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The cell potential for Eq. (1) is accordingly the difference
between the potentials for the two half-cell reactions,

∆E = EAg – EGel (4)

and the rate of silver cluster formation, d[Ag]/dt, should
be given approximately by the electron flow from the
gelatin half-cell to the silver half-cell, and expressed as
follows,9

 d[Ag]/dt = [Red]k0
Oxexp[(1 – α)nF∆E/RT] (5)

where [Red] is the concentration of the reduced gelatin,
k0

Ox is the specific rate of the forward reaction in Eq.
(1), α is the charge transport coefficient, and F is the
Faraday constant. It was predicted from Eqs. (4) and
(5) that Eq. (1) should proceed to the right when ∆E is
positive, and this prediction was confirmed experimen-
tally in a former study.3

We also reported that silver clusters were formed as
the result of the reduction of AgBr grains by gelatin in
dried emulsion layers.4 In this case, it was demonstrated
that the Fermi level of a dried gelatin layer was higher
than that of AgBr. The above results were in concert
with each other from the viewpoint of reduction of sil-
ver ions by gelatin, insofar as the electrochemical po-
tential of a solution should correspond to the Fermi level
of a solid.8

The reducing property of gelatin has been noted and
studied for many years.3,4,8,10–24 It was also described in
the literature that silver clusters may be formed on sil-
ver halide grains during the precipitation of the grains
as a result of the reduction of silver ions by gela-
tin,13,14,16,18,21,23 and that sensitivity increased with increas-
ing pH value of the reaction medium during the
precipitation processes.16,18 Szucs proposed that the re-
ducing ability of gelatin arose from methionine and sugar

Introduction
Silver clusters play crucial roles in photographic pro-
cesses.1 In this series of papers,2-7 studies have been
made on the formation mechanism and properties of sil-
ver clusters on silver halide grains in photographic
emulsions from various aspects. Silver clusters are
formed on silver halide grains as the result of, not only
the photolysis of the grains, but also the reduction of
the grains by reducing agents.

It has also been described that silver clusters are
formed as the result of the reduction of AgBr grains by
gelatin in liquid emulsions,3 i.e., silver digestion,8 as
represented by the following general reversible reaction.

Red + nAg+ →←  nAg + Ox + mH+ (1)

where Red is reduced gelatin, Ox is oxidized gelatin, n
is the number of electrons given up by the reduced gela-
tin, and m is the number of protons produced. Equation
(1) can be separated into two half-cells, each of which
has a characteristic potential associated with it. For the
silver half-cell, EAg

 Ag+ + e– →←  Ag, (2)

and for the gelatin half-cell, EGel

 Ox + mH+ + ne– →←  Red (3)
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The formation of silver clusters due to reduction of silver ions by gelatin during precipitation process of AgBr grains in emulsions
was studied from the point of view that it should take place when the potential of the silver half-cell (EAg) was more positive than
the potential of the gelatin half-cell (EGel) in a reaction solution. Although the sensitivities of the prepared emulsions were
independent of EAg of the bulk reaction solutions, they increased with increasing pH values, and reached the sensitivities of the
corresponding reduction sensitized emulsions and hydrogen hypersensitized ones. These results indicate that the formed clus-
ters were reduction sensitization centers. It is proposed that silver cluster formation takes place, not in the bulk reaction me-
dium, but in the region into which an aqueous solution of silver nitrate has been introduced for precipitation, since this is the
only region where EAg is more positive than EGel in a reaction vessel.
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content.16,18 Using an analytical method, Kobayashi et al.
ascribed the reducing property of gelatin to some kind of
sugar, which was bound by gelatin.12 Urabe and Sano
characterized the reducing property of gelatin by com-
paring its performance with that of a synthetic polymer.23

Pouradier summarized the redox properties of gelatin and
the roles of gelatin on silver cluster formation during the
precipitation of silver halide grains, and pointed out that
gelatin could stabilize nascent silver clusters.14 However,
no quantitative redox analysis has been made on the sil-
ver cluster formation during the precipitation of silver
halide grains in emulsions.

The present study was undertaken to observe and
quantitatively examine the formation of silver clusters
during the precipitation of silver halide grains in emul-
sions in terms of the difference between EAg and EGel in
the reaction solutions. The values of EGel in the reaction
solutions were varied by changing their pH values. The
formation of silver clusters was detected indirectly, by
observing the increase in sensitivity caused thereby. An
interpretation from the electrochemical viewpoint is
applied to the process of the silver cluster formation
during the precipitation of silver halide grains in this
study, and related to the processes of silver cluster for-
mation taking place during the digestion of liquid emul-
sions3 and storage of dried emulsion layers.4

Materials and Experiments
Photographic emulsions composed of fine AgBr grains and
deionized gelatin were prepared by a controlled double
jet method,25 according to which aqueous solutions of 1N
AgNO3 and 1N KBr are simultaneously poured into an
aqueous gelatin solution at 75°C over 41 min. The pAg
and pH values of the bulk reaction medium was kept con-
stant during the precipitation of AgBr grains. The pAg
values were adjusted to +50 mV, +100 mV, and +150 mV
versus SCE at 75°C, and the pH values were adjusted in
the range from 4 through 10 at 75°C. Subsequently the
resulting emulsions were subjected to the flocculation to
eliminate most of the KNO3. We then added gelatin, and
adjusted pH and pAg values to 6.5 and 8.3 at 45°C, re-
spectively, in order to make it available as an photo-
graphic emulsion. The sizes of the resulting grains were
measured from electron micrographs of the carbon repli-
cas of the grains taken with an electron microscope Model
JEM-1010 (JEOL, Tokyo, Japan).

 Layers of the emulsions were prepared by coating and
drying them on cellulose triacetate film base, and sub-
jected to sensitometric measurement. According to cir-
cumstances, hydrogen hypersensitization was applied
to the emulsion layers by evacuating them for 1 hr and
then putting them under hydrogen gas at atmospheric
pressure and room temperature for 3 hrs. The emulsion
layers were exposed to a tungsten lamp of color tem-
perature of 2856K for 10 sec through a continuous
wedge. Exposed emulsion layers were developed using
MAA-1 developer26 at 20°C for 10 min. According to cir-
cumstances, emulsion coatings were subjected to gold
latensification prior to development in order to detect
undevelopable silver clusters on the grain surface, us-
ing a solution prescribed by James et al27 at 20°C for 3
min, and washed for 30 min.

The EAg value was measured for a stirred reaction so-
lution by use of a silver electrode as a working electrode
and an Ag/AgCl electrode as a reference electrode. The
EGel value was measured at 75°C for a stirred aqueous
solution (3 wt %) of a deionized gelatin (Rousselot 52383)
by use of a platinum electrode as a working electrode

and an Ag/AgCl electrode as a reference electrode, and
assigned the value recorded 3 min after the platinum
electrode was immersed in the gelatin solution, since
we observed that EGel changed slighty with time. The
measured values of both EAg and EGel are expressed with
respect to the sarurated calomel electrode (SCE).

Results
According to the procedure described in the previous sec-
tion, cubic AgBr grains, average edge lengths of which
were shown in Fig. 1, were formed with variation of the
pH and pAg values of the bulk reaction medium during
the precipitation process. It was observed that the av-
erage edge length of the grains increased with the in-
crease in the pH values and the increase in the EAg

values, i.e., the decrease in the pAg values, of the bulk
reaction solution.

Relative sensitivity and fog density of the layers of
these emulsions are shown in Fig. 2 as a function of the
pH and pAg values of the bulk reaction medium during
the precipitation process. As seen in this figure, all the
emulsion layers were free from fog. Since the intrinsic
sensitivities of emulsion layers are generally propor-
tional to the average volumes of the grains in the emul-
sions,1,28 the observed sensitivities of the emulsion layers
were divided by the average volumes of the correspond-
ing emulsion grains and used in Fig. 2. As seen in this
figure, the sensitivities of the emulsions increased with
increasing the pH values of the bulk reaction medium
during the precipitation process, while they were nearly
independent of the pAg values. The degree of the in-
crease in the sensitivity due to the increase in the pH
values was as large as two orders of magnitude, and
comparable to that of the sensitivity increase caused by
reduction sensitization for cubic AgBr grains with simi-
lar size reported in a former paper in this series.3 We
note that none of these emulsion layers exhibited any
internal sensitivity.

Figure 1. Average edge lengths of silver bromide grains, which
were precipitated at 75°C by a controlled double jet method
with pH values indicated on the abscissa and EAg values of 50
mV (O), 100 mV(∆), and 150 mV(�).
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The emulsion layers were then subjected to hydrogen
hypersensitization prior to sensitometric measurements,
and the observed sensitivities and fog densities are also
shown in Fig. 2. As seen in Fig. 2, all the hydrogen hy-
persensitized emulsions were free from fog. By hydro-
gen hypersensitization, the sensitivities were raised and
became independent of the pH values during precipita-
tion. We note that the sensitivities of the hydrogen hy-
persensitized emulsions are nearly equal to those of the
layers of the emulsions which were prepared in the re-
action solutions with the highest pH value, i.e., 10, un-
der the present experimental conditions.

The layers of the emulsions characterized in Figs. 1
and 2 were subjected to gold latensification and devel-
opment. Figure 3 shows the fog densities of the gold-
latensified emulsion layers as functions of the pH and
pAg values of the bulk reaction medium during the pre-
cipitation process. As seen in this figure, the fog densi-
ties hardly increased in the lower pH region and then
steeply increased in the higher pH region with increas-
ing the pH values, while they remained independent of
the pAg values.

Discussion
As seen in Fig. 1, the average edge lengths of the grains
decreased with decreasing EAg and also with decreas-
ing pH of the bulk reaction medium during their pre-

cipitation process. The observed EAg dependence of the
grain size was understandable in light of the facts that
the growth of silver halide grains is usually depressed
by decreased solubility of the grains, and that the solu-
bility of AgBr grains decreases with decreasing EAg

under the present experimental condition.29,30 The ob-
served pH dependence of the grain size was under-
standable in the light of the following considerations.
Namely, AgBr grains were negatively charged and pref-
erably adsorbed positively charged species under our
experimental conditions.31,32 Since the reduction in the
pH value of an aqueous solution should ionize func-
tional groups of gelatin and make them positively
charged, it should enhance the adsorption of gelatin to
the grains, resulting in inhibition of the growth of the
grains by the gelatin.

 The results described in the previous section have
led us to the idea that the enhancement of the sensitiv-
ity was achieved by increasing the pH values of the re-
action solutions during the precipitation processes to
cause formation of reduction sensitization centers ow-
ing to the reduction of silver ions by gelatin. This idea
was supported by the facts that the sensitivity of an
AgBr emulsion was increased, up to the level of sensi-
tivity of the hydrogen hypersensitized ones by increas-
ing the pH value of the reaction medium during
precipitation, and that the sensitivity of the emulsion,
when enhanced by hydrogen hypersensitization became
independent of the pH value during precipitation. It is
known that Ag2O may be formed in an aqueous solution
with high pH value. However, it seemed unlikely that
Ag2O formed in under our reaction conditions since the
reaction solution contained a high concentration of bro-
mide ions, which should combine with silver ions to form
AgBr, with much lower solubility than that of Ag2O.

The processes, electrochemical expression, and rate
of the silver cluster formation due to the reduction of

Figure 2. Photographic sensitivities and fog densities of
unsensitized (U) (O, ∆, and �) and hydrogen hypersensitized
(H2) (�, ▲, and �) cubic silver bromide grains with edge length
of 0.2 µm, which were precipitated with EAg values of 50 mV(O,
�), 100 mV(∆, ▲), and 150 mV(�,�) and pH values indicated
on the abscissa.

Figure 3. Fog densities of gold-latensified cubic silver bro-
mide grains with edge length of 0.2 µm, which were precipi-
tated with EAg values of 50 mV(O), 100 mV(▲▲), and 150 mV(�)
and pH values indicated on the abscissa.
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silver ions by gelatin have been described in Eqs. (1)
through (5). It is noted that the silver cluster formation
due to the reduction of silver ions by gelatin should take
place when the value of ∆E was positive, and that its
rate should be enhanced by increasing the value of ∆E.
However, the sensitivities of AgBr grains as shown in
Fig. 2 were independent of the EAg value of the bulk re-
action solution under the present experimental condi-
tions. This result does not seem to be consistent with
Eq. (5), and makes it necessary to quantitatively exam-
ine the reduction of silver ions by gelatin during the
precipitation of AgBr grains in the light of Eq. (5).

The EGel value of aqueous gelatin solutions under the
condition corresponding to the emulsions in Figs. 1 and
2 was measured as a function of pH, as shown in Fig.
4. As shown in this figure, EGel of an aqueous gelatin
solution sharply decreased with increasing pH. When
the EAg values of the reaction solutions were 50, 100,
and 150 mV, as employed in the experiments in this
study, the pH values of aqueous gelatin solutions with
∆E of zero, which should be the thresholds for the re-
duction of silver ions by gelatin, were ~9.5, ~8.5, and
~7.5, respectively. As seen in Fig. 2, the reduction of
silver ions by gelatin to form silver clusters took place
at pH values below these thresholds, their rates being
independent of the silver potential of the bulk reac-
tion solutions.

Then, the EAg value in the region in the reaction solu-
tion, into which an aqueous solution of 1N AgNO3 was
introduced, was measured and plotted against the EAg

value of the bulk reaction solutions in Fig. 5. As seen in

Figure 4. Values of Egel of aqueous gelatin solutions (3 wt %)
as a function of pH.

Figure 5. Values of EAg in the region into which an aqueous
solution of 1N silver nitrate was introduced as a function of
EAg values of the bulk of the reaction medium for the precipi-
tation of silver bromide grains.

this figure, the former was nearly 500 mV, independent
of the EAg value of the bulk reaction solution. Then, the
value of ∆E in the region where an aqueous solution of
1N AgNO3 was introduced in the reaction solution was
estimated by putting the EGel values (Fig. 4) and the EAg

values (Fig. 5) into Eq. (4), and the results are plotted
against the corresponding pH values in Fig. 6. As seen
in this figure, the value of ∆E is invariably positive, in-
dependent of the EAg value of the bulk reaction medium,
and increases with increasing the pH value. We there-
fore predict from these data that silver cluster forma-
tion should take place at any pH value described in Fig.
6, and that its rate should increase with increasing pH
value. This prediction was in good accord with the ob-
servations shown in Fig. 2. We therefore propose that
the silver cluster formation takes place, not in the bulk
of the reaction solution, but in the region into which
the aqueous solution of 1N AgNO3 is introduced, and
that the resulting clusters became reduction sensitiza-
tion centers.

In comparison, Fig. 7 shows the sensitivities and fog
densities of reduction sensitized cubic AgBr emulsion
layers with average size of 0.2 µm without and with gold
latensification treatment as functions of the amount of
dimethylamine borane complex (DMAB) used for the re-
duction sensitization. With increasing amount of DMAB,
the sensitivity increased through two steps; then the
fog density began to increase. It is known that the first
and second steps of the sensitivity increase are caused
by formation of R and P centers of reduction sensitiza-
tion,2,6 respectively; R and P centers act as traps for
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positive holes and photoelectrons, respectively. Gold lat-
ensification renders P centers developable, while it
hardly renders R centers developable at all. From the
comparison among Figs. 2, 3, and 7, we infer that the
concentration of reduction sensitization centers in-
creases with increasing pH value of the reaction me-
dium, and that formation of R centers precedes the
formation of P centers. As seen in Fig. 7, the increase in
sensitivity with increasing pH value in the lower pH
region in Fig. 2 was hardly associated with any increase
in fog density on gold latensification in Fig. 7. On the
other hand, the increase in sensitivity with increasing
pH value in the higher pH region was associated with
significant increase in fog density after gold latensifi-
cation. We therefore propose that the increases in sen-
sitivity in the lower and higher pH regions were mainly
ascribed to the formation of R and P reduction sensiti-
zation centers, respectively.

Phenomena resulting from silver cluster formation
due to the reduction of silver ions by gelatin were ob-
served during precipitation of AgBr grains in liquid
emulsions in this study, during digestion of liquid AgBr
emulsions and during storage of dried AgBr emulsion
layers in the former papers. The phenomena resulting
from reduction of silver ions by gelatin were observed
in the cases of precipitation and digestion when values
of ∆E in Eq. (4) were positive, as observed in the case of
storage of a dried emulsion layers under the condition
that the Fermi level of a gelatin layer was higher than

Figure 7. Sensitivities and fog densities of untreated (O) and
gold-latensified (�) cubic silver bromide grains with edge length
of 0.2 µm in emulsions which were digested at 60°C for 60 min
for reduction sensitization in the presence of DMAB, amounts
indicated on the abscissa.

Figure 6. Value of ∆E in Eq. (4) in the region into which an
aqueous solution of 1N silver nitrate was introduced as a func-
tion of pH values of the bulk reaction medium for the precipi-
tation of silver bromide grains.

that of silver. All these phenomena may be unified, in-
sofar as the electrochemical potential of a solution
should corresponds to Fermi level of a solid.9    
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