable if
neutralized (pH 6 to 7) than if left at the naturally acid reaction of
auric chloride solutions. The decomposition in the presence of low
concentration of chloride becomes a matter of hours instead of
minutes.

Using physical development, the colloidal gold has a marked tend-
ency to cause fog. (Table 9.) Probably because of this there is
more often a decrease than an increase in the sensitivity measured
this way. With chemical development the unadsorbed gold may be
left in the emulsion without causing fog. Thisisillustrated in Table
13. It 1s evident that the heavy fog of the gold-sensitized neutral
emulsions is not due to unadsorbed excess colloid.

The sensitizing action of collodial gold can not be ascribed to its
absorption of bromine or to its ability to act as a development center
independent of connection with a silver bromide grain or to its ability
to accelerate development. It is uncertain whether a silver-silver
bromide-gold photoconductivity cell could be set up or whether its
action would increase developability. The theory of an oriented
photolysis caused by the adsorption of the gold to the surface of the
silver bromide seems to fit the case better than any of the others.
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TaBLE 9—Effect of emulsion pH when colloidal gold was added, on the sensitiza~
tton produced by the gold

Chemical develop-

];1;:[ Mg ment, 6 minutes destggﬂ;;elnt.

Emul- addi-| Au metol-hydroquinone P

leon tion | per g
D of |AgBr

gold Speed Fog| ¢ | u |Speed| v [Fog
BT | Bontroloc i ammanssssimmsmmns 50{ 0.0 4.512 0700 050.000.32{ 2.60.730.02
2 Gold added to first resuspension__________| 5.0 .06] 5.02.35 .09 .00 .32 2.7].72/.10
B || EIONIEOL s vp i cpi s s o 2.5 .0]190.0 .83 .21 .002.3 | 12.0{ .57 .02
4 Go]d added to first resuspension__________| 2.5 .06] 350, 0| .80| .48| .0014.5 | 20.0| .50| .05
81581 | Control.. . coouniiaianoooooanioaaas 5.2 .0 6.3/1.28( . 03| .03| .48] 6.3 .60/ .03
2 | Gold added to first resuspension__________| 5.2 .06 6.9(1.30] .05 .04| .68 2.0/ .61 .17
8| DONBEAL i avp s s s e RS S RS 2.2 .0 | 79.0/1.00] .48| .06/1. 65 30.0 .51| .02
4 | Gold added to first resuspension__________| 2.2 L06{ 300.0 .79| .48| .02/4.4 | 14.0 .50 .17
8-140-3 | Control. ... oo 2.4 .0 | 230.0/1. 00| .40] .01]4.1 27.0] . 56| .02
Gold added (o first resuspension. ... 2.4 00| 380,0) .72 .67| . 0242 23.05 48] .09
8-150-1 | Control_______ fceceee--o| 2.5 .0 | 145.0 .92 .17|.07(2.55) 11.5/ .90) .09
2 | Gold added to ﬁrst resuspenswn .......... 2.5 .12 230.0/ .03] .31| .08/5.0 | 26.0 .53| .08
8-120-1 | COntrO)ac e ccccecrcnmsndinsnnanncaanam- 4,5 .0 | 16.0[1.63| .05 .04 .48 5.7 .65 .04
2 Gold addcdt.oﬁrst resuspension__________| 4.5 .12| 15.0[1.80| .05] .05 .49 3.9 .69 .17
8-131-1 | Control .. __________________. coae e s 500 .0 | 11.0/1.45/ .05/ .01| .52 3.3/ .95 .05
3 | Gold added to first resuspension__________ 5.0 .09 10.5i1.42 .06] .02} .68 2.1| .96]| .16

TasLe 10—Comparison of sensilizalion by gold sols of varying disperston

Emul- gg Fog
sion Deseription of colloid per g Speed ¢ U
No. AgBr 3 | 6 3 |8
6-56-1 | Control_._____ o ieeiasaa- 0.0 64 (|0.20 0.8 | 0.09 | 1.06 | 0.03 | 0.35
4 Reduced by N:H, in presence of gelatin,
______________________________________ .2 103 | .50 | .83 | .04 |2.60|1.03 | 223
5 Reduced by HCHO, without protection.
...................................... 2 44| .92 |1.37| .11 |1.40| .28 | .72
1181 |1 Centr0). o iR S e A e R .0 23 (1.55 |25 | .25 |10 .11 | .29
2 | Reduced by N:Ily in presence of 0.1 per .
cent gelatin; pH 3.5. Orange._.___.._._.. .2 23 (1.60 | 245| .23 | 1.18| .15 | .34
3 | Reduced by NgzHy in presence of 0.1 per
cent gelatin; pH 8.2, Purple_____________ .2 35 | 1.48 | 1.93 | .20 | 1.50 | .17 | .40
4 | Reduced by NiHy in presence of 0.05 per
cent gelatin; pH 8.5 Blue ______________ By 50 |1.08 | 1.93| .20 | 2.00| .21 | .45
5 | Reduced by N:H; in presence of (.025 per
cent gelatin; pH 8.5, Blue - ceoeocaaaaas .2| 48|1.65(2.10| .28|2.585| .19 | .50
851151 | Combroloce o srsevamnsianpaasnunmnnuy .0 21 (162237 .12 1.05| .10 | .18
2 | Reduced by N:H; in presence of 0.1 per
cent gelatin; pH 3.5. Orange.__._________ e 14 |17 |260] ,10| .72| .13 | .23
3 | Reduced by N:zH; in presence of 0.1 per
cent gelatin; pH 8.2. Purple.____________ .2| 50|1.13|1.54| 06| .66 .41 | .94




Carroll

]

Hubbard

Sensitization of Photographic Emulsions

51

TasLe 11.—Test for sensilization by hydrazine; comparison of dialyzed and
undialyzed gold sols

dChlem.lcal "
evelopmen :
Mol Physieal
Emul- | . PH when Mg Au N,HD'_ ﬁ-ml?ult.e development
sion | NeHeHSO rg | HaSO4 hyd_rnéz[?j;mne
No. or gold was ﬁBr per mol
added AgBr
Speed| v (Fog!Speed| v [Fog
8-128-1 [4______________ Control ._______.____ P 0.0 0.0 20.0/1.65(0. 06| 7. 9]0. 54{0. 04
3 Samess(l)___ Undialyzed blue old b; N2H| i b [Et 25.0|1. 53| .66 4.3 .82(.23
L do=ioiing Same gold as in (3) dialyzed.. &2 5 e 25.0/1.85] .12| 4.5| .78 .16
8-180-1 | i (974) 077 (1] (TSP .0 0.0 12.011.37] .09 4.5 .40( .03
2 | Same as (1) -__| Hydrazine only L0 | L6X10-5] 12.6(1.40 .09 5.0| .38 .03
b I [ [/ P Hydrazine only L0 [ 1.6X10-6 | 12.6|1.43| .08 5.5 .31] .02
| RS do..._.__. Dialyzed bluegoid by NaHy_ - .12 0.0 17.4(1.30) .13| 4.7| .28( .15
&133-1 |4 L8]] 111 1| e D .0 0.0 17.0/1.30| . 08| 2.5 .60 .04
2 | Same as (1) .| Dialyzed blue gold by NzHy__ .06/ 0.0 20.01. 23| .08 2.5] .58 .06
12 S I do oo Hydrazine only_ ___________.. L0 13.3X10-5 | 18.0(1.23| .07| 2.5 .61] .04
| B do.._..__. Same gold as in (2), plus .06] 3.3X10-% | 16.0[1.26) .08| 2.4| .62] .08
N:H~H:S 04
8-138-3 | 2.2 _________ BOBOL.. i semssssmimmmmemsn .0 0.0 79.011.00( .48 30.0|.51] .02
522 e Hydrazine only_ . .______.___ L0 | 8.210-5 | 110.0/1. 08| . 43| 8.0/ .53 .04
B S Dialyzed purple gold by NoHy . 06 0.0 300.0( .79 .48 14.0|.50| .17
8-140-1 | 5.0____________| Control .0 0.0 132.0 .36) .08 2.9 .38 .02
2 6.0 . Hydrazine only .0 | 1.610~4| 110.0{ .36/ .09 5.0] .26/ .02
324 _________.| Control .0 0.0 230, 0/1. 00| . 40| 27.0| .56( .02
4124 o ieaaa Dialyzed purple gold by NeHy . 06 0.0 380.0| .72| .67 22.0| .48( .09
!N [ S e Hydrazine only_ .. ___._____. L0 [1.6X10-4 | 174. 0|1. 07| . 48| 25.0| .60[ .02
8-150-1 | 2.5 _________ [ G 11211 /¢ OO -0 0.0 145.0] . 92| .17| 11.5| .90/ .07
2|25 ..___.._...| Dialyzed blue gold by NaH,_. .12 0.0 230.0]) . 93| .30, 26.0|.53( .08
4| 25...occ......| Undialyzed purple gold by D 1 75.0] .93| .18 14.5|.37] .21
N3Hs; reaction between
AuCly and N:Hy incom-
plete,

TasLr 12.—Effect of gold chlorides on lalenl image.
tomeler were bathed in gold chloride solulions, 0.100 g. Au

Sirips exposed in the sensi-
er liler, washed

thoroughly and developed withoul drying. All resulls average of two stn'ps

. Fog
Emulsion Solution Total density at successive exposures— | den-
sity
W e ——— 0.46 | 0.63 [ 0.80 | 0.9 [ 1.00 | 1.30 | ... 0.41
""" AuCl, +EKsCOsto pPH T e 33| 46| 63| 78| .96 | 1,13 |oaeo..| .26
1-122-1 { ................................. M) .66 .84 1.02)1.23| .39 1.61 | .51
""""" AIICI 100NaC, pHY7 . coeeoo...| .38 | .50 .61 | .74| .88 |1.05|1.23| .51
R (i L26 | .43 .67 .95 1.28| 157 | L.97 | .18
Eastman “36"”_[{AuCl. 25 NaCl, pH7 ... 2 40 .59 | .83 | 1.11]1.45|1.78 | .18
AuCl, 1 K;COs to pH7 20| o8| 43| 61| .87 | 112|145 117
Water e LI .23 .51 | 000 | L7529 |oo... .07
AuCl. 10 NaCl, pH 6.5, o oo L9 | L26 | 4T .85 1,46 | 2.2 |eeeaa-. .14
AuCl;, 10 NaCl, +K:COatopH7.5..| .10 | .15| .30 | .56 | 1oL |16 |- .08
E’aélir_____b_]___ér__ﬁ _________________ 05| .16| .38 .BO|1.39| 218 |_____. 02

o) I NaCL PHAS. - o v
G 5 E agg l(}sltb% rﬁducc]e thAf;lﬁCl _____________ } o L R R R 74

ramer ‘‘ con- ucCl. aCl,p i
g N tg,“’&i“’“&" e } az| .19 34| .62 |L02|1.55| 11
uCl.1 NaCl, pH6.5. ...

Nas§ s to roddce to AuGl """ 2| 18| s2| 57| .96 145 |- .07

uaCl. 1 aClL,pHG6b6. ...
?a%sps%ol?d&mtﬁ%u _______________ }'05 [0 .26 | 54 .08 (154 ) ... -02

uCl.1 aCl,p R e e e et
Twice NagSO; to reduce to AuCl------.I} 05| .07 .18 .42| .84 | 1.38 | .. -03
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TaBLe 13.—Collotdal gold added lo final suspension of emulsions; blue sols, reduced
by hydrazine and gelalin prolecled

Emul- | Mg Au 4 Fog
sion per g Speed

No. | AgBr 3 6 3 6
6-60-1 0.0 |Control...___ ... 40 1. 46 1.98 0.30 0.99
4 .2 | Gold added to first resuspension.______.__.._ 135 1.22 1. 52 .55 1.28
5 .02 | Gold added to final suspension..____________ &0 1.28 1.92 .31 .98
8-111-1 O BRI c v s s s s e 13 2.40 3.07 Nirg .18
4 .2 | Gold added to first resuspension...___._______ 20 1.75 2.70 .08 i
5 .06 | Gold added to final suspension. .. ___.._._.... 14 1 3.00 .09 .26

VII. SUMMARY

1. Photographic emulsions, after ripening and washing, were treated
with gelatin-protected sols of silver iodide, silver sulphide, metallic
silver and metallic gold, under such conditions that the control and
treated portions might be expected to differ only in the presence of
particles of the colloid adsorbed to the silver halide grains of the
latter, with the object of thus introducing sensitivity nuclei. Results
were improved by the use of deactivated gelatin, to reduce nucleation
prior to the addition of the colloid.

2. Gelatin emulsions with excess silver salts may be developed
normally, if the excess silver is reduced to a concentration of the
order of the excess bromide in a normal washed emulsion, and if the
hydrogen ion concentration is maintained at a sufficiently high value
after the introduction of the excess silver. The grains of these emul-
sions carry a positive charge, and they are particularly adapted to
sensitization by the negatively charged metallic colloids.

3. The effects produced by the silver iodide, and by the two metallic
colloids, differ in type and in probable cause. The results with col-
loidal silver sulphide were negative. All the colloids retarded after-
ripening to such an extent that the practical effect, when the emulsion
was digested after washing, was desensitization.

4. Colloidalsilver iodide produced a marked increase in contrastwith
chemical development of the emulsion; the immediate effect, without
after-ripening, was anincreasein density for thelonger exposures. Using
physical development, there was agreat increase in speed. Both these
effects may be explained by acceleration of development, and this is
most probably to be attributed to increased adsorption of the devel-
oper, since the conditions exclude the possibility of nucleus exposure.

5. Colloidal gold and silver increased the speed of emulsions with
excess silver. The effect was most pronounced in the underexposure
region, and bears no resemblance to an acceleration of development.
The evidence is that these materials can not increase the photo-
chemical sensitivity of the emulsions by reacting with bromine
liberated in the photolysis of silver bromide. The results are readily
explained in terms of orientation of the photolysis at the sensitivity
nucleus formed by the colloidal particle.

WasaINGTON, May 29, 1928.
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THE PHOTOGRAPHIC EMULSION: AFTER-RIPENING
By Burt H. Carroll and Donald Hubbard

ABSTRACT

After-ripening is defined as the increase in sensitivity of photographic emulsions
after washing. Following a discussion of the process, and review of the literature,
the experimental methods of the National Bureau of Standards photographie
emulsion laboratory are described in detail. After-ripening by digestion was
studied with respect to eight of the more important variables. The amount of
after-ripening which is practicable is dependent on the extent to which sensitivity
nuclei have been formed during ripening before washing. The influence of tem-
peratures and of bromide, chloride, and hydrogen ion concentratlions, is according
to predictions on the basis of chemical reactions forming sensitivity nuclei. The
effect of gelatin-silver halide ratio can be explained by its influence on rate of
development. Variations between different samples or makes of gelatin are
illustrated. The progress of after-ripening with inert gelatin plus known sen-
sitizing materials is very similar to that under the usual conditions, but there are
important quantitative differences. The increase in practicable after-ripening
with inereasing percentage of silver iodide is illustrated. After-ripening during
storage of finished plates was found to be similarto that by digestion, but frequently
more efficient. C%a.nges in bromide ion concentration during digestion, and
in norhalide silver during digestion or storage, are further proof of reaction
during after-ripening, but it is evident that most of the nonhalide silver is photo-
graphically inert.
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I. INTRODUCTION

This paper is to be considered as a survey of its limited field rather
than a completed investigation. Publication of the material here
presented is dictated not only by the considerable length of the article
but because the existence of this very important process is apparently

75210—31—1 53
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unknown to otherwise well-informed writers on photography. Recent
literature has included specific if qualitative references (1), (2), (3),
(4), (5) ! to the fact that the sensitivity of an emulsion may be enor-
mously increased by digestion after washing, but the general impression
of the emulsion-making process is based on early literature (6) which
cautions against such treatment.

We are unable to say how far our experiments correspond to com-
mercial practice,” but some of the resulting emulsions are quite similar
to very fast commercial products. We are also uncertain how much
of the material presented may be common knowledge among emul-
sion makers, but it has never been published in quantitative form
and it seem particularly unlikely that any information on this subject
18 to be expected from commercial sources.

The term “‘ripening” has been used to include any digestion or
storage after mixing the emulsion, used to increase sensitivity. It is
generally understood now, however, to mean digestion in the presence
of excess soluble bromide, with or without the addition of ammonia.
In the presence of these solvents for silver halide, there is a contin-
uous increase in average size of the silver halide grains, with compli-
cated changes in the size distribution. We will use “ripening” in
this sense. ‘‘After-ripening”’ will be understood to mean changes in
sensitivity after the silver halide solvents have been removed by
washing; it is therefore associated with no appreciable change in
grain size. After-ripening is normally carried on by digestion of the
melted emulsion after washing; we shall use the term digestion to
imply heat treatment of the washed emuision, as distinct from the
ripening by heat before washing. Marked after-ripening may also
occur on storage of finished plates, especially if ripening and digestion
have been limited; we shall refer to this as ‘‘storage ripening.”

The impression which is given by the early literature is that the
sensitivity of an emulsion is controlled almost entirely by the ripening
and this 1s true of many of the older formulas.

Present procedure is apparently different; several authoritative
statements to this effect have been published, for example, the follow-
ing by Sheppard (Bogue, Colloidal Behavior II, p. 763):

These relatively coarse-grained negative emulsions are not produced from
fine-grained emulsions by ripening, but the grain size is determined by the condi-
tions of initial precipitation. High concentration of the reactants (AgNO; and
KBr), low concentration of gelatin, high temperature of mixing, and retarded

addition permit the process of recrystallization to take place at once, with the
formation of definite, coarse-grained suspensions.

Qur own experience 1s in excellent agreement with this, but it may
be amplified to advantage at one point. If the silver solution is
added to the bromide, the first grains are formed in the presence of a
high concentration of the latter. Now the solubility of silver bromide
in a solution of potassium bromide increases very rapidly with in-
creasinf potassium bromide concentration ® and the rate of ripening
(or at least the rate of change in grain size) obviously will increase
with the solubility (7) so that there is very rapid ripening during the
mixing. If the addition of the silver solution is retarded, using either a

1 Numbers in parentheses here and elsewhere in the text refer to the bibliography at the end of the paper.

! Lippo-Cramer (reference 1) states that, contrary to a common impression, he has found no significant
difference between large and sinall batches of emulsion made by the same formula, provided that all varia-
bles, such as the rate of mixing. were actually kept constant.

! Approximately ag the fifth power, Hellwig. Z. Anorg. Chem., 25, p. 183; 1900.
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slow continuous stream, or ‘“double emulsification’ (8), (9), the ripen-
ing of the silver halide first formed may be carried to its practical
limit by the time the mixing is completed, and little or no more ripen-
ing in the usual sense is desirable.* Ripening is followed by washing
the emulsion, removing the silver halide solvents, such as soluble
bromide and ammonia, so that the grain size and distribution is fixed
after washing. It is a common impression ® that sensitivity is also
practically fixed. The emulsions deseribed in the early literature
were generally low in iodide and ripened for a long time with ammonia.
Emulsions of this type can not be after-ripenecT to any considerable
extent. With other formulas capable of producing emulsions re-
sembling modern commercial products, the sensitivity just after
washing may not be more than 5 per cent of the final value which is
reached by digestion at temperatures of 35° to 65° C. Our experience
is that it is impossible to make a satisfactory fast emulsion of the
neutral (‘“boiled”) type without after-ripening, and that it is at least
very difficult to do without it in ammonia-ripened emulsions.

In case the emulsion is coated without digestion, there will, in
general, be an increase in sensitivity, on keeping the plates, which
equals or exceeds the increase which could be produced by digestion
This was frequently observed in the early days of dry plates; Eder
(11) cited several conflicting observations on this point, and gave the
weight of his opinion to the erromeous conclusion of Gaedicke that
there was no increase in sensitivity on storage if no trace of ammonia
remained in the emulsion. We have already commented briefly on
this subject (7).

The number of variables in a photographic emulsion is such that
a complete series of independent changes in each one i1s quite impracti-
cable. We believe that we here present enough data to indicate the
sign and order of magnitude of the effect which several of these varia-
bles have upon after-ripening, although the exact course of the proc-
ess with a given formula must obviously always remain a matter for
careful determination in each individual case.

The nature of the processes occurring during after-ripening will be
discussed at more length in connection with the evidence offered in
this paper. As already mentioned, the change in grain size is neg-
ligible, since the solubility of the silver halide is practically the same
as in pure water. After-ripening is primarily the period of formation
of sensitivity nuclei. Thiocarbamides and related sulphur compounds
have formed insoluble molecular compounds (12) with the silver
halide during the mixing and ripening, but in the absence of ammonia,
there is little rearrangement of these to form silver sulphide until
the bromide ion concentration has been reduced by washing. Reduc-
tion of silver bromide to metallic silver also leaves soluble bromides
as a produet of the reaction and, therefore, must be much more
rapid after washing; to date, there is neither positive proof or dis-

{ We have already (7) mentioned the marked increase in speed and decrease in contrast produced by slow
mixing of a neutral emulsion, Liippo-Cramer (1) has recently given further illustrations of this, with
characteristic curves. Conditions in an ammonia process emulsion are much more complicated because
of the competing formation of two kinds of complex ions (Ag(WNH3):)t+ and (AgBrx)-, but the wider range
in grain sensitivity is still observed, with similar changes in the characteristic curve, Wall (10) has also
discussed some of the consequences if the method of mixing the emulsion is varied, for example by addition
of the silver and bromide solutions simultaneously to the gelatin; but we doubt if the evidence supports his
lv;iew _Igmt a ‘““slow form” of silver bromide is formed in the presence of a high concentration of soluble

romide.

& For example, Neblette, “ Prineiples and Practice of Photography ' p. 162, 1926, says that after washing
“The emulsion may be regarded as complete,”



56 Bureau of Standards Journal of Research (Vol.7

proof that this reaction is a source of sensitivity nuclei, but the
writers agree with Liippo-Cramer that it is very probably an impor-
tant part of after-ripening.

II. EXPERIMENTAL METHODS
1. SENSITOMETRY

The usual methods of this bureau were employed—nonintermittent
time scale exposure at an intensity of 1 meter-candle, brush develop-
ment in unbromided pyrogallol at 20° for 3, 6, and 12 minutes, and
measurement of density in diffuse illumination by a Martens photo-
meter, the density of the fog strip being automatically subtracted.
The illumination was the quality of mean noon sunlight; the more
recent tests were obtained with a lamp of color temperature 2,360°
and the Davis-Gibson filter tentatively adopted at the International
Congress; the previous source was a lamp operated at a color tem-
perature of 2,810° K. and a Corning “Daylite” glass filter giving
photographically equivalent quality. The emulsions were machine
coated on 5 by 7 inch (or in a few cases 4% by 6% inch) plates; three
test strips 1% by 5 inches cut from the center of the plate and backed
with black shellac. The coating was somewhat heavier than com-
mercial practice; this minimizes the photographic effect of irregu-
larities incident to coating small experimental batches, but it obvi-
ously increases the fog density. DBecause of the very rapid storage
ripening in the undigested emulsions, the tests were always made
soon after coating (in 12 to 40 hours after drying was complete,
unless stated to the contrary). Excepting in Table 1, the term
““speed” in all our tables refers to the National Bureau of Standards
speed number, 10/2. The inertia (i) is expressed in candle-meter-
seconds. Subscripts, or subheadings under v and fog, indicate the
time of development in minutes; six minutes is approximately the
normal time for this developer.®

Sensitometry of experimental emulsions unfortunately is especially
subject to difficulties in assigning numerical values to the data, as
almost invariably some members of a series of emulsions fail to have
characteristic curves with satisfactory straight line sections. Our
conclusions are in all cases based on comparison of the complete
characteristic curves, but by giving both speed and v in the tables,
a reasonably adequate idea of the changes in effective sensitivity
has been presented.

A complete set of data illustrating change of sensitivity during
after-ripening is given in Table 1 and Figures 1, 2, and 3. We are
indebted to Messrs. Raymond Davis and G. K. Neeland for exposures
of emulsion 4-68 with sector wheels giving steps on the log E scale
of 0.15 and 0.20, as our wheel is of the conventional H and D pattern
(nine steps, each twice the preceding one). The characteristic
curves for 6 and 12 minute development are plotted in Figures 1
and 2; Figure 3 and Table 1 give the numerical constants assigned
to these curves, including speed numbers both by the B. S. system

¢ The order of sensitivity of the experimental emulsions may be judged by comparison with commercial
smulsions tested under the same conditions. A moderate negative emulsion, Eastman roll film, has
a B. B. speed of 220, - ¢ 0.88; two very fast emulsions, the Press plate (emulsion 4063), and -
mnh?t:rpar Press plate (emulsion 3082) have speed 660, v + 1.05 for the former, and speed 1250, v ¢ 0.86 for



it After-Ripening 57

and by that proposed by Jones and Russell (13). In the latter
system, the speed is taken as proportional to the reciprocal of the
exposure (£y) corresponding to the minimum useful gradient, which
is taken as G=0.20. For purposes of comparison the maximum
value of each of the curves in Figure 3 has been made equal to 1.00.

As in most of the other cases of after-ripening, the curves of 4-68
at various digestion times differ not only in speed but in contrast
and shape. The variation in sensitivity can not be adequately
expressed by any single constant, but the speed number based on
minimum useful gradient is ewdent]y the best approximation to
such an expression. Speed numbers in both systems are found to
be dependent on time of development, falling in line with the results

2

0

0.0 10

8.0 9.0
Log. E cms

Fiaure 1.—Characteristic curves, 6-minute development of emulsion 4~88 at
four stages of after-ripening

Digestion at §5°, pH 7 [Br-] 5 X 10 N. Curve 1, minimum digestion; curve 2, 1.0 hour; curve 3, 2.0
hours; curve 4, 3.0 hours

obtained by Davis and Neeland (14) with commercial emulsions. The
reader is referred to their paper for a more complete intercomparison
of the systems. The speed numbers given in this paper are an
average value for the three times of development.

TasLe 1L.—Comparison of methods of expressing sensilivily of emulsion }—68 al
different stages of after-ripening

6-minute development 12-minute development
Time of digestion B. S Jones B.S. Jones
(in minutes at 55°) sp'eed and Rus- speed and Rus- B
number | ¥ |%llspeed| Fog | pypper | v |sellspeed)  Fog
10/i 10/ 10/ 10/E »
L S 31.6 0.35 22. 4 0.03 45 0. 40 38.9 0.10
;4 P S 276 . 67 455 .03 182 .02 435 .13
b . | TR P e S 710 81| 1,200 .06 505 1.26 | 1,230 .18
3 b1 | SR Ty S Lt 735 .99 | 1,380 .08 435 1.71| 1,445 .24




58 Bureau of Standards Journal of Research (Vol.7

2. APPARATUS AND PROCEDURE USED IN EMULSION MAKING

The emulsions were mixed in batches using 30 to 60 g of silver
nitrate (0.176 to 0.35 mol), the final volume being 0.7 to 1.5 liters.
These were subdivided into batches of 0.044 mol (equivalentto 7.5 g
AgNQO;) for comparison of differences in times of digestion or other
variables. In all cases, the silver solution was added in a continuous
stream to the mixture of bromide, iodide, and gelatin; the rate was
varied over a considerable range by the use of separatory funnels
fitted with capillary stems of different bores. The mixing vessel was a
1.5 liter Pyrex beaker, with a mechanical stirrer running 200 to

3

-

o -
%0 ,0c E cMs

Fiaure 2.—Characteristic curves, 12-minule development, of same emulsion as
in Figure 1

|
0 0.0 1.0

80

300 r. p. m. Using a silver shaft running in a glass bearing in the
glass cover plate over the beaker, neither the liquid emulsion nor the
condensate from it could come into contact with any material except
glass or silver. Silver in contact with liquid emulsion was found to
blacken quite rapidly in use, apparently from formation of silver
. stlllphide (see Liippo-Cramer (15)), so the actual stirrer was made of
glass.

Both ordinary and centrifugal washing were used. For the ordi-
nary method, the emulsions were rapidly chilled by pouring into a
layer 1 to 2 em thick in a clean enamelled tray floated on water at
5° to 8° C,; unless otherwise stated, they were left overnight at 5° to
8° C. before shredding and washing. Our shredding press forces the
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set jelly through a sieve built up from sharpened metal strips set on
edge, cutting 1t into clean ‘““noodles” 5 to 6 mm square in cross
section; there is very little formation of fine material, and conse-
%uently good circulation of water through the mass of ‘“noodles.”

sing these relatively large but clean-cut noodles, we find that washing
is more rapid than when the emulsion is, for example, shredded through
netting into ‘““noodles’” which have more tendency to pack into a
tight mass. The shredded emulsions were placed in silver-plated
cans with 20-mesh screens of pure nickel at the bottom; these rested
in slightly larger crocks, and the water, at the rate of at least 0.5 liter
per minute, passed down through the emulsion and out over the edge
of the crocks. Washington city water was used without treatment

I | e

S SPEED

| I
1 2
HOURS DIGESTION

Ficure 3.—Speed numbers of emulsion 4—68 at four stages of after-
ripening by National Bureau of Standards (.) and Jones and
Russell (o) systems, plotted against time of digestion

The maximum in each system has been made equal to 1. Dashed lines 6-minute de-
velopment; solid lines, 12-minute development.

3

other than filtering and cooling; the normal temperaturewas7°to 8°C.,
average hardness of the water, calculated as CaCQ;, 80 mg per liter.
The washing was very thorough, lasting 6 to 8 hours, with frequent
hand stirring of the emulsion; for experimental purposes at least it is
much more satisfactory to wash completely and add soluble bromides
as desired, rather than to attempt to leave a definite amount. In the
absence of ammonia in the emulsion, the pH after washing was 7+ 0.5;
if it was made with ammoniacal silver oxide, the pH might be as high
as 8.5.

Our methods of centrifugal washing have already been described
(7) (16); briefly, at the end of the desired ripening time, the silver halide
is separated from the liquid emulsion, using a 5-inch imperforate
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bowl at 3,000 r. p. m. The silver halide collects on the walls of the
bowl in an adherent layer carrying considerable adsorbed gelatin, but
is readily reemulsified by covering with 1.5 per cent gelatin solution
and rubbing gently. This ‘““wash suspension” is again centrifuged,
and the silver halide suspended in the more concentrated gelatin
(about 60 g per liter) used for coating; two separations reduce the
bromide ion concentration to a value comparable with that after
ordinary washing.

The emulsion was always stirred continuously during mixing and
ripening. This was not always practicable during digestion, but
stirring was in every case frequent enough to prevent appreciable
sedimentation. All emulsions were filtered through very open
(Whatman 41) paper before coating, and a little alcohol was added
to break froth and aid spreading. Chrome alum was not used on
many of the earlier emulsions, but was found essential whenever the
Weigert and Lithr method of analysis for silver + silver sulphide
was to be applied. It has apparently no effect on sensitivity except
by changing pH (9); this was generally neutralized by addition of an
equivalent amount of sodium carbonate after the chrome alum solu-
tion. pH of the emulsions was determined colorimetrically after
removing the silver halide from the sample by centrifuging.

The emulsions cover a considerable range of conditions, but they
may all be considered as variations of three basic formulas in which,
as ?.:.i.r as possible, only single variables were changed. For example,
in varying the amount of iodide, the bromide was correspondingly
changed to retain the same percentage excess over the silver; if the
size of the batch was changed the rate of flow of silver solution was
correspondingly altered to maintain constant time of mixing. In the
description of each general formula, we have given those factors
which were varied in the course of the experiments. The descrip-
tions of individual batches specify the variables which were changed
from the values given in the general formula.

A. “Full ammonia” formula

W, R i s s ml__ 225
A aNteor"('b_l'fﬁ-_m_ai) ''''''''' ml._. 31023 NH,Br (0.220 mol).________ g--- 215

e ad (0 S8 s = == o | KT (0.00175 mol) oo oo g--. 0.20
NH,OH, coned.(0.353 mol)to redissolve. Gelatin g 15.5

The excess of soluble bromide was maintained at 25 per cent as
given. The iodide as given corresponds to the formation of 1.0 mol

er cent of Agl, assuming complete precipitation of the iodide, but
10dide also was varied from 0 to 5 per cent. The solution of ammonia-
cal silver oxide, at about 35°, was run into the halide-gelatin solution,
heLdCat 45.0°+£0.5° in 2% to 4 minutes; ripening was continued at
45° C.

In case centrifugal washing was used, nothing further was added
to the emulsion before centrifuging. The quantity given was centri-
fuged in four batches; it was suspended again in 400 ml of 1.5 per
cent gelatin, and might be stored over night at 5°, at this point.
After centrifu%ing again, the emulsion was usually suspended in a
total of 700 ml of water and 50 g gelatin; it was digested in this sus-
pension. Where the effect of ripening time was under study, the
four batches were taken out at intervals during ripening and kept
scparate thereafter. The necessary time for centrifuging four
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batches was 20 to 25 minutes, so that there was always at least this
much difference in the ripening time of the first and fourth.

For ordinary washing, 37.5 g of ‘‘secondary’’ gelatin, previously
swelled for 20 minutes in cold distilled water, was added at the con-
clusion of ripening, and the emulsion rapidly chilled as soon as it was
dissolved. It will be noted that the total amount of gelatin in the
final suspension is the same in all cases, except in the emulsions where
the gelatin-silver halide ratio was the variable under study.

B. “Full ammonia” formula

Water_____________________ ml.. 500
Water_ .o ml... 250 | NH,Br (0.409 mol).._.._... g-_ 40.0
A Oh. (0850 100 -~ g-- 6001 K7 (0.0035 mol) g--- 0.58
NH,OH, coned. (0.71 mol) to redissolve. Gelati}: """"""" g-:- 30.0

This fomula was used only in one size batch, 60 g AgNO;. Iodide
was sufficient to give 1.0 to 5.0 mol per cent Agl, the excess bromide
being kept constant at 17 per cent. The halicfe—gelatin solution was
kept at 45.0°40.5° during mixing, which took 4% to 7 minutes, and
ripening. After ripening to 25 minutes from the start of the mix,
70 g of swelled secondary gelatin was introduced, taking 7 to 10
minutes, and the emulsion chilled. Washing was always by the con-

ventional method.
C. Neutral formula

NE B (0,430 moly or equivaient ™
Water_ ___ ml__ 450 4T (U, mol) or equivalen

BB o g._. 420

AgNO; (0.353 mol) __________ g-- 60.0 KI (0.0139 mol)___________ g __ 2.30

Gelatin___________________ g_._- 200

The excess bromide is here given as 25 per cent, but 12.5 per cent
was also used. Iodide was varied from 1 to 4.0 mol per cent. Time
of mixing was also varied from 9 to 30 minutes. The usual tem-
perature was 65°, but 55° and 52° were also used. Eighty grams of
swelled secondary gelatin was added to a batch of the above size;
unless otherwise specified, it was added directly after mixing was
completed.

Centrifugal washing was used in a few cases; except in the specified
cases, no secondary gelatin was added before centrifuging. The pro-
cess was the same as in formula A.

3. ANALYTICAL METHODS

Bromide ion concentration in the emulsions was determined by
the silver-silver bromide electrode at 30.0° C.: the apparatus is to
be described in a future paper on some of the photographic effects
of bromide ion concentration in the emulsion. It was not available
for some of the earlier experiments.

The silver-silver bromide electrode is described in the literature as
quite imperfectly reproducible, which is correct as compared to
standard reference electrodes, but by using well-annealed silver
wires, carefully cleaned whenever they showed signs of sluggishness,
results were reproducible to =+ 1 millivolt or better. Thisis fortunately
negligible in determining any of the photographic effects of bromide
ion concentration. Determinations in the emulsions are obviously
favored by the enormous surface of the silver halide present, which
maintains equilibrium,

75210—31—2
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II1. EFFECT OF CERTAIN VARIABLES ON AFTER-RIPENING
BY DIGESTION

1. RIPENING

Because of the limited capacity of our centrifuge, the data in
Table 2 were necessarily obtained by making a series of emulsions,
each subdivided into batches of different ripening time; digestion
time was increased from the practicable minimum for all four batches
of 8-101, to & maximum of 145 minutes for 8-99. The average grain

300

2

(=}
(=)
T

SPEED

1

=]

1 2
HOURS DIGESTION

Ficure 4.—Speed of centrifuged ammonia-process emulsions at four times each
of ripening and digestion

Ripening time for emulsions in curve 1, approximately 5 minutes; curve 2, 0.5 hour; curve 3, 1.0
hour; curve 4, 2.0 hours

size increased normally with time of ripening: average projective
areas for 8-100 were (1) 0.26 «?, (2) 0.39 4%, (3) 0.52 4%, (4) 1.00 p?
In view of the similarity of the other conditions, the differences in
maximum speeds reached at optimum digestion times may reasonably
be ascribed almost entitely to the change in grain size; a quantitative
relation would be very difficult to obtain on these emulsions because
of the heavy fog correction. In Figure 4, speed, for given ripening
time, is plotted against digestion time; the data are seen to fall into
a family of curves, with marked maxima. The optimum time of
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digestion decreases as the time of ripening increases; as these emulsions
were ripened in 0.9 N NH;, there must have been relatively rapid
formation of sensitivity nuclei during ripening, in spite of the presence
of 0.11 N NH,;Br. The time of digestion to attain the optimum for-
mation of nuclel i1s therefore reduced. It will be noted that the op-
timum digestion time is the same for one hour and two hours ripening
and that the fog in the latter case is actually less; this has been
previously observed. (See Table 1, reference 7.)

TaBLE 2.—Effect of previous ripening on after-ripening during digestion

[Formula A, 1 per cent Agl centrifugal washing; Winterthur (8565) gelatin in mix digestion in untreated
Winterthur (8565) gelatin]

¥ Fog
Ripening | Time of
Emulsion No. time | digestion Speed
3 6 12 3 6 12
Minufes
Minutes | af 46°

B-101-1. el <10 13 1.05 1.46 1.60 0.05 0.08 0.11
__________________ 35 <10 19 .50 1.15 1.40 .19 . 26 31
| R A ey 63 <10 34 .40 67 oy v d .21 .32 36
S 121 <10 43 .34 a0 . .27 52 69
L e b 7 60 33 1.45 2.15 3.00 .10 L1 15
AR e S 33 60 128 .70 1.30 1.75 .22 .29 39
[ SIS R 63 60 200 .55 | 41 | i a— 27 BE |osmatme
[ —— 119 G0 255 .45 .80 1.15 .27 .45 57
Be100-1 o cocaussassrasines 7 135 50 25 1.45 2.03 .90 .13 .37
B eI 30 135 127 ¥ 1.05 1.55 17 . 26 .60
. S ——— 682 135 123 .70 1.03 1.37 24 .46 .85
135 135 192 .57 .87 1.33 28 41 .82
12 1456 49 1.30 2.14 .77 06 «10 .25
35 145 96 1.04 1.53 1.95 .14 2T + 56
62 145 50 .70 1.20 1.47 2 .56 1.01
120 145 133 55 .87 1.23 .2 .49 .52

TasLe 3.—Effect of previous ripening on after-ripening during digestion
[Neutral (C) emulsions; 1 per cent Agl; normal washilgf; ‘Winterthur and Nelson No. 1 gelatin; digested
at 45

Aver-
i i%romide 5 age
em- 0n €On~ [m ¥ 0g _| grain
pera- |Timeof| Excess | centra- FI(‘;im:S?IS od Es?:;[ size
tureof| mix |NHBr|tion dur- l;ign pe NO (pro-
mix ing diges- 0 0. | jective
tign area
3 6 12 3 6 12 inu?
Min-
utes at
MU
ool (A5 10| 160]|0.23|0.33 [0.42 | 0.01 | 0.03 | 0.11 | 4-63-1
g5° 36 25 { 1.6 X 60 | 245 .40 . .01 .02 .05 .19 2 1.05
10-5N 120 | 440 .46 .75 | 1.30| .06 .09 25 3
180 | 505 65 80| 1.45| .06 | .11 20 4
AR R B B B
5 1.4 ¥ 0| 175 .63 . a8 .
s | sugl 2 [ RN 60| ses| 81|19 |18s| j0s| j07 ]| i1 3 o
240 | 290 .80 | L35 | 1.89 08| .11 20 4
B R e
L8 X 60 | L .84 y - . .
oo | 2wl 125 (0 LRGN (50| 08| 92| 14| s 17| 130 5 3
240 2151 1.00 | 1.55 | 2.23 16 122 .39 7

1 Bromide ion concentration 7.6<10-1NV,
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The data on neutral emulsions with the same percentage silver
iodide, show the expected differences in maximum speed correspond-
ing to changes in grain size.

The time required for digestion to maximum speed was about 220
minutes for emulsion 4-62, 195 minutes for 4-64, and 180 minutes for
4-63. It was thus reduced by increase in temperature of ripening,
and by decrease in excess of soluble bromide; both of these changes
obviously favor the formation of nuclei during ripening. In all three
cases, it is considerably greater than is required for ammonia emul-
sions ripened to the same average grain size.

2. TEMPERATURE

The chemical reactions involved in after-ripening may be expected
to have a temperature coefficient of two or more for every 10°.
The correlation between these reactions and the photographic prop-
erties is unknown, but a similar temperature coeflicient for after-
ripening is a reasonable prediction. Tables 4, 5, 6, 10, and 11 show
that it 1s verified under a variety of conditions, The rate of photo-

aphic change with time can not be satisfactorily expressed by any
ormula which we have tried, so we can obtain only a rough estimate,
The time required to reach maximum sensitivity at 45° is about
three times as great as at 55°; taking the initial slope of the speed,
time of digestion curve, the coefficient is about 4.

TaBLE 4.—Effect of digestion temperature on afler-ripening

[Neutral (C) emulsion 4-58; 4 per cent Agl; Winterthur and Nelson No. 1 gelatin; normal washing; [Br-]
2.5 105N at start of digestion; coating pII 7.2]

5 v Fog
Digestion temperature Jihgmt'g: Speed
3 6 12 3 6 12
Minules
82 021 0.32 0. 52 0.02 0.03 0.00
60 137 .39 67 . B6 .02 .05 .14
45.0°. ... - 128 200 47 .64 120 .05 .05 .11
240 355 .62 87 1.37 .06 .10 A7
360 310 . 58 .82 124 W21 .33 .51
40 330 .60 .02 1,36 .03 .06 .17
2V L R - %~ 2 80 475 . 56 .90 1.30 .09 .12 .18
120 495 .55 .84 1.30 .10 .14 .12

TaBLE 5.—Effect of digestion temperature on after-ripening

[Neutral (C) emulsion 4-85; 1 per cent Agl; Winterthur and Nelson No. 1 gelatin; normal washing; [Br]
9X10~4N, coating pH 7.0]

¥ Fog
Digestion temperature g&'ﬁg{l Speed
3 6 12 3 6 12
Minules

10 32 0.32 0.42 0. 63 0. 00 0.02 0.05

75 55 AT (] L 16 .0l .02 .05

e 135 81 .64 .81 L 43 .03 .05 .10
240 140 .78 121 1.90 .05 .08 .14

360 140 Lo2 1.42 2 40 .22 .26 45

30 102 .52 .80 1.47 .02 .04 .13

| e e R e | B0 180 ] L2 2.03 05 07 + 21
20 195| 102| 14| 210 3 3

L4
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TasrLE 6.—Effect of digestion temperature on after-ripening

“Full ammonia (B)"” emulsion, No. 1-160; 5 per cent Agl: Nelson No. 1 gelatin; initial [Br-] during
digestion 9X10-N, coating pH 6.9]

5 Fog
Digestion temperature éli‘:;relal}?igf] Speed
3 6 12 3 6 12
Minules

1 81 0. 30 0.33 0.37 0.00 0.03 0.09

60 127 .84 1.16 1. 60 02 .06 « 15

L T st 120 230 .91 1.43 2.25 .04 .09 10
20 240 104 1.5 2.43 .06 .09 <21

360 205 1. 10 1.75 2. 46 .08 .15 27

45 210 1.07 1. 79 2.52 .05 .69 .19

7% T o O 90 220 .9 1. 42 2.37 .18 - 27 . 36
135 143 1.10 L75 2.45 .31 .48 .69

Neutral emulsions with 1 per cent Agl were digested at 45° and 55°
in two narrow ranges of bromide ion concentration: Curves of speed
against time are given in Figure 5 {from data in Tables 5, 10, and 11.
It will be noted that in the presence of added soluble bromide ([Br-]
around 1X10™% N), the temperature coecfficient is greater than in
the emulsion as washed ([Br~] around 1.8 X107% N).

100

SPEED

| ]
S 6

| | .| |
1 2 3 4
HOURS DIGESTION

FicURE 5.—Afier-ripening of meulral emulsions, 1 per cent Agl, under
varying condilions of digestion

Curve 1, 55°, as washed; curve 2, 55°, with 5 KBr per 1,000 AgBr; curve 3, 45°, as washed; curve 4,
45°, with 5 KBr per 1,000 AgBr

The maximum sensitivity reached at 45° and at 55° C. is not
widely different in any case. In spite of statements in the literature
(3), (2), that low temperature and long time are generally desirable,
~ 55° is very definitely better than 45° for the neutral emulsions with
4 per cent Agl. (Table 4.) In the neutral emulsions with 1 per cent
Agl, the order depends on the bromide ion concentration during
digestion. The ammonia process emulsion with 5 per cent Agl is
slightly better at 45°. One feature of the long digestion at 45° is
noteworthy—the sudden increase in fog after four hours (Tables 4,
5, and 10); this is not associated with sedimentalion, since the emul-
sions were stirred continuously during this period.

C
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3. BROMIDE ION CONCENTRATION

Any reaction forming silver or silver sulphide from silver bromide
is practically sure to liberate bromide ions, the only other alternative
being the formation of an un-ionized addition product. It is there-
fore obvious that after-ripening will be retarded by increasing bromide
ion concentration,’” if it is actually a matter of the formation of silver
or silver sulphide nuclei. The extent of the retardation may be
expected to throw some light on the mechanism of the reaction,
although interpretation of the photographic data is again handi-
capped because we do not know the relation between the extent of
the reaction and the resulting changes in photographic sensitivity.
Sheppard and his associates have shown that the formation of silver
sulphide during after-ripening takes place by rearrangement of the
adsorbed complex of silver bromide and sensitizer, and we believe
that the evidence indicates that, if reduction to metallic silver plays
a part in after-ripening, it takes place by a similar mechanism. It
is at least quite improbable that sensitivity nuclei are produced by
the reduction or other reaction of the silver halide in solution in the
emulsion. It may safely be assumed that in the emulsion, with the
enormous available surface of the silver bromide grains, the product
of silver and bromide ion concentrations is practically constant ® at
all times, so that if one is varied, the other changes nearly in inverse
ratio. Assuming the simple mass law expression for the reaction
of silver ion with the sensitizing material, if the bromide ion con-
centration of an emulsion is increased by fifty times, the velocity of
a reaction involving silver ion should be divided by the same factor.
However, bromide ion concentrations determined at 30° must be
applied with caution to calculations of conditions at higcher tempera-
tures, since, interpolating the available data, the solubility of AgBr
at 45° is twice that at 30° and at 55° is three times the 30° value.
The ratio of the bromide ion concentrations in the batches of emulsion
with and without added bromide was, therefore, materially less at
45° or 55° than at 30°. Corrections to the mass law for ionic reactions
sugh as that of Bronsted (17), would not change the order of magni-
tude.

Inspection of the data in Tables 7 to 14 shows that increase in
bromide ion concentration decreases the rate of after-ripening, but
that there is nothing of the order of an inverse proportion. The
analytical evidence (Sec. V of this paper) which is tl}:eoretically much
better than the photographie, is as decidedly against the hypothesis
of an ionic reaction.

The curve of speed against time of digestion has a distinct S shape.
This might be interpreted as an autocatalytic reaction; there is some
justification for this, in that the formation of the new phase (Ag or
Ag,S) might catalyze the further breakdown of the silver bromide-
sensitizer addition product. It is more likely that it represents the
varying rate of change in photographic sensitivity with a relatively
constant rate of reaction; if we assume that fog is caused by the
formation of oversize sensitivity nuclei (18), the enormous increase

! The concentrations used during ripening and digestion were of different orders of magnitude; the maxi-
mum amount present during digestion probably tends to decrease the solubility of silver bromide by mass
action, rather than to rzise it by complex ion formation as do the high concentrations used in ripening.

¥ The solubi!itf product of silver bromide is not affected by thgii;elatm EWlnt.ha.r. Trans. Faraday Soc.,
19, p. 280; 1923); it must be slnﬁ:ﬂy aflected by the proportion of silver , but our statement is correct
for the results of adding soluble bromide to a given emulsion.
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in fog, which can occur if after-ripening is continued too long, indi-
cates that only a small proportion of the sensitizer has been used
when the sensitivity reaches its maximum. .On this basis, the rela-
tively flat maximum found in most cases is readily explained by a
balance between the grains still increasing in sensitivity and those
lost by increase in fog or reduced in sensitivity by competition between
nuclel (20). This reasoning must be used with caution, as the growth
of fog has some of the characteristics of a secondary reaction. (See
discussion (18).) This in turn may be explained by the very prob-
able assumption that the hydrolysis of the gelatin during ripening
or digestion continually liberates active sensitizing or fogging mate-
rials from less labile compounds. The curves of speed against time
of digestion could not be fitted by any simple equation with sufficient
accuracy so that the constants would be useful as a measure of change
in sensitivity. One of the most obvious extensions of this investi-
gation will be a more accurate and complete determination of the
progress of after-ripening under known conditions, such as inert
gelatin plus a sensitizer.

Tables 7 to 14 are designed to show the effect of bromide concen-
tration during digestion, with a wide variety of emulsions. The most
complete set of data on a single type are given in Table 9 and Figure
6. These represent the digestion of a high-speed type of emulsion
as washed, and with three different additions of soluble bromide.
On examination of Figure 6, the rate of after-ripening is seen to have
decreased steadily as the bromide ion concentration was increased,
but the speed for optimum digestion time rose to a maximum at
[Br-]=9.6 X107*; the corresponding amount of bromide added, 5
KBr/1,000 AgBr, was of the same order as is found in most fast
commercial emulsions (3 to 10 KBr/1,000 AgBr).® The maximum
speed fell off again when the bromide was increased to 20 KBr/1,000
AgBr ([Br-]1=4.7X107?%), probably because the direct effect on sen-
sitivity of a high bromide ion concentration (19) counteracts the
favorable influence on after-ripening. Bromide present during diges-
tion retards the increase in fog to a greater extent than the after-
ripening. The increase in maximum speed which is permitted by
the use of the proper amount of bromide appears to be greater than
can be explained by the decrease in fog; the same problem comes up
when increasing amounts of a nuclear sensitizer, such as allyl thio-
carbamide, are added to emulsions under presumably constant diges-
tion conditions (20). Sheppard has introduced the hypothesis of
competition between nuclei on the same grain to explain the existence
of an optimum concentration of sensitizer. This may equally well
be applied to the existence of an optimum time of digestion, and less
plausibly, to the increase in maximum speed obtained by adding
bromide before digestion. In this last case the reduced rate of reac-
tion might favor the continued growth of a single nucleus as against
the further formation of new ones. Many of cur emulsions (See. TV
of this paper) have reached higher sensitivity by storage ripening
than by digestion; here we have a slow process in which the forma-
tion of a new phase might be strongly inhibited, so that again the

¥ Our analyses, which agree with those published by the Eastman laboratories at various times, show
that soluble bromide is either added after washing, or else the washing is stopped short of completion.
‘Wall, Photographic Emulsions, p. 134, refers to the addition of bromide as “an heirloom from the early
days when a clean-working emulsion was practically an exception,” but present quantities are, instead,
considerably larger than those recommended by Eder.
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%rm_vth_ of a nucleus already started would be favored against the
eginning of a new one.

The after-ripening of all the types of emulsion is qualitatively very
similar. 'We may make the rough generalizaton that a given amount
of soluble bromide (5 KBr/1,000 AgBr) retards after-ripening most
in those cases where it is the most rapid at a given temperature;
the ammonia-process emulsions furnish the examples of this, prob-

700 | | | |

600—

500

2
HOURS DIGESTI(:J’H *

F1aURE 6.— After-ripening of neutral emulsions, 4 per cent Agl, at 55°, with
varying concenltrattons of soluble bromide

Numbers of curves indicate the amount of bromide added, in terms of mols KBr per 1,000 mols
AgBr

ably because of their higher pH. We have already observed the
greater effect on emulsion 4-64 (Table 10) which was digested at 45°,
as compared to the otherwise identical 4-66, digested at 55° (Table
11). Much more complete data will be necessary for mathematical
analysis of any of the cases.

Increase in fog during after-ripening was less than we had expected.
Table 12 gives an unusually favorable case in,which there was actually
a decrease. In general, the fog increases suddenly after a certain
time, but this is usually past that required for the maximum sensi-
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tivity: after-ripening is more likely to be limited by decrease in

than by increase in fog. The addition of soluble bromide
considerably increases the margin of safety in time between the
points of maximum sensitivity and of rapid increase in fog, and
reduces the rate of increase of fog during the useful period of digestion.
We have already noted (p. 231) that the cases in which the sudden
deterioration began before the maximum sensitivity was reached
were on prolonged digestion at 45°.

TasLe 7.—Effect of bromide ion conceniration during digestionon after-ripening

(Emulsion 4-53; neutral *“C” formula; 4 per cent AgI, 25 per cent excess NH(Br; mixed at 65°; Winterthur
gelatin; digested at 55°; costing pH 5.9]

7 Fog
Brog:::ie ioi: cg?&e_n&tion at 12}3:‘ Speed
nn igestion
= tion 3 8 12 3 6 12
Minules

33 42| o031 o4s) 0.8 o.g °'$ o.tllg
6.4X10°¢ N (as washed).......... 60 200| .63| 1o1| 125| o3| o7 13
100 35| .6¢| 103| 12| .05 .11 a7
5 7| .| .ss| .e0| .02| .04 .09
5.1XI10- N (ﬂ) 30 ai| 3| 57| 13| .02| .ot .09
1,000 AgBr ) ——-- 68 wo| 43| e7| e8| o3| oe .09
| 135 20| .5¢| 88| rLes| .o4| o7 n

TaBLE 8.—Effect of bromide ion conceniration during digestion on after-ripening

Emulsion 4-59; 4 per ceat Agl; 25 cent excess NH;Br; Winterthur gelatin; neutral mixed at 65
¢ " ollowed by aminonis ripening at 45°; costing pH 6.5. Digested at 55°)

¥ Fog
Bromide ion eo?ge.ntm'tinn at T‘}ﬁ;“" Speed
beginni of digestion r
o tion 3 6 12 3 6 12
Minules
al 55°
5 70| 03¢ 05| o6 003| oo0i| o0.13
12 X107 V (s washed). ... | | cea| 6| ia| | B B
135 340| 59| . 145 120 |ecei . 3
45 12| 49| .ss| 1n15| .o4| .08 17
33X104 N ( 2.5 KBr ) 05 400 .60| L03| 1L47 .06 1

1,000 Agpr /) - 140 s20| 53| .s0| 26| 16| .19 feeeees..
190 1315| 65| vro| une| 19| .28 .34

! No decrease in effective sensitivity.
75210—31——3
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TasrLe 9.—Effect, on after-ripening, of bromide ion conceniration during digestion

[Emulsions 4-61 and 4-88; neutral (C), 4 per cont Agl, 25 per cent excess NH,Br, Winterthur and Nelson
No. 1 gelatin; mixed at 65° in 26-7 minutes]

Bromide ion ¥ Fog Emul-

Boluble bromide added |concentration| Time of Speed sion

after washing at beginning | digestion [°Peed S

of digestion 3 6 12 3 6 12 5

Minules
at 66°
60| 450 | 0.81 | 1.04 | 1.50 | 0.00 [ 0.14 | 0.26 | 4-61-2
NODe. e e LEX10-5N__. 100 | 425 | .65 | 1.06 | 1.60 19| .34 .54
140 | 440 | .64 | .96 [ 1.50 22| .43 .67 8
1 KBr 30| 132 | .51 .83 |1 24 0z| 04| .14 | 4681
e . . e e i LOX10N___| 60 | 635 | . .23 | .45 .06 .10| .20

1,000 AgBr 05| 535 .57 | .99 |1.56] .10| .18 | .20 3
140 | 535 66 | 1.06 | 1.65 10 18| .31 4
5 kil 6| .20 .32| .03 .08 | .13| 4-81-1
5 KBr 60| 345 | .46 | .76 | 1.24| .05| .08 | .14 3
Fon 9.6XX10- V.. 120 | 625 .64 .90 |1.53) .08) .13 | .18 Ii]
1,000 AgBr 180 | 495 | .66 | .90 | 1.43| .16| .29 | .37 7
240 | 420 66| 1.12 | 1.68 13| .24| .40 8
20 KBr i 5| 45| .21| .25| .47| .00| .02| .05| 485
e S S 4. TX10N ... 60| 205| .35| .53 | .80 .01 | .03 | .08 6
1,000 AgBr 120 650 | .42| .73|1.20| .04 | .05 .11 7
180 | 545 .00 | 54| 06| .09 .16 8

TasLe 10—Effect of bromide ion concentration during digestion, on after-ripening
[Neatral (C) emulsion No. 4-84; 1 per cent Agl, Winterthur and Nelson No. 1 gelatin; digested at 45°]

¥ Fog
Bromide ion concentration T&E‘;?! Speed
duoring digestion tion
- 3 6 12 3 6 12
af 46°
10 34| 03| 055| 0.66| 0.02| 0.04 0.08
?.axlo—-N(—)ﬁ._- ol : : : : : :
1,000 AgBr 245 165 .66 1.04 1.76 .07 .09 .18
370 175 71| Li3| 211 .27 .46 .67
60 121 84| 12| 175 .07 .10 .18
1.8Xi0-3N (as washed). ... 130 205 02| L14| 188 .06 T .30
240 215 100| 1.55| 223 .18 .22 .89

TaBLE 11.—Effeci of bromide ton concentralion during digestion, on after-ripening
|Emulsion 4-66, neutral (C) formula, 1 per cent Agl; Winterthur and Nelson No. 1 gelatin; digested at 55°]

Time of T Fog
Bromids ion concentration at djn;ees? g
beginning of digestion tion peed i i - i " .
Minutes
at 66°
320 150 112 18| 23| 00| 013| 02
60 wo| 12| 1ss| =38 15| .
L.5X10-SN (as washed) - I[ %0 10| 1oi| 14| 212 13| .2 36
120 10| .83 1e0| 1.91 n| .2 .48
=ETFEE R
5 KBr 0 175 . 11 : : ) ;
LEXIFAN (—'— )-"--*--- 90 195| 80| L26| 22| e8| .1| .26
1,000 Ag R 120 7o| 1o2| 1| 1ss| 0| 14 34
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TasLe 12.—Effect on after-ripening of bromide ion concenlralion during digestion
[Emulsion 1-159; “ B" formuls, 5 per cent AgT, Nelson No. 1gelatin. Digested at 45°, pH 8.3; coating pH 6.1]

8 ¥ Fog
Bromide ion concentration at 'l:;;me of Speed
beginning of digestion ug
. 3 6 12 3 6 12
Minules

al 45°
<10 50 0.4 0.63 0.95 0.01 0. 06 0.19
3.3X10-8N (_l\'o bromide added 53 110 .65 1.37 rm .01 .07 .28
after washing) .o e oo 110 200 .79 1.37 2.04 .01 07 .16
180 200 .85 1.56 232 .02 .06 .15
<10 2 25 37 44 07 .09 .21
5.8 10N (5 KBr per 1.000 AgBr 60 28 .40 .81 1.00 .01 .06 .19
added after washing) ___._______ 120 4% .54 .93 L 16 .02 .07 .12
205 92 . 66 115 1. 60 .01 .06 .09

Tasue 13.—Effect on after-ripening of bromide ion concenltralion during digestion
[Emulsion 1-161; “B" formula, 6 per cent Agl, Winterthur gelatin. Digested at 45°, pH 8.0]

kY Fog
Bromide ion concentration at ’Ig;'ngs?f Speed
beginning of digestion tign peé
- 3 6 12 3 8 12
Minutes
s mﬂo 66 b3 1.85 02 08

1.8X104N (No bromide added { 165 o L . 0. 5 o
120 320| .73| 134| 194| .o¢| .12 .21
after washing)....o-eeonmeeeee 185 30| .s2| Le7| 21| lo7| 12 -29
@l & = & @ o =
8.610-'N (5 KBrper 1,000 AgBr 190 sl ‘&l tul 7ol Bl ‘= 1
: i 3 g ; g 14
added after washing)...—.... 270 0| 7| 15| rLes| o3| o4 18
360 00| ‘7| rew| rLm| 1| 13 o4

TasLe 14.—Effect on after-ripening of bromide ion conceniraiion during digestion
[Emulsion 1-162; “B " formula, 1 per cent Agl, Winterthur gelatin. Digested at 45°, pH 8.3]

. Fog
Bromide ion coucentration at 1;%?‘;?‘ Speed
beginning of digestion ti(’)‘n
’ 3