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bstract. In a double-jet apparatus controlled by a microcomputer,
series of formate doping emulsions of cubic AgBr grains in which

ormate ions were doped at different sites were prepared when a
ertain volume of sodium formate solution was injected into the
mulsifying solution at different time intervals after the beginning of
recipitation at a constant pAg. The sensitometric results from these

ormate doped emulsions showed: (1) that there were great differ-
nces in sensitivity between the emulsions that the same quantity of

ormate ions were doped at different sites of grains; (2) that relative
ensitivity of doping emulsions to the corresponding undoping ones
onotonically increased as the formate ions were moved closer to

urface of grains; (3) that a cooperative sensitization by doping for-
ate ions, S+Au and dye could be carried out to make a higher

evel of sensitivity possible without a significant increase in fog den-
ity; (4) that the formate ions doped inside AgBr grains were able to
rap holes produced in dye aggregates adsorbed on the surface of
rains, moreover, the closer to surface the doping ions were, the
reater a sensitivity gain was. © 2006 Society for Imaging Science
nd Technology.
DOI: 10.2352/J.ImagingSci.Technol.�2006�50:4�394��

NTRODUCTION
n 1998–2003 Belloni et al.1–4 first and subsequently reported
hat formate ions doped in AgBr grains could remarkably
ensitize the emulsion and they also proposed a mechanism
or the sensitization by formate doping, that was

HCO2
− + h+ → · CO2

− + H+, �1�

·CO2
− + Agn

+ → Agn + CO2. �2�

fter then, Guo et al.,5 using the electron spin resonance
ESR) technique, gave indirect evidence for the existence of
eaction (1), i.e., an intensified ESR signal of ·CO2

− was
learly detected from a dispersion of AgBr grains in a satu-
ated solution of formate under illumination. Nevertheless,
ailstone6 expressed questions, particularly about the effec-

iveness of the sensitization of the formate doped emulsions
ensitized spectrally by sensitizing dyes. It is a justified ques-
ion because there is no knowledge about the interaction
etween formate ions doped in grains and positive holes

eceived Aug. 1, 2005; accepted for publication Sep. 20, 2005.
062-3701/2006/50�4�/394/6/$20.00.
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hotogenerated from dye adsorbed on the surface of grains.
n the present paper, sensitization by formate ions doped at
ifferent depths of cubic AgBr grains that were unsensitized,
nd grains that were sensitized chemically and spectrally on
he surface was investigated

XPERIMENT
reparation of an Emulsion of Cubic AgBr Grains

n Which Formate Ions Were Doped at Different Sites
computerized double-jet apparatus was used to control all

arameters of emulsifying process. In the first 10 min,
gNO3 and KBr solutions of 2.0 mol/L were continuously
dded, respectively at a constant flow rate of 2.0 and
.2 ml/min to an agitating gelatin solution 12 g/600 ml

2O at 50 °C and pAg was kept at 7.4. Then pAg was ad-
usted to 3.6 and the flow rates of the solutions were linearly
ncreased by 0.2 and 0.19 ml/min for about 24 min when,
n different time intervals, a specific amount of sodium for-

ate �1�10−4 mol/mol Ag� in solution was injected to the
mulsifying vessel. After than, pAg was adjusted back to 7.4
nd the precipitation was going on for a couple of minutes
ntil terminated. Post-treatment of the prepared emulsions
as just as usual and pH and pAg of the emulsions were

djusted respectively to 5.5 and 7.2 for storage.

ulfur-Plus-Gold Sensitization
a2S2O3 solution (0.5 ml, 0.1%) and 0.05 ml of a mixture

f AuCl3 (0.02%) and NH4SCN (0.2%) solutions in equal
olume were added in turn to 50 g emulsions. Then the
mulsions were digested at 50 °C for 60 min and then
.5 ml of TAI solution (2%) was added.

pectral Sensitization by Dye
green sensitizing dye, a red sensitizing dye, and a blue

ensitizing dye as shown in Figs. 1(a)–1(c) were used, re-
pectively, for the spectral sensitization of the emulsions.
he maximum of sensitization of these dyes was at 550, 640,
r 460 nm, respectively, 2.5 ml of the dye methanol solution
0.1%) was added to 50 g of the chemically sensitized emul-
ion, which was agitated at 40 °C for 5 min. The emulsions
ere kept still for 20 min and then coated on a triacetate
lm base.
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ensitometry
he coated emulsion layers were exposed to white light with
olor temperature 5500 K or to monochromatic light (red,
reen, or blue) via a filter with a maximum transmittance at
he central wavelength 650, 550, or 430 nm for 1 s in a CGG
ensitometer. The exposed emulsion layers were developed
n a MAA-1 surface developer at 20 °C for 10 min. The
ptical densities were evaluated by Macbeth 903 densitom-
ter. The sensitivity was given by the reciprocal of the expo-
ure required to give an optical density of 0.1 above
og density. Sensitivity of the formate undoped primitive
mulsion was taken to be 100 for calculation of relative
ensitivities.

bservation and Measurement of Silver Bromide Grains
JEM-100CX transmission electron microscope (TEM) was

sed for observation and measurement of the cubic grain
izes. Seven samples of emulsion grains were observed and
wo of them, one undoped and another doped at 0.59 of the
elative edge length from the center of grains, are shown in
igs. 2(a) and 2(b). It can be seen from Fig. 2 that the edges
nd corners of cubic grains were not as sharp as the cubic
rains prepared in the conventional way, which may arise
rom a pAg drop (from 7.4 to 3.6) for doping. On the other
and, no overly fine grains were found in the micrographs of
ll samples, which means that no new nuclei were formed in
he process of growth and formate doping of grains.

The arithmetical average size and the corresponding
tandard deviation (SD) of grains in all seven emulsions,
ncluding undoped and six doped ones, are listed in Table I.
he standard deviations of grain size were all within 0.01,
hich indicated that the grain monodispersity of each emul-

ion was quite good. The average size and the SD of grains
or all seven emulsions were 0.18±0.02 �m.

ESULTS AND DISCUSSION
elative Depth or Position of the Formate Ions Doped

n the Cubic Grains
he depth or position of the doped formate ions in the

igure 1. Structures of sensitizing dyes: �a� green sensitizing dye; �b� red
ensitizing dye; and �c� blue sensitizing dye.
ubic grains is based on the following assumptions: (1) dur- b

. Imaging Sci. Technol. 50�4�/Jul.-Aug. 2006
ng the precipitation of AgBr, all additions of dopant (for-
ate) are at the stage of grain growth when no new nuclei

re formed, thus the number of grains remains a constant;
2) that the additional dopant is rapidly adsorbed on the
urface of growing grains at a specific pAg for a couple of

inutes; (3) the distribution of grain sizes is quite uniform.
he first assumption was based on a mathematic model by

agannathan et al.,7 which was adopted to calculate some
perating parameters, such as flow rates of the reactant so-

utions, etc., to control the growth of grains without forma-
ion of new nuclei. The data on average grain sizes and their
orresponding SD’s of the prepared seven emulsions, as
iven in Table I, showed the monodispersity of grain size
ach emulsion was quite good, even though the fluctuation
f average sizes between different emulsions was slightly
reater; SD= ±0.02 �m as given above, was slightly greater
han that of any single emulsion �SD= ±0.01 �m�. Never-
heless it could be consistent with the third assumption. The
econd assumption should be considered only as a sort of
ypothesis with which the adsorption rate of formate ions
as assumed to be proportional to the square of edge length
f a growing grain at a constant pAg, so it should be more
onsistent with the condition described in assumption (2)
hen the growing grain sizes were bigger than when smaller.
or this reason, some deviation from assumption (2) might
xist in the doping positions closer to the center of grains to
reate a gap between the actual doping position and the
alculated one. For the sake of simplification, this deviation
ill be neglected. Based on the above three assumptions,

ach doping position could be approximately calculated as
ollows.

The relative positions of the dopant in a cubic grain can
1/3

igure 2. TEM micrographs of two cubic AgBr emulsions, grain sizes of
hich were: �a� 170 nm for the undoped one; and �b� 180 nm for the
opes one with formate ions at 0.59 away from the center of grains.
e easily calculated by Lr�t�= �M�t� /M� , where Lr�t� de-
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otes a relative length from the center to the doped layer,
anging from 0 to 1 relative to the half of edge length of a
ubic grain, and was a function of time t when the dopant
as injected into the emulsifying reactor; M�t� an additional

ccumulative amount of Ag+ at the time t; M the total ad-
itional amount of Ag+ at the ending of precipitation. The
elative depth, away from the surface of grains, is given by

r�t�=1−Lr�t�. A schematic diagram for the positions of
opant in a cubic grain was shown in Fig. 3. M and M�t�’s
ere given, so the sites of doped formate ions in the cubic
rains of emulsion could be calculated as listed in Table I.

elative Sensitivities of Primitive, Chemically,
nd Spectrally Sensitized Emulsions in Which
he Formate Ions Were Doped at Different Sites
f Cubic AgBr Grains
omparing with the sensitivity of the undoped primitive

mulsion as a control, the relative sensitivities for all other
mulsions exposed to a source of light with 5500 K, includ-
ng those undoped and doped with formate ions at different
ites, as well as unsensitized (primitive) and sensitized by
+Au and dye �G� or dye �R�, i.e., green or red sensitive, are

Table I. Grain sizes and sites of form

No. of
emulsions

0
�undoped�

1 2

Grain sizea

�µm�
0.17

±0.01
0.18

±0.01
0.1

±0.

M�t�/ M - 0.20 0.

Lr�t� - 0.59 0.

la �nm�b - 53 67

Dr�t� - 0.41 0.

da �nm�b - 37 23
aThe average grain size of all seven emulsions was 0.18± 0.02 µm.
bla and da were absolute length from the center and depth from the
of the average half edge length of grains �lh = 90 nm� multiplied b
Figure 3. Schematic for position of dopant located in gray zone.

96
iven in Table II and Fig. 4. These data and curves indicated
ome interesting results as follows.

(1) Changes of the relative sensitivity with the doping
ites may be separated into two regions. In the first region, at
.6�Lr�t��0.95, relative sensitivity increases gradually as
he doping sites are moved toward the surface; however, in
he second region, where Lr�t� was above 0.95 and closer to
he surface, sensitivity of the doped emulsions abruptly in-
reases. It indicates a significant effect of the doping site on
he sensitization, particularly for the doped emulsions sensi-
ized by both dye �G� and dye �R�. The closer to the surface
f the grains the formate-doping layer is, the better or the
ore effective to the sensitization. These results were essen-

ially consistent with what Belloni et al.3 reported. In the
resent study, however, the maximal sensitivity gain (MSG)

or the S+Au+dye �G� emulsion doped at Lr�t�=0.97 was
nly about 2.5 times higher than that for the corresponding
ndoped emulsion, which was much lower than ten times as
eported by Belloni and co-workers. The difference may
rise from two main reasons: (1) that we did not find any
ignificant effect of the delayed latent image formation in
ur experiments, which was said to double the sensitivity
ain; (2) that the region close to the surface of the grains is
o sensitive to sensitization, as illustrated in Fig. 4, that any
light change in the doping site may give rise to a great
hange in sensitivity. For this reason, the doping site at

r�t�=0.97 where the maximal sensitivity was obtained from
ur experiments may not be a real optimal site at which the
SG could be obtained. It might be better if the site were

xtended even further toward the surface. On the other
and, it has been noticed that desensitization of some doped
mulsions took place at 0.6�Lr�t��0.85 which has never
een reported before, and which could not be accounted for
t present. It will be studied further in the future.

(2) The conventional sensitizations, such as by S+Au
nd dye, were still applied to the formate doped emulsions
ithout any unwanted effect, which meant that the sensiti-

ation caused by the doped formate ions was compatible

oped in grains of emulsions prepared.

3 4 5 6

0.17
±0.01

0.20
±0.01

0.17
±0.01

0.20
±0.01

0.60 0.80 0.85 0.90

0.84 0.93 0.95 0.97

76 84 86 87

0.16 0.07 0.05 0.03

14 6 4 3

t which the doping layer was located. They were given by products
d Dr�t�.
ate ions d

7
01

40

74

26

surface, a
J. Imaging Sci. Technol. 50�4�/Jul.-Aug. 2006
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ith the conventional ones to make a cooperative sensitiza-
ion possible. It might be attributed to independent sensitiz-
ng mechanisms, hole trapping, and electron concentrating,
n the process of latent image formation.

(3) One of advantages for the formate doping of emul-
ions is a lower level of fog density ��0.05� regardless of
hemically or/and spectrally sensitization. It makes them su-
erior to silver dimer �Ag2� doped emulsions, even though
g2 is thought to possess the same function as a hole

cavenger.8,9

ensitization of the Formate Doped Emulsions Sensitized
y S + Au+ Dye (R, G, or B) Exposed to the
orresponding Monochromatic Light (R, G, or B)

t is known for dye sensitized emulsions that photogenerated
oles produced as a result of dye photoexcited by corre-

igure 4. Relative sensitivities of doped emulsions in which formate ions
ere at different sites exposed to white light. The parallel dash-dotted

ines denote sensitivity levels �S0� of the corresponding undoped

Table II. Relative sensitivities and fog densities of the emulsions th
light �5500 K�. Note: �1� the sensitivity of undoping primitive emu

No. of
emulsions

Sites of
dopant
Lr�t�

Sr �D0�
for

primitive

0 No
dopant

100�0.01�

1 0.59 62�0.01�

2 0.74 212�0.01�

3 0.84 192�0.02�

4 0.93 173�0.02�

5 0.95 169�0.00�

6 0.97 423�0.02�
mulsions.

. Imaging Sci. Technol. 50�4�/Jul.-Aug. 2006
ponding monochromatic light sensitive are located in the
ighest occupied molecular orbital (HOMO) of the dye
-aggregate adsorbed on surface of AgX grains.10,11 When
he dye �G ,R� sensitized emulsions are exposed to white
ight as with 5500 K, however, the photogenerated holes are
ossibly produced from two different places: at the valence
and (VD) in the interior of grains by the absorbed blue

ight, i.e., inherently sensitivity of AgX grains, or in the
OMO of the dye aggregates on the surface of grains, re-

pectively by light absorbed by the sensitizer. So the sensi-
ivity gains of formate doping emulsions, as given in Table
I, may come from two contributions: one made by an in-
eraction of the doped formate ions with the internal holes
t VD of the grains and another by that with holes in surface
ye aggregates. In order to get rid of the first effect and
eparately to observe the second one, it was necessary to

ake doped emulsions sensitized by S+Au+dye �R� or
+Au+dye �G�, respectively, to be exposed to red light or
reen light instead of white light. The curve delineating a
hange in relative sensitivity versus doping sites for the
oped emulsions illuminated by red light or green light was
eparately plotted in Figs. 5(a) and 5(b).

From Figs. 5(a) and 5(b) some interesting results were
hown: (1) that shape and trend of two curves for Sr as a
unction of Lr�t� for the doped emulsions exposed to the
orresponding actinic light were quite similar to each other,
.e., in both cases Sr increases monotonically as the doping
ayer moves toward the surface and reaches a maximum at

r�t�=0.97, close to the surface; (2) that the sensitivity gains
ay be supposed to be a result of an interaction between the

nternal doping formate ions and the positive holes prima-
ily produced from the HOMO of dye aggregate on the sur-
ace of the grains; (3) that such an interaction may take place
hen holes were transferred across the interface into the

alence band of a grain and trapped by doping ions that
ere considered to be still at their doping sites and imma-
ile. So the closer the distance between these two species is,

e ions were doped at different sites of grains and exposed to white
taken as 100 and �2� the data in parentheses were fog densities.

Sr �D0�
r S + Au

ensitized

Sr �D0�
for S + Au
+dye �G�

Sr �D0�
for S + Au
+dye �R�

7�0.02� 1076�0.01� 1154�0.04�

9�0.01� 577�0.02� 373�0.04�

1�0.01� 865�0.03� 615�0.05�

9�0.01� 1154�0.04� 1000�0.04�

6�0.01� 1385�0.02� 1115�0.02�

9�0.03� 1462�0.02� 1308�0.02�

3�0.03� 2692�0.05� 2885�0.05�
at format
lsion was

fo
s

17

12

23

33

34

33

67
397
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he greater the probability for their interaction is, thus, the
ore beneficial to an increase in the sensitivity gain.

As far as the sensitization of formate doped at different
ites of AgBr grains is concerned, obviously, the site at which

igure 5. Relative sensitivity vs Lr�t� for emulsions in which formate ions
ere doped at different sites of grains: �a� for the doped emulsions sen-

itized by S+Au+dye �R� exposed to red light; �b� for those sensitized by
+Au+dye �G� exposed to green light. The parallel dash-dotted line
enotes a sensitivity level �S0� of an undoped emulsion.

Table III. MSGs of the doping emulsions sensitize

Status of
emulsions Light source �light absorbed�

Primitive White �blue component�

S + Au White �blue component�

S + Au+ dye �R� White �blue+ red component�

S + Au+ dye �R� Red �red only�

S + Au+ dye �G� White �blue+ green component�

S + Au+ dye �G� Green �green only�

S + Au+ dye �B� White �blue component�

S + Au+ dye �B� Blue �blue only�
98
he value of MSG �Smax/S0� emerges, i.e., Lr�t�=0.97 in the
resent study, is the most important. Thus, all MSG data,

ncluding those obtained from the primitive, S+Au and dye
R, G, or B) sensitized doping emulsions that exposed to
ither white light or sensitive monochromatic light, were
isted in Table III for the sake of comparison. From the MSG
ata in Table III it can be found: (1) that the MSG values for
ndyed primitive and S+Au sensitized emulsions exposed

o white light, both are 4.0, the greatest, because most of
oles trapped by doping ions were generated from the VB of
rains, thus trapped more efficiently: (2) that the MSG val-
es for dyed emulsions exposed to white light are greater

han those for the corresponding one exposed to, respec-
ively, sensitive light, except for dyed �B� emulsions where

SG values are nearly equal (3.3 and 3.2), because the holes
rapped by doping ions could be generated in both VD and
urface dye, respectively, by blue and a blue component in
hite light, whereas the holes generated in surface dye when
yed �R ,G� emulsion is exposed to the corresponding ac-
inic light have to be transferred into VD and then are
rapped by the doping ions, so it is less effective; (3) that
here exists a difference in MSG values of three different
yed emulsions exposed to the corresponding actinic light,

.e., 2.2, 1.7, and 3.2, respectively, for dyed �R�, dyed �G�, and
yed �B� ones. This difference may be ascribed to different
fficiencies with which the holes are trapped. There may be
any factors to influence the hole trapping efficiency, such

s different energy barriers that holes must overcome when
ransferred to VD of grains, etc., and which need to be stud-
ed further in the future.

It may be useful to make an estimate for effective acting
istance and optimal acting distance between the doping

ayer and the dye adsorbed on the surface of grains, if the
ffective acting distance is defined as a critical distance be-
ond which the sensitization caused by the formate doping
ons will disappear and the optimal acting distance is defined
s a distance within which a maximum sensitivity gain is
btainable. The effective acting distance and the optimal act-

�R , G , B� and exposed to different light sources.

Site of holes generated Smax / S0

Inside grains 4.0

Inside grains 4.0

Inside grain and in surface dye 2.5

On surface only 2.2

Inside grain and in surface dye 2.5

On surface only 1.7

Inside grain and in surface dye 3.3

Inside grain and in surface dye 3.2
d by dyes
J. Imaging Sci. Technol. 50�4�/Jul.-Aug. 2006
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ng distance for dyed doping emulsions could be easily ob-
ained via some simple calculations based on the data in
able I and Fig. 5. If a series of doped emulsions sensitized
y dye �G� is taken as an example, we can find an intersec-
ion point of the curve and the parallel line denoting a sen-
itivity level of the corresponding undoping emulsion in Fig.
(b), at Lr�t�=0.85 or Dr�t�=0.15, then the absolute depth
rom the surface da = lh �Dr�t�=13.5 nm (where lh =90 nm
s average half edge length of grains). The absolute depth,

a =13.5 nm, namely the effective acting distance equivalent
o about 23 cell layers of silver bromide where the cell con-
tant is 0.577 nm.

As for the optimal acting distance, the absolute depth,

a =3 nm, equivalent to five cell layers could be obtained by
he same calculation as long as Lr�t�=0.97 or Dr�t�=0.03 in
able I is taken, corresponding to the maximum sensitivity
ain. A depth of five cell layers is just in the range of the
ubsurface layer of a grain. As is well known, the subsurface
ayer is situated in a susceptible space charge region in which

slight change may cause a significant change in physico-
hemical properties of the emulsion, particularly in latent
mage formation, which makes the mechanism of the sensi-
ization caused by formate doping ions more complicated. It
s necessary to clarify what is the real reason to effect the
ignificant sensitization, to a change in the space charge layer
aused by the formate ions, or more effective hole trapping,
s proposed by Belloni and co-workers. To sum up, this is an
mportant and interesting question worth further studies.

Finally, it has to be emphasized that the above results
ere obtained only from doped cubic emulsions with an

verage grain size of about 0.2 �m. It does not mean that
hese results could be generalized to other doped emulsions
ith different grain sizes and crystal habits, such as octahe-
ral or tabular emulsions which we have not yet investigated
o far.

ONCLUSIONS
1. There are great differences in sensitivity between

cubic emulsions with the same quantities of for-
mate ions are doped at different sites in AgBr
grains.
. Imaging Sci. Technol. 50�4�/Jul.-Aug. 2006
2. The relative sensitivity of doped emulsions to the
corresponding undoped ones monotonically in-
creases as the formate ions are moved closer to sur-
face of grains.

3. A cooperative sensitization by doped formate ions,
sulfer, gold, and dye could be carried out to make a
higher level of sensitization possible without any
significant increase in the fog level.

4. The formate ions doped inside grains are still able
to trap the holes produced in dye aggregates ad-
sorbed on the surface of grains to sensitize the dyed
emulsions, moreover, the closer to the surface of
grains the formate ions are, the greater the sensitiv-
ity gain is.
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