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Abstract. The results of an ENDOR study of electrons shallowly trapped at [Fe(CN)6]4−
complexes doped in AgCl emulsions reveal that the dopant replaces a [AgCl6]5− lattice unit
without an additional lowering of the local symmetry and without the association of charge-
compensating cationic vacancies. Effects of the grain structure seem to interfere in the
interpretation of the results from13C-enriched [Fe(CN)6]4−-doped emulsions, for which an
ensemble of slightly different electron centres is believed to be observed.

1. Introduction

Transition metal complexes are frequently doped into the silver halide microcrystals that
constitute conventional photographic materials [1, 2]. Their function is to mediate the
formation of the latent image by affecting electron and/or hole processes initiated by
the absorption of actinic photons. Some complexes are particularly effective in reducing
recombination inefficiencies in AgX materials sensitized to long-wavelength light by the
adsorption, as crystalline aggregates, of certain red dyes [3]. This recombination is thought
to occur between electrons injected into the substrate from the photo-excited dye, and
holes remaining in the sensitizing aggregate. The iron group M2+ hexacyanides are typical
examples of dopants that can overcome this dye-related inefficiency. Thus, the mechanisms
by which they affect the photochemistry of the host silver halide are of both fundamental
and practical interest.

Electron paramagnetic resonance (EPR) experiments performed on [Fe(CN)6]4−-doped
silver chloride microcrystals (or grains) of uniform size and cubic morphology have been
particularly informative [4, 5]. It appears that two types of centre can be distinguished: those
with a charge-compensating (cation) vacancy in the close proximity of the [Fe(CN)6]4−

dopant and those where charge compensation results from an unassociated point defect [4,
5]. The first type gives rise to a series of [Fe(CN)6]3− centres as a result of deep hole
trapping during band-gap irradiation at or near to room temperature. There are at least six
different hole traps, differentiated by the number and geometrical arrangement of charge-
compensating silver-ion vacancies at adjacent lattice sites. These traps give characteristic
EPR spectra at 10 K with anisotropicg-values, ranging from 0.6 to 3.1, and the spectra
have been analysed in terms of six structural models [4, 5], assignments supported by the
results of advanced computational modelling [6, 7]. All six centres decay overnight at
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room temperature, probably by hole thermalization, since the photochemistry just described
is completely reversible. These EPR results are explained if, in a simple one-electron
representation, the filled t2g orbitals of the low-spin, 5d6 [Fe(CN)6]4− complex lie above
the valence band edge of AgCl. Since 10Dq is about 35 000 cm−1 (4.34 eV) [8], and the
indirect band-gap energy of AgCl is about 3.2 eV [2], the vacant eg orbitals of the dopant
are placed at least 1.1 eV above the conduction band edge. Thus, in contrast to the situation
in wide-band-gap insulators like the alkali halides [9], [Fe(CN)6]4− shows no propensity to
deeply trap photoelectrons in AgCl.

The second type of [Fe(CN)6]4− centre in AgCl is responsible for an unexpected shallow
trapping of photoelectrons observed during band-gap irradiation at low temperatures [4, 5].
This was first revealed through the detection at 20 K of a strong, isotropic EPR line centred
at g = 1.8781± 0.0005 during the continuous exposure to 365 nm light of AgCl grains
nominally doped with 25 molar parts per million (mppm) of [Fe(CN)6]4−. By comparison
to the results of earlier studies of aliovalent cationic dopants with closed-valence-shell
electronic configurations, such as Pb2+ and Cd2+ [10, 11], this signal was assigned to
electrons shallowly trapped at the second type of [Fe(CN)6]4− centre, i.e., those that have
no adjacent cation vacancy [4, 5]. Because such a complex has an excess site charge of+1
with respect to the silver halide host lattice, it must effectively repel photoholes whereas it
can act as an ionized donor to trap electrons. The resultant centre is frequently discussed in
terms of effective-mass theory as an electron precessing in a 1s-like orbital of large radius
around the dopant complex [1, 2]. Thus, the shallow electron centre essentially has the
properties of an electron at the conduction band edge of AgCl, and the EPR spectrum has
no direct ‘signature’ from the dopant at the centre of the 1s-like orbital. This illustrates
why no experimental proof of this model has so far been presented.

The ability of [Fe(CN)6]4− dopant complexes to overcome dye-related recombination
inefficiencies in photographic materials cannot be traced to their ability to trap photoholes.
Since the lowest occupied molecular orbitals of the dye lie well above the silver halide
valence band edge, holes are not injected into the substrate, being lost to the grain’s
environment over time. The ability of some [Fe(CN)6]4− complexes to shallowly trap
photoelectrons must be of more practical significance and, therefore, it is important to
determine their structure.

Recently, it was shown that high-frequency, pulsed electron–nuclear double-resonance
(ENDOR) spectroscopy can be used to obtain detailed structural information about
both intrinsic and impurity-related shallow electron traps in AgCl single crystals [11].
This technique has now been applied to [Fe(CN)6]4−- and [Fe(13CN)6]4−-doped AgCl
photographic emulsion grains to deduce the composition and structure of the dopant-related
ionized donor centre.

2. Experimental details

2.1. Materials

Dispersions in gelatin of doped silver chloride microcrystals (i.e., photographic emulsions)
were prepared for this study by conventional methods [12]. The emulsion grains were cubic,
with edge lengths in the range of 0.32–0.40µm, and dopant concentrations varied between
1 and 50 molar parts per million (mppm). The dopant was dissolved in distilled water
and added continuously during the growth of 4% to 70% of the grain volume. The dopant
salts used were K4Fe(CN)6·3H2O (Alfa Products Division of Morton Thiokol, Incorporated)
and K3Fe(CN)6 (Eastman Kodak Company). K4Fe(13CN)6·3H2O (with labelled13C) was
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prepared by reacting an aqueous solution of FeSO4·7H2O (Alfa) with excess K13CN
(99.2 at.%13C, MSD Isotopes). The composition of the enriched dopant salt was verified
by IR spectroscopy [13]. The emulsions were ‘degelled’ by centrifugation and freeze drying
to obtain finely dispersed powders for EPR and ENDOR studies.

2.2. Instrumentation

The ENDOR spectra were recorded with a pulsed spectrometer operating at a microwave
frequency of 95 GHz which has been described in detail elsewhere [14]. In the experiment,
the samples were cooled down to 1.2 K in the dark after which no EPR signals could
be observed. The EPR signal of theg = 1.878 shallow electron centre appeared upon
ultraviolet irradiation at a magnetic field value of 3.6 T and the experiments have been
performed under continuous exposure. The ENDOR spectra were obtained via the stim-
ulated-echo (SE) pulse sequence originally introduced by Mims [15, 16]. Here aπ/2–τ–
π/2–T –π/2 microwave pulse sequence is applied resonantly with the EPR signal of the
shallow electron centre which creates the SE signal at timeτ after the third pulse. A
radio frequency (rf) pulse, applied between the second and the thirdπ/2 microwave pulses,
induces nuclear transitions, and its effect can be monitored as a change of the SE intensity.

Figure 1. The silver ENDOR spectrum of theg = 1.878 shallow electron centre in a 5 mppm,
[Fe(CN)6]4−-doped AgCl emulsion. This spectrum has been recorded withπ/2 = 90 ns,
τ = 400 ns, T = 1030 µs, and a rf pulse length of 1020µs. The 107Ag and 109Ag
transitions from two inequivalent ions are labelled by their primed and unprimed (shell) numbers,
respectively.

3. Results and analysis

In figure 1, the silver ENDOR spectrum of the shallow electron centre is presented; this
has been recorded upon ultraviolet irradiation at 1.2 K of a [Fe(CN)6]4−-doped AgCl
emulsion with an aim dopant concentration of 5 mppm. The spectrum contains transitions
of both the107Ag (I = 1

2, 52%) and 109Ag (I = 1
2, 48%) isotopes, and the positions of

the corresponding nuclear Zeeman frequencies at 6.22 MHz and 7.16 MHz are indicated
in the figure. As discussed previously [11, 17], each ENDOR line corresponds to the
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superhyperfine (shf) interaction of the shallowly trapped electron with the silver ions that
surround the Coulombic binding centre. The fact that a multitude of lines is observed
indicates that the trapped electron interacts with a large number of ions and thus confirms
its delocalized nature. It has been shown [11, 17] that an electron (withS = 1

2) interacting
with a single ionα (with nuclear spinIα = 1

2, 1, 3
2, . . .) gives rise to two ENDOR transitions

which are symmetrically placed around the nuclear Zeeman frequencygnαβnB0 according
to

νENDOR(MS = ± 1
2;α) =

1

h

∣∣∣gnαβnB0∓ aα
2

∣∣∣ . (1)

Here, only the shf interaction is included, and the quadrupole interaction for nucleiα with
Iα > 1 has been neglected. For SECs in silver halides, the shf constantaα is isotropic
as a consequence of the very diffuse nature of the trapped electron, and in fact it is this
isotropic property which enables one to record the ENDOR spectrum of SECs in (powder-
like) emulsions. To illustrate the symmetrical distribution given by equation (1) we marked
in figure 1 the ENDOR transitions originating from two inequivalent ionsα. Here the
unprimed and primed numbers indicate107Ag and109Ag transitions, respectively. The latter
transitions are stronger as a result of the (roughly) linear increase of the ENDOR effect in
this frequency region. A remarkable feature is that the low-frequency parts of both the107Ag
and 109Ag spectra are about a factor of two less intense compared to their high-frequency
counterparts. Since for a shallow electron interacting with a silver nucleus, the sign ofaα
has been established to be negative [18], and becausegnα(Ag) < 0, these low- and high-
frequency parts correspond to nuclear transitions in theMS = + 1

2 andMS = − 1
2 manifolds,

respectively (see equation (1)). A similar intensity ratio is observed in the chlorine ENDOR
spectrum containing nuclear transitions of the35Cl (I = 3

2, 76%) and 37Cl (I = 3
2, 24%)

isotopes. For chlorine, the signs ofgnα andaα are both positive [18]. The observed intensity
ratio of the ENDOR transitions in theMS = + 1

2 andMS = − 1
2 manifolds is typical for the

SEC in the [Fe(CN)6]4−-doped AgCl emulsion, but was not observed for the other SECs
in AgCl [11].

For a detailed analysis, only parts of the silver and chlorine ENDOR spectra are needed,
and in figures 2(a) and 3(a) the relevant high-frequency parts of the109Ag and the35Cl
ENDOR spectra are shown. These were recorded from a 5 mppm [Fe(CN)6]4−-doped AgCl
emulsion. As is evident from equation (1), one can derive from these spectra the value of
the isotropic hf interactionaα of the shallow electron with many silver and chlorine lattice
ions. Since this interaction is proportional to the spin density|9(α)|2 on the nuclei of these
ions, i.e.,

aα = 8π

3
geβegnαβn|9(α)|2 (2)

it is possible to derive the spatial distribution of the spin density. The result is shown
in figure 4 where the circles and triangles are derived from the109Ag and 35Cl ENDOR
spectra, respectively. These symbols do not reflect the ‘real’ spin densities|9(α)|2 of
the appropriate many-electron wave function9, describing not only the unpaired shallow
electron but also the core electrons of the lattice ions, but rather the densities|8(α)|2 of
the more convenient ‘envelope’ function8. This ‘envelope’ function gives an approximate
description of the shallow electron without consideration of the nodal behaviour of its wave
function within the cores of the lattice ions. It has been shown that the real spin density
|9(α)|2 is related to the approximate spin density|8(a)|2 via

|9(α)|2 = Aα|8(α)|2 (3)
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Figure 2. The high-frequency part of the109Ag ENDOR spectrum obtained for the shallow
electron centre in (a) non-enriched and (c)13C-enriched [Fe(CN)6]4−-doped AgCl emulsions
with dopant concentrations of 5 mppm. These spectra have been constructed from several narrow
recordings (typical width 0.3 MHz) taken at different values ofτ (ranging from 400 ns to 700
ns). (b) reflects a simulation of the ENDOR spectrum, where Lorentzians are used to represent
ENDOR line-shapes and the calculated spectrum is multiplied near the109Ag nuclear Zeeman
frequency at 7.16 MHz by the factor{1− cos[2π(νrf − νz) 2τ ]} to account for the frequency
dependence of the ENDOR effect [22]. The labels indicate the shell numbers from which the
transitions originate.

where the ‘amplification factor’Aα in the case of a shallow electron centre only depends
(to a first approximation) on the species of ionα and not on its position in the lattice [11,
17]. Figure 4 has been constructed usingAAg = 3078 andACl = 1333. These values have
been derived from the silver and chlorine spectra using equations (1), (2), (3) together with
the expression for the envelope function:

8(r) ∝
{
(1+ r/r1)e−r/r1 r 6 Rc
e−r/r0 r > Rc

(4)

which, when normalized, is known to properly describe the radial dependence of SECs
in silver halides [17]. Function (4) also gives a reasonable description of the SEC in
[Fe(CN)6]4−-doped AgCl as illustrated by the solid line in figure 4, where we used
r0 = 18.5 Å, r1 = 12.5 Å, and Rc = 20 Å. However, at radii smaller than 9.6̊A (or
r < 3.5d in the figure, with the interionic lattice distanced = 2.7532 Å) [19], a distinct
deviation is observed. An explanation for this deviation will be given in the next section.

To illustrate the assignment of the ENDOR lines that led to the radial dependence shown
in figure 4, we have included simulations of the high-frequency parts of the109Ag and35Cl
ENDOR spectra in figures 2(b) and 3(b). For most ions located at a distancer from the
centre, the ENDOR frequencies can be calculated using function (4), and the number of ions
at an identical radius can be used as a measure for the ENDOR intensity. However, for the
ions with r < 9.6 Å (=3.5d) the frequencies were adjusted manually to the experimental
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Figure 3. The high-frequency part of the35Cl ENDOR spectrum obtained for the shallow
electron centre in (a) non-enriched and (c)13C-enriched [Fe(CN)6]4−-doped AgCl emulsions
with dopant concentrations of 5 mppm. As in figure 2, these spectra have been constructed from
several narrow recordings. The35Cl nuclear Zeeman frequency is positioned at 15.06 MHz.
(b) reflects a simulation of the ENDOR spectrum, and the numbers label the chlorine shells from
which the transitions originate.

values. Moreover, forr < 14 Å (=5.1d), ions with an identical radius but located at
different symmetry positions appear to have slightly different ENDOR frequencies, as will
be discussed in the next section. The spectra can only be simulated when the centre position
of the envelope function is placed on a Ag+ lattice position since for any other position
the resulting patterns of line intensities do not match the experimentally observed intensity
patterns. Note that no signal from the first chlorine shell, containing six ions at [100]
positions, is observed.

So far, we have presented and analysed the shf data obtained from the silver and chlorine
ENDOR spectra which reveal the spatial extension of the shallowly trapped electron. No
direct information about the binding centre of the SEC has been obtained in the 5 mppm
[Fe(CN)6]4−-doped emulsion because no ENDOR transitions of57Fe (I = 1

2, 2% and
νZ = 4.97 MHz), 13C (I = 1

2, 1% andνZ = 38.66 MHz), and14N (I = 1, 99.6% and
νZ = 11.11 MHz) were observed. For57Fe and13C the lack of observation is no surprise
as their natural abundances are very low. The14N ENDOR lines might be hidden from
detection by line broadening by the (anisotropic) quadrupole interaction in combination with
the powder-like composition of the emulsion. Moreover, as the14N Zeeman frequency is
located between the spectral regions of silver and chlorine, the14N transitions might be
obscured by silver and chlorine transitions as well.

The nuclear transitions of13C have been observed in a13C-enriched [Fe(CN)6]4−-doped
AgCl emulsion with a doping level of 5 mppm, and the ENDOR spectrum is shown in
figure 5. The high-frequency parts of the109Ag and 35Cl ENDOR spectra, obtained in this
enriched emulsion, are included in figures 2(c) and 3(c) for comparison.
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4. Discussion

In this section, first the ENDOR results of the non-isotopic-enriched [Fe(CN)6]4−-doped
AgCl emulsion will be considered, which yield information about the shf interaction of
the shallowly trapped electron with the silver and chlorine lattice ions. Then, we turn to
the results for the13C-enriched [Fe(CN)6]4−-doped emulsion which are more difficult to
interpret.

4.1. ENDOR for [Fe(12CN)6] 4−-doped AgCl

The analysis of the previous section reveals that the silver and chlorine ENDOR spectra
can only be simulated when the electron trap is centred on a Ag+ lattice position. For
this position, the ENDOR transitions of many lattice ions can be identified even up to the
87th silver shell at 37.5̊A and the 61st chlorine shell at 34.9̊A from the centre. Since
the lines of the first chlorine shell containing six ions at [100] positions are missing in
the chlorine ENDOR spectrum of figure 3(a), it seems likely that the [Fe(CN)6]4− dopant
replaces a [AgCl6]5− unit. If true, and when no charge-compensating vacancies are nearby,
the introduced complex has an excess Coulombic charge of+1 and thus can give rise to
a SEC by the capture of an electron. In the previous section, we demonstrated that at
large radii(r > Rc) the spatial distribution of the trapped electron is described by a simple
exponential function with a Bohr radiusr0 = 18.5± 1.1 Å. The close agreement of this
value with r0 = 15.1± 0.6 Å derived for the self-trapped exciton in AgCl [18], which is
known to consist of an electron bound to a centre with an excess charge+1, indicates that
the SEC in the [Fe(CN)6]4−-doped AgCl emulsion has the same Coulombic charge. This
result supports the model in which a [AgCl6]5− unit is replaced by [Fe(CN)6]4−.

The Bohr radiusr0 = 18.5± 1.1 Å of our [Fe(CN)6]4−-related SEC is slightly larger
than the valuer0 = 18.2± 1.1 Å obtained for the Pb-related SEC in AgCl [17]. From
uv-induced infrared absorption spectroscopy, the energy differenceE1s−2p between the
hydrogen-like 1s and 2p states of the Pb-related SEC in AgCl has been determined to
beE1s−2p = 30.5 meV [20]. The value ofE1s−2p for the [Fe(CN)6]4−-related SEC is thus
expected to be only slightly smaller. This estimate will be used in the next section.

From a previous ENDOR study it appeared that equation (4) can be used to describe the
radial dependences of the envelope function of various SECs in silver halides [17]. This also
applies to our [Fe(CN)6]4−-related SEC, as can be verified in figure 4, except for the silver
and chlorine shells withr < 3.5d where the derived densities deviate from the cuspless
part of function (4). This unexpected deviation might be related to the lattice relaxation
accompanying the replacement of a AgCl6 unit by the (smaller) Fe(CN)6 complex, the effect
of which should be strongest for the nearest lattice ions. An additional effect is that the
assumption underlying the derivation of the envelope function in figure 4, i.e., that for all
silver ionsAAg = 3078 and that for all chlorine ionACl = 1333, seems not to be justified
for the ions close to the centre of the SEC.

As discussed previously [17], the value ofAα for ion α can be obtained, in theory, by
orthogonalization of the envelope function8 to the wave functions of the core electrons
of that ion. Because the wave functions for the Ag+ and Cl− ions in the AgCl crystal are
not known, one can only make an estimate. By using, for instance, the wave functions
of free ions, it was found thatAAg = 820 andACl = 680 [17]. These values deviate
considerably from the experimentally derived valuesAAg = 3078 andACl = 1333 and
therefore indicate that the free-ion core orbitals are not preserved in the crystal. In fact,
this is just a manifestation of the partial covalent bonding character of the AgCl lattice,
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Figure 4. The density of the envelope function, derived for the shallow electron centre in
the non-enriched (5 mppm) [Fe(CN)6]4−-doped AgCl emulsion, as a function ofr/d (with
d = 2.7532 Å, the interionic lattice distance at 0 K) [19]. The open circles and triangles
denote the densities derived from the109Ag and 35Cl ENDOR spectra of figures 2(a) and 3(a),
respectively, and the radii of some silver and chlorine shells are indicated. The solid line
reflects function (4) and the (unexpected) deviation for the experimental points withr < 3.5d
is discussed in section 4.1.

which means that the crystal orbitals of an ion will be affected by the neighbouring ions.
Therefore, the crystal orbitals of the Ag+ and Cl− ions which are direct neighbours of the
dopant complex can differ from those of the more remote lattice ions and, consequently, their
amplification factors can be different as well. Assuming that the cuspless part of equation
(4) still properly describes the radial dependence in the close proximity of the [Fe(CN)6]4−

complex, the deviation observed in figure 4 indicates thatAAg andACl decrease at small
values ofr. For example, we find for the first few silver shells atr = 1.4d, r = 2d, and
r = 2.4d thatA[110]

Ag = 2726, A[200]
Ag = 2815, andA[211]

Ag = 2862, and for the chlorine shells

at r = 1.7d, andr = 2.2d thatA[111]
Cl = 1187, andA[210]

Cl = 1175, respectively.
When the introduction of the dopant complex does not perturb the crystal structure,

all ions within a single shell would be equivalent and should contribute to a single
ENDOR transition. However, the ENDOR spectra reflect that within some shells a small
inequivalence exists between the constituting ions, indicating that the dopant complex is
indeed accompanied by a lattice relaxation. For instance, in the109Ag ENDOR spectrum
of figure 2(a), the transition of the 9th silver shell (atr = √18d), containing 24 ions at
[411] and 12 ions at [330] positions, is split in two lines with a separation of 20 kHz and an
intensity ratio of 2:1. The lines at 7.606 MHz and 7.628 MHz with an intensity ratio of 1:2
are attributed to the 24 ions at [510] and the 48 ions at [431] positions, which all belong to
the 13th silver shell (atr = √26d). For chlorine, the 6 ions at [300] and 24 ions at [221]
of the 4th chlorine shell (atr = 3d) are believed to be responsible for the asymmetric line-
shape at 15.8 MHz in figure 3(a) whereas the two lines of equal intensity at 15.568 MHz and
15.584 MHz are ascribed to the 7th chlorine shell (atr = √17d), consisting of 24 ions at
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[410] and 24 ions at [322] positions. These examples indicate that the inequivalences only
occur for shells which contain two groups of ions, with similar radiir but each at a different
symmetry position. This suggests that, because the lattice relaxation leaves ions at identical
symmetry positions equivalent, the cubic (lattice) symmetry is maintained. If the local
symmetry were to be lower than that of the lattice, ions at an identical symmetry position
could also become inequivalent. For instance, the 12 silver ions at [110] are equivalent
under the Oh symmetry of the lattice, but for D4h symmetry they split into two groups
containing 4 and 8 equivalent ions each. No such signs of a lowered local symmetry can be
found in the spectra of figures 2(a) and 3(a). Therefore, we conclude that the local symmetry
is cubic which, together with the excess Coulombic charge of+1 and the cationic-centre
position of the SEC, suggests that the [Fe(CN)6]4− complex replaces a [AgCl6]5− unit, i.e.,
there is no charge-compensating silver-ion vacancy in the vicinity of the dopant.

4.2. ENDOR for13C-enriched [Fe(CN)6] 4−-doped AgCl

In order to test the hypothesis that the [Fe(CN)6]4− complex is preserved during the
preparation of the doped emulsions and that it replaces a [AgCl6]5− unit without
lowering the cubic lattice symmetry, we performed an ENDOR study on a13C-enriched
AgCl:[Fe(CN)6]4− emulsion with a dopant concentration of 5 mppm. When the local
symmetry is cubic, all carbon atoms in the six CN− ligands are equivalent and should
contribute to just two transitions symmetrically placed around the nuclear Zeeman frequency
(see equation (1)). However, the recorded13C ENDOR spectrum is not that simple as can
be seen in figure 5. It contains two relatively intense lines centred at around the13C Zeeman
frequency atνZ(13C) = 38.66 MHz. The low-frequency line is split into two components
with a frequency difference of 15 kHz and its intensity is about half that of its high-frequency
counterpart. Moreover, in total five weak satellite lines are observed on the high-frequency
side, of which only three counterparts can be resolved on the (lower-intensity) low-frequency
side.

Let us first focus on the high-frequency part of the13C ENDOR spectrum shown in
figure 5, which suggests that several types of SEC are present in the13C emulsion. The
single, intense line closest to the13C Zeeman frequency originates from the most abundant
type, which we tentatively assume to be identical to the one described above, i.e., an electron
shallowly trapped at a cubic [Fe(13CN)6]4− complex. Judging from the line intensities, some
20% to 30% of the total SECs contribute to the low-intensity satellite transitions. Because
these additional resonances take place at higher frequencies, which according to equations
(1) and (2) implies that higher spin densities are involved, this suggests that roughly one
quarter of the SECs in the emulsion comprise more strongly localized electrons. Support
for the presence of an ensemble of SECs comes from the109Ag and 35Cl ENDOR spectra
shown in figures 2(c) and 3(c), respectively, which appear to consist of a superposition
of several spectra. The effect of small differences in electronic distribution should be
largest for the resonances of the ions near to the Coulombic core, as is evident from the
observed low spectral resolution in the regions above 7.7 MHz in figure 2(c) and 15.45
MHz in figure 3(c). Because these spectra still show similarities with the ones of the
non-enriched emulsion depicted in figures 2(a) and 3(a), it seems justified to assume that
cubic [Fe(13CN)6]4− complexes are present in the13C-enriched emulsion as well. The small
increase of the EPR linewidth from(24.0± 0.5) × 10−4 T for the non-enriched emulsion
to (25.3± 0.6) × 10−4 T for the 13C-enriched emulsion, both with a dopant concentration
of 5 mppm, supports the contention that some of the SECs in the latter sample are related
to (slightly) more deeply trapped electrons.
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Figure 5. The 13C ENDOR spectrum recorded in a13C-enriched [Fe(CN)6]4−-doped AgCl
emulsion with a dopant concentration of 5 mppm. The13C nuclear Zeeman frequency is
positioned at 38.66 MHz. The interpretation of this spectrum is discussed in section 4.2.

A possible interpretation of the high-frequency part of the13C ENDOR spectrum
might be that a distribution of [Fe(13CN)6−xLx ]4− complexes is present in the13C-enriched
emulsion, wherex ranges from 0 to 6 and L denotes Cl− (or perhaps H2O introduced during
precipitation into the grain). The line closest to the13C Zeeman frequency is then ascribed
to the complex withx = 0, whereas the weak satellite lines are subsequently assigned to
complexes where one or more of the CN− ligands are replaced. This interpretation implies
that the imperfect complexes give rise to more strongly localized SECs, which is in line with
the observation that the upper value of the transition energyE1s−2p of 30.5 meV estimated in
the previous section for the [Fe(12CN)6]4−-related SEC (in which none of the CN− ligands
are replaced) is lower than the reported valueE1s−2p = 32.8 meV for the [FeCl6]4−-related
SEC in AgCl single crystals [20] (in which all CN− ligands are replaced by Cl−). However,
we tend to rule out this interpretation for two reasons. First, cyanide is a strong ligand for
iron and it is highly unlikely that one or more CN− ions will be replaced under the mild
chemical conditions chosen during the preparation of the emulsions. Moreover, exposure
of [Fe(CN)6]4−-doped AgCl grains to chlorine gas at 250 K is known to produce a series
of [Fe(CN)6]3−·nV paramagnetic centres, i.e., complexes of Fe3+ surrounded by six CN−

ligands and accompanied byn = 0, 1, 2 silver-ion vacancies [4, 5]. The strongly localized
spin of such d5-like complexes makes them very sensitive to the symmetry and distortions
of their surrounding. After chemical oxidation with Cl2 of the 13C-enriched sample used in
the ENDOR experiments, only the signals belonging to the [Fe(CN)6]3−·nV centres show
up. This indicates that for most of the [Fe(CN)6]4− complexes doped into the grains, the
six iron–cyanide bonds must be preserved.

It seems not likely that the observed multiplet structure in the13C, 109Ag and 35Cl
ENDOR spectra can be attributed to complexes with mixtures of12CN− and13CN− ligands.
Since we are dealing with shallow electrons which possess a very low density at the
Coulombic binding core, the effect of such admixtures should be very small. Moreover, the
99.2%13C enrichment cannot account for the estimated 20% to 30% of different SECs.

We suggest that the unassigned high-frequency13C ENDOR lines, labelled 1 to 5 in
figure 5, result from differences in the microscopic environment of the [Fe(13CN)6]4−

complexes caused by their location in the AgCl grain. Although the dopant was added
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continuously throughout the precipitation of the emulsion, it cannot be assumed that it
was introduced homogeneously. Local regions of higher dopant concentration are possible,
caused by the segregation at surfaces or along grain dislocations. The trapping depth of
electrons bound to such segregates is likely to differ from that of electrons shallowly trapped
at isolated dopants. The association of dopants with lattice dislocations or impurities will
lead to further, different perturbations of the ENDOR spectra. Also, SECs formed near to
the surface of the grain will be more strongly perturbed by the negative surface charge and
adsorbed ions than those at centres buried deep within the grain.

Figure 6. The ESE-detected EPR spectrum of the SEC in a13C-enriched [Fe(CN)6]4−-doped
AgCl emulsion, recorded at 95 GHz and 1.2 K during ultraviolet irradiation. The spectrum
is obtained by monitoring the intensity of the electron-spin-echo (ESE) signal created at time
τ after aπ/2–τ–π microwave pulse sequence as a function of the magnetic field (settings:
τ = 500 ns,π/2 pulse duration= 100 ns, and repetition rate= 33 Hz). The low-intensity line
(at g = 1.883) possesses a short spin-dephasing time compared to the (g = 1.878) high-field
one, though no quantitative study has been made. The spectrum shown is obtained from a
1 mppm doped emulsion for which the same ENDOR features are observed as in the 5 mppm
sample discussed in the text, but for which the additional low-field line is more pronounced.

Circumstantial evidence supporting the latter contention comes from the EPR spectrum
obtained from a13C-enriched [Fe(CN)6]4−-doped emulsion and shown in figure 6. In the
spectrum, a low-intensity signal is observed in addition to the usual SEC signal, at a magnetic
field of 3.613 T(g = 1.878). Because the additional peak is positioned at a lower magnetic
field, and thus at a higherg-value (g = 1.883), it indicates the presence of (slightly) more
deeply trapped SEC species, which is in agreement with the conclusion reached above.
Since such additional EPR signals have not been observed for any of the SECs studied
by us so far in crystals, they might be related to surface effects. Some caution should
be exercised, because in the case of the non-enriched emulsion discussed in section 4.2,
no such effects have been observed in both EPR and ENDOR for the SECs, whereas the
grain size in this emulsion has the same dimensions as the13C-enriched grains. Apparently,
the preparation conditions are of crucial importance. In order to sort out the role of the
surface, it seems useful to study the dependence of the EPR lineshape of [Fe(CN)6]4−-doped
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emulsions, prepared under identical conditions, on the grain size.
Turning to the low-frequency part of figure 5, only three of the five satellite lines are

found, owing to the low intensity of this part of the spectrum and to the splitting of the
intense line into two components 0 and 0′. It is interesting to note that a similar intensity
ratio is present in the ENDOR spectrum of silver (see figure 1) where the low-intensity
transitions are related to theMS = + 1

2 manifold (see section 3). Assuming that the weak
13C ENDOR transitions originate from the sameMS-manifold, equation (1) (withgn(13C)
positive) yields that the hf interaction of the shallowly trapped electron with13C is positive.
The nature of the splitting of 15 kHz between the low-frequency lines 0 and 0′ is unclear.
In principle, the observed intensity ratio suggests that the six13C atoms are inequivalent and
can be divided into two groups containing two and four equivalent atoms each. However,
this inequivalence should manifest itself in the high-frequency counterpart, which it does
not. Also the dipole–dipole interaction between the13C and14N atoms of the cyanide ligand
is believed to be too small to account for the observed splitting. Using a C≡N distance
of 1.16 Å, we estimate this interaction to amount to about 1.4 kHz which is ten times
lower than the observed splitting. Moreover, the dipole–dipole interaction in a first-order
approximation also should lead to a symmetrical pattern around the13C Zeeman frequency,
which is not observed.

Figure 7. A comparison of the high-frequency part of the109Ag ENDOR spectrum obtained for
a 50 mppm [Fe(CN)6]4−-doped AgCl emulsion (curve (a)) and for the 5 mppm13C-enriched
[Fe(CN)6]4−-doped AgCl emulsion (curve (b)), shown already in figure 2(c). The similarity
suggests that in the 50 mppm sample a distribution of the microscopic environments of the
SECs is present, just like in the 5 mppm13C-enriched emulsion.

We note that the ENDOR spectra of figures 2 and 3 have been obtained in 5 mppm
doped emulsions. We also performed experiments on a Fe(12CN)6-doped emulsion with
a dopant concentration of 50 mppm, and the results suggest that already at this doping
level an impurity band is formed due to the overlap of the extended orbitals of the SECs.
In figure 7(a), the high-frequency part of the109Ag ENDOR spectrum of the 50 mppm
emulsion is shown, which strongly resembles that of the 5 mppm Fe(13CN)6-doped emulsion,
shown already in figure 2(c) and repeated in figure 7(b). Though the two spectra in figure
7 have been recorded under similar experimental conditions, it is clear that the lines in
the 50 mppm emulsion are broadened compared to those in the 5 mppm emulsion. This
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suggests that in the 50 mppm doped emulsion, the lifetime of an electron at one centre is
shortened by a hopping process. The formation of the impurity band is supported by the
reduction in EPR linewidth measured at 1.2 K from(25.3± 0.6)× 10−4 T for the 5 mppm
sample to(22.6± 0.5) × 10−4 T for the 50 mppm emulsion, and by the results of recent
photoconductivity experiments [21].

5. Conclusions

The silver and chlorine ENDOR data from electrons trapped at [Fe(CN)6]4− centres in AgCl
emulsions reveal that the dopant complex replaces [AgCl6]5−. The cubic symmetry derived
for the corresponding SEC in the non-isotopically enriched 5 mppm doped emulsion is
taken as confirmation of an earlier hypothesis [4, 5] that most, if not all, of the [Fe(CN)6]4−

dopant remains uncompensated by neighbouring silver-ion vacancies in the emulsion grain.
As a consequence, the dopant has a unit positive charge with respect to the host lattice and
acts as a shallow trap for electrons. This conclusion is supported by the experimentally
derived Bohr radius for the SEC of 18.5± 1.1 Å, which is only slightly larger than that
reported for the Pb2+-related SEC in AgCl [17]. The deviation from the usual cuspless
envelope function in the region near to the [Fe(CN)6]4− dopant is attributed to the covalent
nature of the AgCl lattice. This modifies the values ofAα for adjacent lattice ions with
respect to their more remote counterparts.

Two features in the13C ENDOR spectrum from shallowly trapped electrons in13C-
enriched [Fe(CN)6]4−-doped emulsions deserve further attention. The first concerns the
observation of a 15 kHz splitting in the intense low-frequency13C transition, the nature of
which is unclear. The second concerns the observation of weak satellite lines accompanying
the main low- and high-frequency13C transitions. At present, the most probable explanation
seems to be that a distribution of the microscopic environments of the SECs is present in this
emulsion, which affects the spatial extent of the shallowly trapped electrons monitored in
the experiment. This is supported by the apparent multiplet structure in the109Ag and35Cl
shf ENDOR spectra. Possibilities include surface effects, weak associations with impurities
and/or with far-distant silver-ion vacancies, and structural inhomogeneities introduced in
the microscopic grains during precipitation. Further experiments are required to clarify this
situation, for instance by studying the role of surface effects
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