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the surface of the silver halide crystals. Among sensi-
tizers, some specific surface centers such as gold-sul-
fide sites1,4,5 are well known to favor the electron escape
from recombination by a transient electron trapping
prior to an electron transfer to Ag+.

An alternative approach for improving the charge
separation is reduction sensitization.6–8 It consists in
adding electron donors (molecular hydrogen, low-valence
metal ions, ...) in such a surface concentration that on
average only silver dimers Ag2 are produced in each crys-
tal. In non-exposed crystals, these subcritical clusters
would not be developable, and in exposed crystals these
dimers would react successively with a hole and then
transfer an additional electron to photogenerated sil-
ver clusters. However, the Poisson law avoids to reach
such an ideal distribution of dimers and every time the
number of reduced atoms becomes equal to or higher
than the critical nuclearity nc, even non-exposed crys-
tals are developed. Therefore, the level of fogging is quite
high.8

A new approach recently proposed consists in scaveng-
ing specifically the holes faster than their possible mi-
gration and recombination with electrons. For that
purpose, the crystals are doped during their precipita-
tion by a bielectronic donor such as the formate ion that
is included in the crystal network.9 This compound has
the property of being a weak reducing agent. It was
checked that it is unable in the dark to directly reduce
silver ions and so to produce fogging (dilute silver for-
mate solutions are stable), but in a first step it does scav-
enge efficiently the holes, thus inhibiting the
recombination. The quantum yield at the end of the ex-

Introduction
The image capture in silver halide photography is a
process which has been benefiting for a long time from
numerous sophisticated improvements.1,2 At present,
the conversion yield of light energy into photochemi-
cal production of metal silver atoms is particularly high
compared to other photosensitive systems, and also the
enormous amplification provided by the development
process allows the detection of just a few photons ab-
sorbed per silver halide microcrystal. Nevertheless, the
quantum yield is generally still far from the theoreti-
cal optimum.1,3 It has been long recognized that the
early recombination of an important fraction of primary
electron hole pairs and the reverse oxidation by
detrapped holes of silver atoms formed by photoelec-
trons seriously affect the performances of the silver
halide imaging process. Active research work is thus
devoted to the improvement of the quantum yield, with
the attempt to inhibit as far as possible the reverse
recombination processes.

Several strategies4 have been proposed in order to
lower efficiently the reduction loss by sensitizers and
subsequently to improve the photoinduced quantum
yield. Most of them concern a chemical modification of
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posure is highly enhanced, and for emulsions also sensi-
tized by (S + Au) it is close to the theoretical value Φtheor

= 1 atom per photon absorbed. The second important fea-
ture of this system is that the formyl radical CO2

–. formed
by hydrogen abstraction during the first step is unable,
in contrast with detrapped holes, to reversibly oxidize
silver atoms because it does behave indeed as a strong
electron donor and after a few minutes reduces an addi-
tional silver ion, still doubling the gain. The final yield
of this photoinduced bielectronic transfer is therefore up
to Φeff = 2 atoms per photon absorbed, that is about 10
times higher than the yield in the standard undoped
emulsion. In the presence of a green dye sensitizer, the
gain is 7 times, because whereas an electron is injected
into the crystal conduction band, a hole is also injected
from the highest occupied molecular orbital (HOMO) of
the dye cation to the Fermi level of the dopant formate,
so blocking electron hole recombination.9

A similar work on a surface sensitization by two-elec-
tron fragmentable donors has been recently published.
When oxidized at the surface, by the hole scavenging or
the blue dye cation reduction, the sensitizer yields a
radical which undergoes fragmentation (decarboxyla-
tion), and this secondary radical is a strong reductant
providing an additionnal atom.10 For dyed or undyed
crystals, the sensitivity is increased by a factor close to
2. This gain is much lower than in the photoinduced
bielectronic transfer by formate doping, because the
surface sensitizers used are reacting with the sole frac-
tion of holes intrinsically photoinduced or photoinjected
from dye cations having escaped the fast internal re-
combination with electrons. Unlike formate ions as
dopants, the surface sensitizers are unable to compete
with the ultrafast recombination inside the crystal. They
compete essentially with the hole capture by gelatin and
additives, and instead provide eventually as many ad-
ditional atoms as holes scavenged (or as many as es-
caped photoelectrons themselves), explaining the gain
of × 2.

The aim of this work is to design and to characterize
the photocharge capture processes by new dopants that
could influence the fate of the electron as well as that of
the hole. Of particular interest is the utilization of Chini-
type platinum carbonyl clusters [Pt3(CO)6]n

2–(n = 6 – 9)11

for improving the charge separation and enhancing the
silver halide sensitivity. Recent pulse radiolysis results
report that these clusters behave as electron donors and
acceptors.12 They were first synthesized by Chini and
coworkers.11 [Pt3(CO)6]n

2–clusters present a twisted pris-
matic structure composed of n stacking triangular units,
stabilized by CO ligands (bridged and linear) and a dou-
bly negative charge. The reactivity of these clusters to-
wards reducing agents increases with n, their reduction
and fragmentation leading to clusters of lower
nuclearity.13–17 They have been found to be very promis-
ing catalysts for several reactions. For example, they
were already employed to enhance the electrochemical
methanol oxidation.18–20

Such properties can bring about significant changes
in photosensitization of silver halide crystals. Similarly
to the efficient formate doping process, the platinum car-
bonyl clusters have been introduced as dopants inside
the silver halide grains during their precipitation. Ex-
periments using optical absorption, emission and sen-
sitivity measurements have been performed to
determine whether a series of platinum clusters of vari-
able nuclearities n = 6 to 9 and thermodynamical prop-
erties scavenged the hole or the electron. The possible
synergetic effect on the sensitivity was systematically

investigated when clusters are associated with (S + Au)
sensitizers or formate dopants, known as specific sur-
face electron traps or inner hole scavengers, respectively.

Experimental
[Pt3(CO)6]n

2–clusters (n = 6 – 9) were synthesized21 by
irradiating platinum (II) salts ([PtII] = 2.5 × 10–4 M) in
an equimolar isopropanol/water solution under CO at-
mosphere with a gamma 60Co source of 4000 curies (dose
rate 1.6 kGy h–1). The dose used depends on the
nuclearity n: 0.8, 0.4, 0.2 and 0.1 kGy for n = 6, 7, 8, 9,
respectively.21,22 They were characterized by specific UV-
visible absorption spectra in solution15,21 which were
recorded on a spectrophotometer VARIAN DMS 100 In-
strument. Because the delay between the cluster syn-
thesis and the inclusion is typically of several days, the
solutions were stored under nitrogen until the doping
process.

As in the doping process of silver halide grains by for-
mate ions, the cubic grain structure was designed with
a core of pure AgCl or AgBr and a shell into which the
platinum clusters are introduced by controlled triple jet
method. Core grains AgX of 0.37 mm were suspended in
an aqueous gelatin solution at 50°C (pAg = 7.4, pH =
2.8). A layer of 5 nm thickness was deposited with the
triple jet containing the dopant at variable depth in the
external shell of 25 nm. In order to discriminate the
possible action of the clusters as dopants from a surface
sensitization the crystals were then covered by pure AgX
again with the double jet. The final grain size was 0.42
mm. The excess ions were removed by submitting the
emulsion to dialysis. Reference emulsions were prepared
without [Pt3(CO)6]n

2– clusters for comparison. A part of
the emulsions, with and without dopant, was then sub-
jected to digestion for chemical sensitization with sulfur
and gold (ripened emulsions, in contrast with primitive
emulsions without these surface sensitizers). The chemi-
cal sensitization was carried out at 50°C at pAg = 7.16
and pH = 5.5.

Diffuse reflectance spectra were recorded on a
Shimadzu UV-3101-PC spectrophotometer equipped
with an integrating sphere. The spectra of the doped
emulsion were obtained by measuring the reflectance
of thick layers of the emulsion in the liquid state (40°C),
using the spectra of undoped emulsions as references.
The silver atom photoinduction by the very weak inten-
sity probe light was negligible.

Photoluminescence and sensitometric measurements
were carried out on emulsion layers prepared by coat-
ing them on a polyethylene terephthalate support. Fluo-
rescence was detected at 77 K and at an excitation
wavelength of 430 (for AgBr) or 410 nm (for AgCl) of a
xenon lamp by means of a PERKIN ELMER MPF-44B
fluorimeter.

For sensitometric tests, the coated emulsion layers
were exposed to a Xenon lamp (at various exposure times
for reciprocal failure studies) through a step wedge and
subjected to a surface developer MAA1 at 20°C during
1 min. The emulsions were then washed and dried and
the optical density was measured with a densitometer.
The quantum yield is derived from the number of pho-
tons absorbed per crystal and from the critical thresh-
old of developability.23

As known from previous works, the photoconductiv-
ity of silver halide at low temperature is proportional
to the concentration of the photoelectrons.24 The photo-
conductivity of doped and undoped AgX emulsions was
measured at 80 K by means of a 9.3 GHz microwave
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apparatus in which the sample was excited by light
pulses of 425 nm delivered by a N2-dye laser with a
fluence of 2.7 mJ cm–2.

Results
Absorption Spectra of [Pt3(CO)6]n

2– as Dopant in
AgX Crystals

First of all, it is worthy to note that, despite their re-
dox properties, the Chini clusters n = 6 to 9 do not re-
duce spontaneously the silver ions in the dark at least
up to the concentration ratio of 5 × 10–5 Pt/Ag+ and the
fog level is as low as for the reference emulsion without
platinum clusters.

The optical spectra of [Pt3(CO)6]n
2– clusters in isopro-

panol/water solution present specific and intense bands
with maxima at 875 nm for n = 9, at 852 nm for n = 8, at
820 nm for n = 7, and at 802 nm for n = 6 (Inset of Fig.
1).21 In the blue, the maximum wavelengths are located
between 415 and 419 nm.

The differential UV-visible spectrum of AgBr emul-
sions doped with Chini-type platinum clusters n = 6 rela-
tive to the undoped emulsion is presented in Fig. 1.
Independent of the initial nuclearity of the cluster (n =
6 – 9) included in the crystal, the absorption spectrum
presents two maxima at 505 nm and at 820 nm which is
close to that of n = 7 in solution but this 820 nm band is
broader and seems to contain other less intense compo-
nents. Note that in contrast with solutions, the spec-
trum is stable even when the grains are in contact with
oxygen. This suggests that i) a preponderant nuclearity
of platinum clusters (n = 7) is present when included in
silver halides, higher nuclearities (n = 8 or 9) are for a
large part reduced and fragmented to n = 7 at contact
with gelatine and clusters (n = 6) are oxidized to n = 7
during the crystal synthesis, ii) the cluster (n = 7) is
stable when included. As shown by the spectrum, the

interaction with the crystal does not alter too strongly
the specific stacking structure, even if it is possibly
somewhat distorted. Similar results were obtained for
doped AgCl emulsions. The sudden inclusion of the Chini
clusters in the core-shell during the crystal precipita-
tion explains that the specific structure of these carbo-
nyl clusters is conserved.

Photoluminescence and Photoconductivity
Measurements at Low Temperature

Photoluminescence experiments at low temperature
(77 K) have been carried out both with undoped and
doped emulsions at different [Pt3(CO)6]6

2– concentrations
(Fig. 2). The intensity of the fluorescence band in AgBr
at around 535 nm, which is generally assigned to elec-
tron hole recombination, is clearly decreasing with in-
creasing concentration of platinum clusters, as well as
for primitive and (S + Au)-ripened emulsions. The same
effect is observed in AgCl. These results mean that plati-
num clusters do lower the direct electron hole recombi-
nation in silver halide crystals by scavenging the hole
or/and the electron, replaced partly by a non-radiative
recombination pathway. This will be discussed further.

It is observed that the microwave photoconductivity
signal remains unchanged over the whole domain be-
tween 0.1 and 100 × 10–6 Pt/Ag+.

Sensitometric Tests
In order to compare the sensitivity of doped and

undoped emulsions, the absorbances of both coated
emulsions were measured after an exposure time of texp

= 10–2 s through a step wedge delivering a variable in-
tensity I and after development. Due to the additional
absorbance induced by the dopant, it was checked first
whether it could act simply as a spectral sensitizer, al-
though the dopant absorbance is much less intense than

Figure 1. UV-Vis diffuse reflectance spectra of Pt clusters of
various nuclearities (from n = 6 to n = 9) included in AgBr or
AgCl crystals. The spectra result from the difference between
doped and undoped emulsions. The symbol Pn

2– stands for
[Pt3(CO)6]n

2–.. [Pn
2–] = 10–5 mol/mol Ag+; l = 1 cm. Inset: UV-Vis

absorption spectrum of (Pt3(CO)6)6
2– in equivolumic 2-propa-

nol/water solution; l = 1 cm; [Pn
2–] = 1.4 × 10–5 mol.l–1

Figure 2. Influence of the [Pt3(CO)6]n
2–/Ag+ relative concentra-

tion on fluorescence signals of cubic AgBr grains of 0.42 mm.
Iexc = 430 nm; T = 77 K; coating layer: 1.5 g Ag.m–2.
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that of AgX, even at 500 nm. The doped emulsions were
exposed to a xenon light with an interferential filter V
505 nm (wavelength domain corresponding to the clus-
ter absorption band). As shown in Fig. 3, the emulsions
exposed through this filter are much less blackened than
the undoped primitive ones exposed to 405 nm (wave-
length corresponding to the silver halide absorption
spectrum). This means that [Pt3(CO)6]n

2– has a negligi-
ble role as a spectral sensitizer.

For a global concentration ratio of 10–5 Pt atoms per
Ag+ ion, the sensitivity of the doped AgBr emulsion is
higher than that of the undoped reference by ∆log(I ×
texp) = 0.35 or a gain of × 2.3 (Fig. 3). The sensitivity
enhancement is independent of the initial nuclearity
n = 6 – 9 of the cluster before inclusion. This is consist-
ent with the above results on an identical optical spec-
trum of the doped emulsions, independent of the initial
n value and the conclusion on their oxydo-reduction to
n = 7 during inclusion. Note that, despite the marked
increase in sensitivity compared to the undoped emul-
sion, no fog is detected in the dark, which demonstrates
that no direct reduction of the silver cations by the Chini
clusters occurs.

The sensitivity increases with increasing amounts of
dopant [Pt3(CO)6]n

2–, from 10–7 to 10–4 Pt atoms per Ag+

(Fig. 3). However, fogging appears beyond 5 × 10–5 Pt
atoms per Ag+. At this doping ratio, the sensitivity is
increased by a factor of × 3.2 (∆log(I × texp) = 0.5) com-
pared to the reference.

Note that small changes of sensitometric results were
observed depending on the location in depth of the plati-
num clusters within the external shell of 25 nm. A sen-
sitivity loss was found from ∆_log(I × texp) = 0.5 when
the platinum clusters are located in the lowest layer of
this shell, that is are coated with 20 nm of pure AgBr, to
∆ log(I × texp) = 0.4 when they are instead located in the
upper 5 nm layer and not coated. We assign this loss to
the lack of scavenging of the holes located in a deeper

layer and to the ability of these holes to still recombine
with electrons.

The reciprocity-failure curves of doped (5 × 10–5 Pt/
Ag+) and undoped AgBr emulsions are shown in Fig. 4.
At a given amount of absorbed photons, identical to
above conditions when the absorbance is equal to 0.1,
the light intensity is now varied so that the exposure
time is changed from 10–6 to 10 s. While the sensitivity
increase relative to the reference is slightly higher at
high (∆log(I × texp) = 0.6) than at intermediate intensity
(∆_log(I × texp) = 0.5 in above results), the increase at
low intensity is markedly higher (∆_log(I × texp) = 1.0).
That means that the high-intensity reciprocity failure
(H.I.R.F) and the low-intensity reciprocity failure
(L.I.R.F.) are both attenuated by doping compared to
the primitive emulsions with a markedly higher influ-
ence on the latter.

Similar results have been obtained with AgCl emul-
sions (Fig. 4). The gains for doped AgCl emulsions are
∆log(I × texp) = 0.7 at high, 0.5 at intermediate and 0.8
at low intensity.

All these sensitometric results strongly support the
hypothesis that [Pt3(CO)6]n

2– clusters included as
dopant in AgX interfere positively with the electron
hole recombination.

Association of [Pt3(CO)6]n
2– doping with (S+Au)

sensitization or formate doping
AgBr emulsions, doped by [Pt3(CO)6]n

2– (at the ratio 5 ×
10–6 Pt/Ag+) and then optimally sensitized with sulfur and
gold, are more sensitive than both the (S + Au) sensi-
tized emulsion without dopant (gain = × 1.8), and the
primitive emulsion with dopant (gain = × 2.3) (Fig. 5).
The fluorescence signal for the doped and (S + Au) sensi-
tized emulsion is decreased in comparison with the
undoped or the unsensitized emulsions. Therefore, the
dopant [Pt3(CO)6]n

2– and the sensitizer (S + Au) improve
the sensitivity by different and complementary processes.

Figure 3. Influence of the [Pt3(CO)6]n
2–/Ag+ relative concentra-

tion on the sensitivity of silver bromide emulsions exposed for
10–2 s and developed in MAA1 for 8 min (in relative units). Iexc

= 405 nm or 505 nm; coating layer: 1.5 g Ag.m–2.
Figure 4. Reciprocity failure curves of AgCl or AgBr emul-
sions doped with [[Pt3(CO)6]n

2–] = 5 × 10–5 mol/ mol Ag+; Devel-
opment: MAA1 – 8 min (AgBr); G150 – 8 min (AgCl). Iexc = 405
nm; coating layer: 1.5 g Ag.m–2.
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Parallel experiments were conducted to determine the
action of [Pt3(CO)6]n

2– in the presence of a hole scavenger.
The scavenger of choice for this comparison is the for-
mate ion. The crystals were doped both by [Pt3(CO)6]n

2–

(at the ratio 5 × 10–5 Pt/Ag+) and the silver formate (at
the ratio 10–6 HCO2

–/Ag+). No change at all is observed in
the sensitivity of the emulsions compared to the
sensitometric curve of emulsions doped with formate only
(gain = × 20, compared to the undoped primitive, or × 10
compared to a (S + Au) sensitized emulsion, both with a
delayed development). It is concluded that, unlike the
above association, the addition of the dopant [Pt3(CO)6]n

2–

does not affect the sensitivity induced by the formate.

Discussion
Upon excitation of the conventional photographic silver
halide systems, electron hole pairs are formed in the
conduction and valence bands, respectively, with an ini-
tial quantum yield Φtheor = 1 electron hole pair per ab-
sorbed photon:

AgBr + hν’ → e– + h+  (1)

During the basic formation process of the latent im-
age, the photoelectrons reduce the silver cations into
atoms while an equivalent amount of holes diffuse and
react irreversibly with gelatine or are trapped in the
crystal defects:

e– + Ag+ → Ag0 (2)

h+ + AgBr → ht (3)

However, part of the light effect is lost by direct
recombination of electron hole pairs (followed by an
emission of fluorescence) or by oxidation of silver atoms
by detrapped holes (indirect recombination):

e– + h+ → hν’ (4)

h+ + Ag0 → Ag+ (5)

The fraction of the initial photon effect lost by the
competition of Eq. 4 with 2 or by Eq. 5 is R. The effec-
tive quantum yield Φeff of photoconversion into atoms is
therefore much lower than the initial yield Φtheor.

Φeff = Φtheor.(1 – R)  (6)

For example, in Au-S sensitized emulsions that we used
as references, the yield Φeff is about 0.20 atom per photon
absorbed (or R = 0.80).9 The few silver atoms produced in
a given microcrystal during the exposure are gathered
into a small cluster Agn. Only crystals containing clus-
ters of at least the critical nuclearity nc are developable.
The critical nuclearity results from the increase of the
redox potential of clusters with their nuclearity and that
of the developer imposing a thermodynamical threshold.25

For crystals sensitized by Au-S and standard develop-
ers, the critical nuclearity is nc = 3.

Owing to their properties of electron donors and elec-
tron acceptors,  the platinum carbonyl clusters
[Pt3(CO)6]n

2– may play different roles. However, inter-
estingly enough they do not react with silver ions in the
dark and no fog is observed up to 5 × 10–5 Pt atoms per
Ag+. A possible mechanism of reduction sensitization by
the clusters or by the products formed during the dop-
ing operation should therefore be ruled out. Besides,
since optimum conditions are used for gold sensitization,
the fact that the yield is still increased (× 1.8) by Pt
cluster doping combined with (S + Au) sensitization,
particularly at high and at low intensity (HIRF and
LIRF attenuation), suggests that the clusters act by a
distinct mechanism from that of Au and that the gain is
not an effect on developability.

As their inclusion as dopants improves the sensitiv-
ity of the emulsions, except when in association with
formate, and as they do not enhance the photon ab-
sorption, their action should be essentially to deplete
the fluorescence and to increase the effective quantum
yield by inhibiting at least partly the recombination
(Eqs. 4 and 5). However, both hole and electron scav-
enging could produce this effect. In order to discrimi-
nate the pathways, the conjugate effects of [Pt3(CO)6]n

2–

with other components of known action must be dis-
cussed. The scheme of Fig. 6 summarizes the results
of the various gains observed relative to primitive
emulsions when they are sensitized by (S + Au) and/or
doped by formate and/or [Pt3(CO)6]n

2–. They will be dis-
cussed in the following.

Hole Scavenging
The sensitivity increase which is observed can be due

to the action of the carbonyl clusters as irreversible hole
scavengers. They thus would deplete the recombination
Eqs. 4 and 5 and the fluorescence signal. This is similar
to the role of hole scavenging by formate.9

[Pt3(CO)6]n
2–+ h+ → [Pt3(CO)6]n

–  (7)

The oxidized form [Pt3(CO)6]n
– should be, in that case,

at least more inert towards photoelectrons and Ag0 than
the holes. It is generally accepted that the LIRF is due
to the atom oxidation by the hole after its release from
a temporary trap (indirect electron hole recombination),
which is more probable at low intensity when the delay
between the absorption of successive photons is long.

Figure 5. Effect of platinum carbonyl clusters doping of AgBr
emulsions sensit ized with S+Au ( in relative units) .
[Pt3(CO)6]n

2– = 10–5 mol/mol Ag+. Other conditions as in Fig. 3.
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The HIRF results from the second-order kinetics of the
direct electron hole recombination whose rate increases
as the square of the fluence. Both HIRF and LIRF should
be markedly attenuated by hole scavengers. The LIRF
attenuation and to a lesser extent the HIRF attenua-
tion which are both systematically observed for the
[Pt3(CO)6]n

2– doped emulsions indicate that platinum
clusters are indeed efficient hole traps (Eq. 7). The ef-
fective quantum yield is therefore enhanced by compe-
tition of Eq. 7 with Eqs. 4 and 5.

However, [Pt3(CO)6]n
2– is a much less efficient hole

scavenger (gain = × 3.2 compared to the primitive) than
formate (gain = × 20) (Fig. 6). Actually, even at the con-
centration ratio of 50 × 10–6 Pt/Ag+, and associated with
formate, it does not enhance the result obtained by for-
mate alone. The lower efficiency of [Pt3(CO)6]n

2– in en-
hancing the sensitivity probably arises from the
different redox properties of the oxidized forms: while
the formyl radical CO2

– is a strong reducing species
which is able to produce an additional silver atom,

HCO2
– + h+ → CO2

– + H+  (8)

CO2
– + Ag+ → Ag0 + CO2  (9)

the oxidized ion [Pt3(CO)6]n
– formed in Eq. 7 is probably

unable to do that, because its electron affinity makes it
behave as a secondary hole. Thus, by reacting further
with a photoelectron, it induces on the contrary some
loss of electrons indirectly, but less than the hole itself.

When associated with formate, both formate and Pt
clusters scavenge holes, but because the oxidized form
[Pt3(CO)6]n–

– (Eq. 7) does not produce a secondary atom,

a simple competition between both dopants should de-
crease the sensitivity compared to doping by formate
alone, which is not the case. Therefore, we conclude that
in the presence of formate [Pt3(CO)6]n

– behaves as a hole
relay which then also reacts with formate.

[Pt3(CO)6]n 
– + HCO2

– → [Pt3(CO)6]n
2– + CO2

– + H+ (10)

Equation 10 is again followed by Eq. 9, the final yield
being therefore the same as without Pt clusters. The
same occurs for (S + Au) sensitized emulsions (Fig. 6).

Electron Trapping
According to their properties of electron acceptors, the

carbonyl clusters could also behave as temporary elec-
tron traps which somewhat protect electrons from recom-
bination (Eq. 4) and act as an electron relay, similarly to
sensitizers such as (S + Au).

[Pt3(CO)6]n
2– + e– → [Pt3(CO)6]n

3– (11)

In solution,12 the triply charged cluster splits into two
smaller clusters. In the crystal, the cage effect would
hinder this splitting. Then the electrons would be trans-
ferred to silver ions:

[Pt3(CO)6]n
3– + Ag+ → [Pt3(CO)6]n

2–+ Ag0  (12)

It is worthy to note that the gain of × 5 in (S + Au)
sensitized emulsions relative to primitive (unsensitized)
emulsions is partly due to the electron trapping and also
to a lower critical nuclearity required for development
(nc = 3 instead of 5). The sensitivity gain given by
[Pt3(CO)6]n

2– doping is lower (× 3.2) than that obtained
with (S + Au) sensitized emulsions (× 4), both compared
to primitive ones, but the effect strictly due to the es-
cape from recombination is not so different.

Note that the unchanged level of the photoconductiv-
ity signal when increasing the [Pt3(CO)6]n

2– dopant con-
centration (in contrast with the marked increase in
sensitivity as a function of the [Pt3(CO)6]n

2– concentra-
tion) means that the photoelectron concentration is in-
variant. However, the above competition between Eqs.
7 and 4 should have as a result an increase of the elec-
tron concentration. This supports indeed the hypothesis
that platinum clusters also scavenge reversibly the elec-
trons as in Eqs. 11 and 12. The double action of
[Pt3(CO)6]n

2– as an irreversible hole scavenger (Eq. 5)
and a reversible electron scavenger (Eqs. 11 and 12) is
also attested by the enhancement of the sensitivity when
Pt cluster doping and (S + Au) sensitization are associ-
ated (gain = × 1.8 compared to undoped emulsions).
Whereas the effective quantum yield of (S + Au) sensi-
tized emulsions is about Φeff (S + Au) = 0.15, it becomes
in doped emulsions Φeff (S + Au, [Pt3(CO)6]n

2–) = 0.27.
This demonstrates that they have complementary roles,
partly because [Pt3(CO)6]n

2– clusters scavenge holes,
which is not the case of (S + Au), partly because, as
dopants, clusters can also scavenge electrons in the
depth of the crystal.

An energetic scheme is presented in Fig. 7. The fact
that platinum carbonyl clusters do not induce sponta-
neous reduction of silver cations in non-exposed emul-
sions and that they act as hole scavengers indicates that
they have an energy level in silver halides close to that
of the semiconductor valence band (VB). Therefore, the
direct injection of positive holes into the Highest Occu-
pied Molecular Orbital (HOMO) of platinum clusters is
possible. The level of the resulting [Pt3(CO)6]n

– is prob-

Figure 6. Change in sensitometric gain of emulsions sensi-
tized by (S + Au) and/or doped by formate and/or [Pt3(CO)6]n

2–

relative to primitive emulsions. [[Pt3(CO)6]n
2–] = 5 × 10–5 and

[HCO2
–] = 10–5 mol/mol Ag+.
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ably still closer to the VB than the formate level ac-
cording to a further hole injection from this state to the
formate as discussed above (Eq. 10 and Fig. 7). This also
explains that [Pt3(CO)6]n

– is not as a strong electron do-
nor as was the formyl radical CO2

–..9 Besides, the clus-
ters do not act as spectral sensitizers. This implies that
the LUMO energy level is below that of the silver halide
conduction band (CB). This also means that Pt clusters
may behave as recombination centers for a part. How-
ever, this process is much less important than the di-
rect electron hole recombination, because the yield (Φeff

= 0.20 × 1.8 = 0.36 atom per photon in (S + Au) sensi-
tized and Pt cluster-doped emulsions) is higher than
without clusters (Φeff = 0.20).

Conclusion
Doping silver halides with platinum carbonyl clusters
enhances the photosensitivity at all illumination levels
of primitive or (S + Au) sensitized emulsions. The fog-
ging remains very low till a concentration of 5 × 10–5 Pt/
Ag+ included. The gain is higher than 3.5 relative to a
primitive emulsion and higher than 1.8 relative to a (S
+ Au) sensitized emulsion at moderate intensity, and in
both cases the HIRF and at a lesser extent the LIRF
are markedly attenuated. Though less important than
by formate, the sensitivity enhancement by [Pt3(CO)6]n

2–

dopant is higher than with surface fragmentable
bielectronic donors10 and quite interesting for practical
photographic applications.26,27 The results obtained by
different techniques and when associated with (S + Au)
sensitizer and/or formate dopant indicate that the clus-
ters act as weak hole scavengers (with still a possible
partial recombination with electrons) and also as tem-
porary electron scavengers.
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Figure 7. Energetic diagram showing the action of [Pt3(CO)6]n
2– in doped silver bromide and the estimated LUMO and HOMO

levels. [Pt3(CO)6]n
2– could either act as h+ (left) or e– scavenger (right). CB and VB are the conduction band and the valence band,

respectively, of AgBr.
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