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Energy-level Assessment for Small Silver Clusters in AgBr Emulsion from
Combined Experimental Data of Light Absorption, Spectral Sensitivity,
and Photobleaching
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The combination of spectroscopic information concerning the light absorption, spectral sensitivity, and photobleaching involving the
reduction sensitization centers allowed reasonable positioning of their electronic energy levels relative to the band edges of silver
halides. A well-defined absorption band centered at 455 nm was observed both for the reduction sensitization centers produced by
dimethylamine borane (DMAB) and for the hydrogen hypersensitization centers by using a diffuse transmittance spectroscopy method.
We conclude that the common type of reduction sensitization centers, which must be predominantly hole trapping, have their HOMO
(highest occupied molecular orbital) levels ~1.9 eV below the conduction band edge. Additional centers produced at the high level of
DMAB sensitization have a higher HOMO level ~1.6 eV below the conduction band edge, which is identical with that previously
ascribed to the subimage center. The dielectric polarization of the surrounding medium critically affects these energy levels. Possible
limitations of the spectroscopic information as well as its advantages are also discussed.
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Introduction
Quantitative description of the process of latent image for-
mation in photographic emulsion is a multidisciplinary work
requiring a wide range of knowledge from elementary solid
state physics to far more complicated heterogeneous chem-
istry. Nevertheless we still lack today convincing informa-
tion in many respects even for the most fundamental
electronic properties—the energy levels relative to the band
edges of AgX—of the series of small Ag clusters on the emul-
sion grain surface pertinent to the imaging process. The
difficulty stems in part from the inherently complicated
emulsion format, but the major impediment seems to have
been the extremely small size and small concentration at
which such Ag clusters have been deemed to function in
the photographic processes. Thus standard spectroscopy
methods have seldom been considered useful to probe small
Ag clusters in the photographic system, at least until the
following breakthrough in the experimental characteriza-
tion of the so-called reduction sensitization centers.

Judging from their negligibly small development-cata-
lyzing capability the reduction sensitization centers must
be certainly very small in size. However, it has been re-
cently suggested that they could be present in regular re-
duction-sensitized emulsions in a concentration large
enough to allow their absorption spectra to be measured
by the conventional diffuse reflectance spectroscopy
method.1–3 Availability of such direct spectroscopic infor-
mation certainly makes the cluster characterization easier
and more reliable, together with all the other data made
available by spectroscopy in one way or another.

The aim of this work is to show that combined experi-
mental data of light absorption, spectral sensitivity, and
photobleaching indeed lead us to infer a reasonable posi-
tioning of, in particular, the HOMO (highest occupied mo-
lecular orbital) level for the reduction sensitization centers,
which are a prototype of small Ag clusters in photographic
emulsion. We discuss major questions that have to be clari-
fied to make proper energy level assessment for small Ag
clusters in a dielectric medium, where in the dielectric re-
laxation effect plays a decisive role in the energetics of car-
rier trapping by Ag clusters. Through careful arguments,
we can also illuminate both the limitations and advantages
of spectroscopic information as the basis to establish the
quantitative ordering of cluster energy levels for better
understanding photographic processes.

Experimental
The AgBr emulsion consists of monodisperse octahedral

AgBr grains with mean edge length of 0.45 µm, coated on
a clear polymer support approximately 0.2 mm thick at a
coverage of 1.0 g/m2 in silver and 2.0 g/m2 in gelatin. One
of the two kinds of reduction sensitization centers studied
here was produced in the normal mode of chemical sensi-
tization with dimethylamine borane (DMAB) in the con-
centration range, 0.1∼1.0 mg/mol-AgBr, for 40 min at 70°C.
The other one is the hydrogen hypersensitization center
produced in the otherwise unsensitized coating, by evacu-
ating the sample with a turbo molecular pump for ~14 hr
in advance and then storing it under 1-atm pure H2 for 1
to 5 hr at ~50°C.

All the absorption spectra were obtained in the diffuse
transmission mode by using the spectrometer illustrated
in Fig. 1. Here a stack of typically 10 sample coatings (re-
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sulting in the total sample thickness of 2.5 mm including
the film base) was mounted in close contact with an end-on
photomultiplier tube, Hamamatsu Co., type R375,
(Hamamatsu, Japan) with a large aperture size ~50 mm
in diameter. This optical geometry ensures that the major-
ity of the diffuse transmitted light is successfully captured
by the photomultiplier. The principle of the measurement
was described in a previous short article4 and will be more
fully discussed elsewhere in the future. Here it is sufficient
to note that the product of the concentration and the ab-
sorption coefficient of the extra absorbing species incorpo-
rated in the emulsion coating should be proportional to the
diffuse absorbance as defined by logT0 /T. Here T and T0

represent the diffuse transmittance values measured with
and without the extra absorbing species, respectively.

The photobleaching experiment in the photoionization
mode followed the method described in detail elsewhere,5

but involved in this work samples in which a desensitiz-
ing dye, 1,1’-diethyl-2,2’-tricarbocyanine, was adsorbed as
an effective electron acceptor to improve the bleaching
efficiency. The merit of this dye is that its comparatively
high oxidation potential [553 mV versus Ag/AgCl (Ref. 6)]
minimizes hole injection from adsorbed dye that also could
be excited by the bleaching exposure. This helps us to pre-
vent the hole-induced bleaching from interfering with the
photoionization-induced process.

The spectral sensitivity, or the long-wavelength sensi-
tivity, was measured using the same apparatus as used
for the photobleaching experiment. Thereby the long-wave-
length sensitivity threshold was determined for sufficiently
extended irradiation corresponding to the total photon flux
of the order of 1017/cm2.

Results and Discussion
Light Absorption Spectra. Figure 2 shows a typical dif-
fuse absorbance spectrum taken for the DMAB-sensitized
emulsion coating and its changes upon repeated scans with
relatively heavy blue exposures in between scans. The
clearly defined absorption signal due to the reduction sen-
sitization centers was observed at a fixed position centered
at 455 nm for all the DMAB-sensitized and hydrogen-hy-
persensitized samples when measured by our diffuse trans-
mittance method, with the intensity proportional to the
initial DMAB concentration or to the time of hydrogen
treatment. This is substantially shorter than ~475 nm,
which has been reported for similar reduction sensitiza-
tion centers in other emulsions using the diffuse reflec-
tance spectroscopy method.1–3 Our observation is closer to
the lowest energy transition involving simple diatomic Ag
clusters in the gas phase7 (~435 nm) or trapped in the low-
temperature noble-gas matrices7,8 (388 to 443 nm). Thus
we attribute the 455 nm absorption to similar diatomic
Ag clusters but adsorbed on the AgBr grain surface to serve
as the reduction sensitization centers.

Figure 1. Experimental setup for diffuse transmittance measure-
ment with a stack of emulsion coatings.
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More importantly, Fig. 2 indicates that the intensity de-
crease of the 455 nm absorption band in the course of the
photolysis is accompanied by concurrent growth of a new
broad absorption around 580 nm, with a clear isosbestic
point at ~480 nm. This broad absorption represents the
surface plasmon excitation of print-out silver particles,
which are at least a few nm in size, and thus consist of
hundreds or even thousands of Ag atoms. The appearance
of the isosbestic point for the combination of the molecu-
lar cluster absorption and the plasmon absorption is re-
ally unique, suggesting that the print-out silver particles
grow at the expense of the reduction sensitization centers
in a fixed mass ratio.

The irreversible, sacrificial hole-removing function of the
reduction sensitization centers provides the most straight-
forward explanation for this unique mass action effect, in
such a way that the positive holes are eliminated irrevers-
ibly by the reduction sensitization centers and the result-
ant equivalent number of recombination-free electrons are
subsequently utilized for the growth of the print-out sil-
ver. It has been argued that insofar as the reduction sen-
sitization centers comprise Ag2 species, they are not only
capable of removing positive holes but may also generate
an extra electron when they react with positive holes.9 This
attractive mechanism, if it really works, has only the ef-
fect of doubling the print-out yield. In any case the whole
mechanism cannot be rationalized unless there is quite a
large number of reduction sensitization centers on the in-
dividual AgBr grain surfaces. The large number density
of reduction sensitization centers also follows from the
relatively easy detection of the clear absorption signal by
fairly simple spectroscopy methods.

Additional support for the hole-removing function of the
reduction sensitization centers is presented in Fig. 3. Here
the series of spectra were taken under the similar condi-
tion of blue exposure as in Fig. 2 but for samples dyed in
advance with phenosafranine. To compensate for the strong
overlapping absorption due to the phenosafranine dye, the

Figure 2. Typical diffuse absorbance spectrum of reduction sen-
sitization centers produced by dimethylamine borane (DMAB;
1.0 mg/mol-Ag) and its changes upon repeated data acquisition
with relative heavy blue exposure in between acquisitions.
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spectra here are drawn in a differential scale.
Phenosafranine is known as a typical desensitizing dye
that strongly suppresses the formation of photolytic Ag
clusters. As a result, the distinct plasmon absorption as
seen in Fig. 2 is no longer visible in Fig. 3. Nevertheless,
the 455 nm absorption due to the reduction sensitization
centers is steadily bleached, because of irreversible reac-
tion with positive holes.

Limiting Spectral Sensitivity and Photobleaching.
We propose that the 455 nm absorption discussed in the
preceding section represents the intramolecular
HOMO→LUMO transition associated with the reduction
sensitization centers. This is never the only allowed tran-
sition, however, insofar as these centers are adsorbed on
the AgBr grain surface. Weak as it is, a charge-transfer
type of electronic transition, or the photoionizing transi-
tion, may also occur from the HOMO level into the con-
duction band continuum of the host AgBr grain. The
corresponding lowest excitation energy can be estimated
from the long-wavelength sensitivity threshold or from the
threshold of the photoionization-induced bleaching in the
condition of total photon flux greatly exceeding that used
for usual imaging purposes. Ironically it is this much
weaker transition that carries the essential information
about the HOMO level relative to the band edges.

Figure 4 shows typical long-wavelength sensitivity data
obtained for the DMAB-sensitized sample corresponding
to the lowest DMAB concentration [Fig. 4(a)] and for the
hydrogen-hypersensitized (1-hr H2 treatment) coating [Fig.
4(b)]. In both cases the sensitivity threshold for the suffi-
ciently extended irradiation of the order of 1017 photon/
cm2 in total photon flux can be located at ~1.9 eV (~650
nm). This position was common to all the samples sensi-
tized at relatively low DMAB concentrations (0.1 to 0.4
mg/mol-Ag) and to the hydrogen-hypersensitized coatings.

Note that the total photon flux of the order of 1017 pho-
ton/cm2, used in the above experiment, is orders of magni-

Figure 3. Series of diffuse absorbance spectra taken in similar
condition of blue exposure as in Fig. 2, but for a DMAB-sensi-
tized sample dyed with phenosafranine in advance. To compen-
sate for the strong overlapping absorption due to the
phenosafranine dye, the spectra are drawn in differential scale.
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tude greater than required to form latent image centers
in the intrinsic region. For example, at 460 nm (2.7 eV
photon energy) near the band edge, each grain can absorb
just a few percent of the incident photons at most. In the
case of our sample film, containing ~6.4×108 grain/cm2, 1012

photon/cm2 was sufficient to produce a developable image
even in this tail region of intrinsic absorption. Thus the
sensitivity threshold detected by using 1017 photon/cm2 or
more is due to an extremely weak transition correspond-
ing to ~10–5% absorption of the incident photons per grain,
far below that detectable by, e.g., diffuse transmittance
spectroscopy. In this context also worth noting is that we
are now compiling additional evidence that suggests that
the direct HOMO→LUMO transition at 455 nm causes
noticeable spectral sensitization at the total photon flux
of ~1012 photon/cm2, which will be reported elsewhere in
more detail. The total photon flux about 5 orders of mag-
nitude greater than this, required to observe the ~1.9 eV
threshold, in Fig. 4, is consistent with the proposed na-
ture of the ~1.9 eV threshold, namely that the threshold
stems from the much weaker photoionizing transition from
the HOMO level of the reduction sensitization center to
the conduction band continuum of AgBr.

As an alternative cause of the ~1.9 eV threshold, one
might still think of something that could be associated
with the AgBr grains themselves, made observable under
the chemical sensitizing action of the reduction sensitiza-
tion centers. Though such possibilities may not totally be

Figure 4. Long-wavelength sensitivity data obtained for samples
given (a) low-level (0.1 mg/mol-Ag) DMAB sensitization and (b)
hydrogen hypersensitization. Normalized density obtained by 10
min development in M-AA-1 after exposure to the total photon
flux of the order of 1017/cm2 is plotted as a function of the photon
energy.
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ruled out at present, the fairly well-defined position of the
threshold energy invariant over a wide range of sensitiza-
tion conditions and total photon flux leads us to believe
that the photoionizing transition involving the reduction
sensitization centers is most relevant.

As shown in Fig. 5, at the highest level of DMAB sensi-
tization the sensitivity threshold apparently moved fur-
ther to the longer wavelength and reached ~1.6 eV. Such
a discontinuous, sudden change in the threshold is also
easier to understand in terms of the photoionizing transi-
tion by assuming that two different kinds of centers can
be produced by the DMAB sensitization depending on sen-
sitization level, even though we could observe only a single
absorption band at 455 nm for the strongly allowed tran-
sition mentioned already. Note, however, that the centers
responsible for the ~1.6 eV threshold do not necessarily
represent the major product of the high-level DMAB sen-
sitization. They more likely correspond to an additional
center formed together with the common centers contrib-
uting to the ~1.9 eV threshold. Interestingly, the ~1.6 eV
threshold almost exactly coincides with the photoioniza-
tion threshold that we have previously ascribed to the two-
atom subimage center formed in the imaging process.5,10

This implies that the centers additionally produced by the
high-level DMAB sensitization also could have an elec-
tron-tapping property similar to that of the subimage cen-
ter. For simplicity we shall hereafter refer to the common
reduction sensitization centers as RI centers, while the ad-
ditional ones that only appear at high-level DMAB sensi-
tization as RII centers.

The formation of RII centers with potential electron-trap-
ping capability by high levels of DMAB sensitization is fur-
ther supported by the fogging characteristics shown in Fig.
6. While the samples sensitized at relatively low DMAB
concentrations (thus possessing only RI centers) exhibit only
minor development fog even on extended processing for as
long as 80 min in an M-AA-1 surface developer, the sample
sensitized at the highest DMAB concentration (thus addi-
tionally carrying RII centers) shows a steadily increasing
fog with the development time, reaching almost the maxi-
mum developable density of our coating at the 80-min de-
velopment time. This behavior is indeed similar to that
expected for lightly pre-exposed AgBr grains with only
subimage centers catalyzing the development.

Fortunately the large difference between RI and RII cen-
ters in their developabilities can be effectively used to de-

Figure 5. As in Fig. 4 but obtained for sample given high-level
(1.0 mg/mol-Ag) DMAB sensitization.
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tect RII centers separately from RI centers as extended-
development-induced fog. As for the detection of RI cen-
ters, we can utilize the gold-latensification method, based
on the observation that all reduction-sensitized emulsions
were invariably fogged more or less heavily when latensi-
fied with gold prior to the development. Of course, gold
latensification may not discriminate between RI and RII

centers so its application is limited to the samples carry-
ing only RI centers. In addition, it should be stressed that
we never think that all of the RI centers are converted to
fog centers by gold latensification. If such a complete con-
version occurred, one would not be able to discriminate
even between grains with only one RI center and those
with a large number of RI centers, both types of grains
being invariably fogged by gold latensification. This situ-
ation would make the gold latensification a useless method
for detection of RI centers. In practice, only a minor frac-
tion of RI centers are converted to the fog centers in such a
way that the developability, i.e., fog density, gained by gold
latensification gives us information about the difference
and/or changes in the number of RI centers. This more
desirable situation may also apply to extended develop-
ment for detecting RII centers.

The photobleaching experiment becomes feasible for
both RI and RII centers now that their respective detection
methods are established. Examples of the corresponding
bleaching spectra are shown in Figs. 7(a) and 7(b). The
decrease in the gold-latensification-induced-fog for the low-
est level DMAB sensitization [Fig. 7(a)] or in the extended-
development-induced fog for the highest level DMAB
sensitization [Fig. 7(b)] is plotted as a function of the pho-
ton energy of the bleaching exposure. The bleaching
thresholds found in these spectra, ~1.9 eV in Fig. 7(a) and
~1.6 eV in Fig. 7(b), agree well with the limiting spectral
sensitivity thresholds for each sample as determined from
Figs. 4 and 5. It was confirmed that the gold-latensifica-
tion-induced fog for the hydrogen-hypersensitized coatings
was also bleached with the same ~1.9 eV threshold as com-
monly assigned to RI centers.

The close agreement between the limiting long-wave-
length sensitivity threshold and the photobleaching thresh-
old for both RI and RII centers strengthens our interpretation
that both quantities represent the lowest transition energy
from the HOMO levels associated with the reduction sensi-
tization centers to the conduction band continuum of AgBr.

Energy Level Assessment.  To correlate the present ex-
perimental data more specifically with the energy levels

Figure 6. Fogging characteristics of a series of DMAB-sensitized
coatings processed by M-AA-1 surface developer at 20°C. Num-
bers show the initial DMAB concentration in mg/mol-Ag used for
the reduction sensitization.
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of reduction sensitization centers, it is very helpful to re-
fer to the adiabatic potential energy diagram as shown in
Fig. 8. Here the lowest and the highest lying potential
curves represent the total energies of a small Ag cluster
(Agn: assumed to be electrically neutral) and its electroni-
cally excited state (Agn

*), respectively. The group of the
middle-lying, closely spaced curves then represents the
total energies of the ionized counterpart (Agn

+) plus an elec-
tron in the conduction band continuum. Note in addition
that the coordinate we focus on here is the dielectric po-
larization of the AgBr substrate rather than the inter-
nal cluster coordinate. Thus the essential point being made
in this diagram is that the total energy of a charged clus-
ter (Agn

+ in this case) is much more sensitive to the dielec-
tric polarization than that of an electrically neutral cluster.
Accordingly the potential minimum for the ionized clus-
ter is considerably shifted along the polarization coordi-
nate with steep potential rise on both sides of the
minimum. Now the HOMO level of the Agn relative to the
conduction band edge is defined by the minimum energy
required to remove an electron “adiabatically” from the
Agn to the bottom of the conduction band, as illustrated in
Fig. 8 by the conventional energy level diagram aligned
side-by-side to the potential energy curves. Note that the
difference between this adiabatic ionization energy and
the vertical ionization energy becomes much greater in
polarizable media than in the gas phase.

The spectral sensitivity threshold and the photobleaching
threshold measured in this work represent the lower limit
of photon energy capable of causing the photoionizing tran-
sition, which by no means corresponds to the energy at
which the photoionization efficiency is maximized. Thus the

Figure 7. Photobleaching spectra of reduction sensitization cen-
ters detected as (a) gold-latensification-induced fog with low-level
(0.1 mg/mol-Ag) DMAB sensitization and (b) extended-development-
induced fog with high-level (1.0 mg/mol-Ag) DMAB sensitization.
Energy-level Assessment for Small Silver Clusters in AgBr Emul
threshold values, ~1.9 eV and ~1.6 eV assigned to RI and
RII centers, respectively, may be understood to approach the
adiabatic ionization energies or the HOMO energies rela-
tive to the bottom of the conduction band (see also the re-
lated discussion below.

It should be emphasized that the HOMO levels defined
in this way are extremely sensitive to the difference in the
dielectric stabilization between the initial (Agn) and final
(Agn

+) states, as can be realized simply based on the poten-
tial energy curves shown in Fig. 8 at a qualitative level.
For a more useful example, consider two kinds of spherical
clusters, one neutral (Agn) and the other already carrying a
partial positive charge, δe, in the initial state (Agn

δ+), but
otherwise identical with each other. Let us examine more
quantitatively how the difference in the initial charge af-
fects the HOMO level. To do so let In and Ic represent the
adiabatic ionization energies required to remove the valence
electron from Agn and Agn

δ+, respectively. When both clus-
ters are in vacuum one may simply write that

I I
e

Rc n( ) ( ) ,vac vac= +
2

12

δ
  (1)

assuming that the valence electron (-e) in the positively
charged cluster is under the extra Coulomb potential field
around the δe charge at an effective radius of R1, which may
be approximated by the radius of Agn

δ+ itself. The relation
Ic (vac) > In (vac) as dictated by Eq. 1 means that in vacuum
the HOMO level of the positively charged cluster becomes
lower than that of the neutral one as naturally expected.

But in a polarizable medium with a relatively large
static dielectric constant (ε), one has to take into account
that there is a significant gain in energy (so-called solva-
tion energy) by dielectric polarization whenever a charged
center is taken from vacuum into the dielectric. In the
case of the ionization of a neutral Agn, the positive charge
(e) appears only in the final state. Thus the ionization en-
ergy corrected for the hydration energy in this final state
is expressed by the following formula:

Figure 8. Potential energy diagram for a small silver cluster (bot-
tom curve), lowest electronically excited state (top curve), and ion-
ized state (middle curves) in dielectric medium. The coordinate
represents dielectric polarization of surrounding medium. Arrows
(a, b, and c) indicate intramolecular transition, vertical ionization,
and adiabatic ionization, respectively. Simple energy-level diagram
on the right side shows that ground-state HOMO level is defined
by the adiabatic ionization energy. See text for more details.
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Here R2 represents the effective radius of the ionized clus-
ter, Agn

+. The variable f(R1, R2) in the modified expression
of In (ε) is a function depending on the difference between
R1 and R2 and takes a negative value when δe is a partial
positive charge (i.e., in the condition of R1 > R2). As for the
ionization process involving Agn

δ+, the solvation energy
comes into effect in both the initial state with δe charge
and the more positive final state with (1+δ)e charge. The
former tends to increase the net ionization energy while
the latter causes the opposite effect, thus resulting in
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Here R3 corresponds to the effective radius of Agn
(1+δ)+, sat-

isfying R1>R2>R3. The variable g(R1, R3) in the second ex-
pression of Ic (ε) is a function taking a more negative value
than f(R1, R2) in Eq. 2. From Eqs. 1 and 3 it follows that
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When ε »1 all the 1/ε terms in the above equations can
be neglected. Then by subtracting Eq. 4 from Eq. 2 we get
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1
1 2 1 32

0 ,   (5)

because g(R1, R3) takes a more negative value than f(R1,
R2) as mentioned already. Note that Eq. 5 also holds in
the case where δe becomes greater than the unit charge,
thereby f(R1, R2) turns to a positive value. Equation 5 shows
that, as opposed to the isolated clusters in vacuum, the
HOMO level of the positively charged cluster goes above
that of the neutral one in a dielectric medium. Though
crude, such a simple electrostatic argument can give us a
rationale for the conclusion that the HOMO level associ-
ated with RII centers—likely having an electron-trapping
property similar to that of the subimage center and thus
potentially carrying a partial positive charge11—is located
higher than that of RI centers (~1.6 eV versus ~1.9 eV be-
low the conduction band edge).

Note also that the above ordering of the HOMO levels for
RI and RII centers does not contradict the relative reactivi-
ties with positive holes expected for these centers. As shown
in our previous article12 even latent image centers do react
with positive holes. In other words, the reactivity of small
Ag clusters with positive holes is determined kinetically, so
as to be evaluated in terms of the capture cross section.
This reactivity often scales inversely to the carrier-trap-
ping depth, as was the case with the bleaching of latent
image and subimage centers by positive holes.12 Thus RII

centers, having a higher HOMO level to trap a positive hole
deeper than in the case of RI centers, may have a rather
smaller capture cross section for positive holes. Moreover,
the potential positive charge associated with RII centers will
reduce the rate of hole trapping further.

Once the HOMO level is fixed as discussed above, the
direct HOMO→LUMO transition observed at 455 nm
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forces the corresponding LUMO level to be located well
above the bottom of the conduction band (see the highest
lying potential curve in Fig. 8). This intramolecular elec-
tronic transition does not alter the net charge of the clus-
ter, so that the LUMO level estimated in this way may be
approximately valid also in the adiabatic sense, if the in-
tramolecular coordinate corresponding to the potential
minimum is not much different between the ground and
excited states. Note, however, that this LUMO level can
be quite different from the level to which a photoelectron
is actually trapped. The position of this real electron-trap-
ping level must be defined by the energy released when
an extra electron is added from the conduction band to
the given center. The net charge of the cluster is thus al-
tered between the initial and final states, and the polar-
ization effect immediately comes up again.

An electrostatic model similar to that developed above
may also be applicable to this complementary electronic pro-
cess. We have to keep one important caution in mind how-
ever. For example, the addition of an extra electron to a
neutral cluster produces a negatively charged cluster. Then
one might think that, because of some large solvation en-
ergy for this negative charge in a dielectric medium, the
net electron affinity therein could be significantly increased
as compared to in vacuum. However, this is true only if the
neutral cluster has a bonding orbital to accommodate the
extra electron deep enough so that the resultant anion has
a radius small enough to cause substantial dielectric polar-
ization. In practice, relatively small neutral molecules, in-
cluding the Ag2 molecule, seldom have an electron affinity
greater than 2 eV with respect to the vacuum,13 thus inca-
pable of accepting an electron from the conduction band of
AgBr, ~3.5 eV below the vacuum. Thus these molecules may
not have a stable anionic state with a radius resulting in
the gain of a meaningful level of solvation energy in a di-
electric medium, and the dielectric argument is useless for
such molecules. Thus it seems that very small silver clus-
ters can take up an extra electron from the conduction band
only when they carry a net positive charge. Even then the
effect of dielectric polarization generally tends to reduce
the electron affinity from that expected in vacuum, except
for the case where the initial positive charge, δe, is smaller
than 0.5e. Only in this case does the charge in the final
state, (δ – 1)e, become larger in magnitude than the initial
charge, δe, leading to the final state being stabilized more
than the initial state. However, if electron trapping causes
a large increase in the effective radius of the center at the
same time, then the dielectric polarization may as well give
the opposite effect (greater stabilization in the initial state)
even in this particular condition of the initial positive
charge.

In any case, for direct determination of the locations of
such real electron-trapping levels, one needs somehow to
measure either optical or thermal excitation spectra of the
trapped electrons into the conduction band continuum. We
stress again that it is only for comparatively large molecules
such as organic dyes that the LUMO level can be used as
an approximate measure for the electron-trapping level.

Limitations of Spectroscopic Data and Comparison
with Nonoptical Methods. In our energy level assess-
ment that focused upon the HOMO level of the reduction
sensitization center, the threshold energies for limiting
spectral sensitivity and for photobleaching are clearly of
crucial importance. That these threshold energies are re-
ally associated with the photoionizing transitions involv-
ing the reduction sensitization centers may still be an
assumption not necessarily fully justified as yet, but it
allows the most straightforward interpretation of the
                    Kawasaki and Oku



whole of the experimental results. The validity of the pro-
posed energy-level diagram may also be limited by the ex-
perimental accuracy in the threshold energies, but we trust
that the maximum experimental error in our threshold
determination should be no greater than ±0.1 eV, as also
supported by the close agreement between the limiting
spectral sensitivity threshold and the photobleaching
threshold.

One may still question if the photoionization threshold
can really be equated with the adiabatic ionization en-
ergy. It is true that this correlation is strictly valid only if
the ground-state potential energy (cf., Fig. 8) is so weakly
polarization dependent that the thermally allowed range
of the polarization coordinate extends way over to the point
corresponding to the potential minimum of the ionized
counterpart. This condition may best be satisfied with an
electrically neutral cluster, but in general the experimen-
tally observed photoionization threshold may still be larger
than the real adiabatic ionization energy. Note, however,
that the energy levels of small Ag clusters pertinent to
the imaging process are often those relevant to the dy-
namic electron- or hole-trapping processes. These levels
are essentially identical with those involved (in the case
of the HOMO level) in the photoionization events. The
photoionization threshold thus provides an upper limit of
the practical HOMO level that can participate in the elec-
tron transfer process, if not precisely equal to the adia-
batic level.

In addition to the optical methods, electrochemical en-
ergy-level assessment has played a central role in the de-
velopment of spectral sensitization theory and has been
occasionally employed also in the context of the redox prop-
erties of small Ag clusters. The use of the electrochemical
techniques requires a special caution, however, when ap-
plied to the photographic system. When small Ag clusters
on the AgBr grain surface trap photoelectrons or positive
holes, what immediately follows is the dielectric (essen-
tially ionic) polarization as discussed above, with a time
constant of typically ~10–12 s. In addition to this very rapid
relaxation of the surrounding medium, either negatively
or positively ionized Ag clusters after the carrier trapping
are further subject to secondary ionic events involving the
interstitial silver ions, which may substantially alter the
cluster size. This is a much slower process than the di-
electric polarization, but the corresponding time constant,
10–7 to 10–6 s at room temperature, is still very short com-
pared to the time scale of conventional electrochemical
measurements. Thus to electrochemically extract the in-
formation about the HOMO level of an arbitrary Ag clus-
ter, as defined in Fig. 8, one virtually has to freeze the
secondary ionic process and realize—at least approxi-
mately or temporarily on the time scale of the measure-
ment—a simple reversible electron-transfer equilibrium
between the given sized neutral cluster and its ionized
counterpart. This is an extremely difficult condition to
achieve experimentally. In principle, it seems that a re-
dox equilibrium between two silver clusters having differ-
ent sizes can be realized relatively easily by including a
silver ion as the oxidized species, but this is never the
simple electron-transfer equilibrium essential for the elec-
trochemical energy-level assessment. Rather the simple
electron-transfer equilibrium and the composite redox
equilibrium involving a silver ion are often mixed up in
the literature. The necessity of optical methods is best
recognized in this circumstance, and the fundamental
physics involved in the photoionization measurement, as
suggested in Fig. 8, ensures that the method allows us to
infer the most reasonable positioning of the HOMO levels
relevant in the photophysics involving small Ag clusters.
Energy-level Assessment for Small Silver Clusters in AgBr Emuls
Summary and Conclusion
Reduction sensitization centers in photographic emulsion

are a prototype of small Ag clusters adsorbed on AgBr grains
surface that play an important role in the photographic
processes. Interestingly, they can be produced in a suffi-
ciently large number density so that their light absorption
signal can be detected easily using conventional spectro-
scopic methods. Our own method based on diffuse trans-
mittance spectroscopy successfully uncovered a clearly
defined absorption band centered at 455 nm both for re-
duction sensitization centers produced by dimethylamine
borane and for hydrogen hypersensitization centers.

Combining of this direct spectroscopic information con-
cerning light absorption with other spectroscopic data con-
cerning limiting long-wavelength sensitivity and
photoionization-induced bleaching, all of which were taken
with the same series of model AgBr emulsion coatings,
allowed reasonable positioning of the electronic energy lev-
els, in particular the HOMO levels associated with reduc-
tion sensitization centers.

It has been concluded that the common type of reduc-
tion sensitization centers produced as the major product
of reduction sensitization or hydrogen hypersensitization
have their HOMO levels ~1.9 eV below the silver bromide
conduction band edge. Additional centers formed at the
high level of DMAB sensitization exhibit properties analo-
gous to those of subimage centers and have higher HOMO
levels ~1.6 eV below the conduction band edge. The posi-
tion of these levels is critically affected by the dielectric
polarization of the surrounding medium.

The LUMO levels of the reduction sensitization centers
are located well above the bottom of the conduction band,
based on the position of the HOMO level and our assign-
ment of the direct HOMO→LUMO transition observed
at 455 nm. However, this level can be quite different from
the real electron-trapping level and is thus of little photo-
graphic significance.

Optical or spectroscopic information is vital for proper
positioning of the electronic energy levels associated with
the small Ag clusters in photographic emulsion. When-
ever these clusters trap electrons or positive holes, the
resultant ionized counterparts are immediately subject to
secondary process involving interstitial silver ions, thereby
the cluster size may be substantially altered. Unless the
time scale of the measurement is shorter than this ionic
process, one cannot have the required experimental ac-
cess to the levels involved in the dynamic carrier trapping
by Ag clusters.
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