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Information about the structure and performance of two metal nitrosyl dopant complexes in irradiated silver
chloride powders has been obtained. Experiment and theory suggest that both@OsCl5~NO!#22 and
@RuCl5~NO!#22 are incorporated substitutionally into AgCl with their ligands intact. Charge compensation
is provided by three proximal silver ion vacancies (5V). Optimal geometries for the resultant
@MCl5~NO!#22

•3V centers (M5Ru or Os! have been determined by calculation, with the configuration

(011)(01̄1)(002) being slightly preferred for both metals. The incorporation of these nitrosyls into AgCl
introduces midgap vacant levels so that they function as ionized donor centers. Electron trapping results in a
series of structural relaxations involving both the dopant and the lattice. The initial deep donor centers pro-
duced by trapping are overcompensated structures,@MCl5~NO!#32

•3V. These centers have been studied by
electron paramagnetic resonance spectroscopy at 9, 35, and 94 GHz, and by electron-nuclear double resonance
spectroscopy at 9 GHz. Secondary deep donor centers with the formula@MCl5~NO!#32

•2V result from va-
cancy diffusion at 120–140 K. Kinetic experiments show that@OsCl5~NO!#32

•2V centers decay with an
effective lifetime of about 550 s at 300 K, although it takes more than 43104 s to completely bleach these
donors at this temperature. The ruthenium complex has proved to be even more stable. Results described in this
paper emphasize the importance of charge compensation and structural relaxations in dopant-related carrier
trapping processes.@S0163-1829~99!06013-0#
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I. INTRODUCTION

Transition metal~TM! complexes that act as ionized d
nors are frequently used to control the electronic proper
of the microscopic silver halide crystals~or grains! em-
ployed in photographic imaging. Such dopants can limit re
procity effects, enhance image contrast, and reduce reco
nation inefficiencies.1 The ionized donor may simply act as
shallow ~Coulomb! center, or it may deeply trap an electro
in its frontier molecular orbital. In the past, practical dopa
were usually hexacoordinate complexes with halide ligan
although X2 replacement by H2O occasionally proved
valuable.2 More advanced doping protocols have exploit
the surprisingly high solubility of complexes with bulky
charged ligands in AgX. A wide range of new imaging ma
terials are emerging in which the AgX grains contain, for
example, pseudohalide TM complexes like@Ru~CN!6#

42,3

or TM complexes with organic ligands.4 The ability of the
cubic silver halides to substitutionally accommodate h
concentrations of complexes with substantial lattice m
match is providing many new doping opportunities for the
substrates.

This paper describes a study of silver chloride microcr
tals doped with@OsCl5~NO!#22, a complex in which the
divalent metal ion has a low spin 5d6 electronic configura-
tion and the nitrosyl ligand carries a formal charge of11.
Analyses for elemental osmium by ion-coupled plasma m
spectrometry suggest that this dopant might be incorpor
into AgCl by coprecipitation from aqueous solution. A mo
definite conclusion cannot be drawn, however, since s
data do not verify the dopant’s inclusion with the nitros
PRB 590163-1829/99/59~13!/8560~12!/$15.00
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ligand intact. Furthermore, they do not reveal its microsco
structure in the AgCl lattice, i.e., if it is dispersed homog
neously or segregated as occlusions. Fortunat
@OsCl5~NO!#22 has proved to be a potent trap for photoele
trons in this material and structural information on the resu
ant paramagnetic donor center can be obtained from a c
bination of multifrequency electron paramagnetic resona
~EPR! and 9.4 GHz electron-nuclear double resonan
~ENDOR! measurements. It has been helpful to compare
spectroscopic results obtained from@OsCl5~NO!#32 with the
limited information published for its ruthenium analogu5

and the data reported here. In order to analyze and assig
experimental data, it was necessary to perform advanced
culations of structure and energy. This combination of e
perimental and theoretical methodologies revealed an im
tant relaxation process that makes the nitrosyl comple
some of the deepest donor centers found so far in AgCl.

II. EXPERIMENTAL

A. Materials

Because both nitrosyl dopants decomposed at high t
peratures and exhibited long-term solution instabilities,
could not grow single-crystal samples for these studies. T
experiments were confined to AgCl powders, most of wh
were prepared by conventional precipitation methods as
form dispersions in aqueous gelatin. Precipitation in aque
gelatin ensured that, in any one sample, the crystals w
cubic and of uniform size~60.01 mm!. One sample of
@OsCl5~NO!#22-doped AgCl was prepared using polyvin
8560 ©1999 The American Physical Society
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TABLE I. Total vacancy binding energies~SBE/eV! calculated for various configurations o
@MCl5~NO!#n2 centers in AgCl. The NO ligand lies along thez axis near~001!.

Number of
Vacancies

Vacancy
Position~s!

SBE/eV

M5Os,
n52

M5Os,
n53

M5Ru,
n52

M5Ru,
n53

1 ~002! 1.44 - 1.67 -

(002̄) 0.88 0.57 0.86 0.60

~110! 1.16 0.66 1.16 0.64
~011! 1.60 0.90 1.49 0.89

2 (002)(002̄) 2.29 - 2.54 -

(011)(01̄1) 2.91 1.59 2.63 1.55

(200)(2̄00) 1.78 1.00 1.73 1.17

(110)(1̄1̄0) 2.19 1.18 2.10 1.17

3 (011)(01̄1)(002) 3.56 1.66 3.40 1.80

(011)(01̄1)(101̄) 3.54 1.76 3.34 1.79
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alcohol in place of gelatin. This peptizer proved less eff
tive at maintaining a small grain size distribution and co
trolling morphology. The nitrosyl dopants were added
aqueous solutions during precipitation. In most cases
nominal dopant concentration was 25 molar parts per m
lion. Dopant location was also an experimental variable.
EPR and ENDOR studies, the amount of gelatin peptizer
minimized by aqueous dilution and centrifugation cycles p
formed at 40 °C. This procedure leaves traces of the pep
bound to the AgCl microcrystals. The resultant powd
were dried in air following an acetone wash, and stored
4 °C.

B. EPR and ENDOR experiments

Photo-EPR spectra at 9 GHz and 10–300 K were obtai
with a Bruker ESP-300E spectrometer, and were analy
using a combination of the programsWIN-EPR© and SimFo-
nia© ~Bruker Instruments, Inc.!. In situ irradiations were per-
formed with the output of a 200 W super pressure Hg/
light source passing through a combination of a1

8 m mono-
chromator and interference and long-pass filters. EPR m
surements at 35 GHz and 80–300 K were made on a Va
E-12 spectrometer. Kinetic measurements were also mad
this spectrometer using an isochronal thermal pulse te
nique. EPR experiments at 94 GHz and 2 K were performed
on a home-built pulsed spectrometer described elsewh6

ENDOR measurements were performed at 9 GHz and 1
on a modified Bruker ER-200D spectrometer.

C. Calculation methods

The calculational methods employed here have been
viously described.7 Two separate calculations were pe
formed. The preferred arrangements and binding energie
silver ion vacancies (5V) to the dopant were determined b
classical atomistic simulation procedures using the Gen
Utilities Lattice Program~GULP!.8 The electronic properties
of the dopant-vacancy complex were then determined
quantum-mechanical methods. The latter methods treated
complex by Hartree-Fock and density functional9 procedures
-
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and considered the effects of the polarizable silver ha
lattice. Its total energy including lattice polarization wa
computed, allowing the determination of ionization pote
tials and electron affinities. Basis sets were derived fr
previous functions10 and theCADPAC code was used for the
ab initio calculations.11 It is difficult to assess the absolut
accuracy of the various calculations, since there are no
perimental vacancy binding energies, electron affinities,
structural data available for the complexes in silver halid
Thus we emphasize trends. In this regard, we have stu
various basis sets and compared the results from Hart
Fock and density-functional theory. The trends are fully co
sistent.

III. RESULTS

A. Dopant incorporation

We employed atomistic simulation methods in order
determine the most favorable structures for t
@MCl5~NO!#22 (M5Ru or Os! centers in AgCl. Antici-
pating the results of photochemical experiments to be
scribed in Sec. III C, structures for the correspondi
@MCl5~NO!#32 deep donor centers were also addressed
was found that stable lattices could be achieved when th
complexes replaced (AgCl6!

52. In the case of
@OsCl5~NO!#22, the equilibrium Os-Cl bond lengths wer
calculated to be 2.40 Å, which is less than the Ag-Cl distan
of 2.75 Å. The Os-NvO distance was 3.29 Å, slightly
longer than the Ag-Cl distance, but overall this dopant fitt
rather well into the space normally occupied by (AgCl6)

52.
Similar results were found for@RuCl5~NO!#22.

Frenkel defects on the cation sublattice are the prim
form of point lattice disorder in AgCl atT<298 K. Thus, in
the absence of surface effects, charge compensation fo
@MCl5~NO!#22 complexes is achieved solely through th
creation of three silver ion vacancies per dopant center.
cancy binding energies calculated for both dopants are
sented in Table I, where data for the correspond
@MCl5~NO!#32 donors are also included.M is at ~000! and
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the NO ligand lies along thez axis near~001!. These data
represent the energy to remove a vacancy from a lattice
sition next toM to a remote part of the crystal. We see th
for @OsCl5~NO!#22, the optimum geometry has a single v
cancy bound by 1.6 eV next to the NO ligand at~011!. For
two vacancies, the combination of positions (001)(01̄1) is
strongly preferred. The second vacancy is bound by 1.31
which, although large, represents a reduction from the va
calculated for the first vacancy. The third vacancy comp
sating this dopant is bound by.0.6 eV at either the~002! or
(101̄) positions.

As in the case of the Os complex, calculations indic
that a single vacancy or a vacancy pair are preferably bo
at positions next to the NO ligand of@RuCl5~NO!#22 in
AgCl. In contrast to the situation forM5Os, however,
the first vacancy prefers~002!. The combination of
(011)(01̄1) is again optimum for the pair, and is a natur
precursor to the preferred geometry of the center with th
vacancies, i.e., (001)(01̄1)(002). The vacancy binding en
ergies calculated for the@MCl5~NO!#22 centers in AgCl are
so large that, in the materials employed in this study,
expect that all of the nitrosyl complexes will tend towar
full local compensation atT<298 K.

For the@MCl5~NO!#32 donors produced by electron trap
ping, the maximum first vacancy binding energies are
duced to about 0.9 eV at~011!. For two vacancies, the axi
ally opposed combination (011)(01̄1) is preferred for both
metals. Calculations also suggest that overcompensated
nor centers~i.e., those with three vacancies! are unlikely at
temperatures where point defects are mobile in Ag
~T>140 K!, since binding energies for the extra vacanc
are<0.25 eV.

B. Calculations of structure and energy

We have performed embedded quantum-mechanical
culations of structure and energy for the@MCl5~NO!#22 dop-
ants and their corresponding donor centers in AgCl. T
number and geometrical arrangement of vacancies were
ied in these calculations. For both dopants, the most favo
vacancy configurations gaveM -NvO bond angles of 180°
prior to electron trapping. However, when an electron
comes deeply trapped, theM -NvO bond angle bends awa
from 180° and the zigzag configuration shown in Fig. 1
frequently adopted. For the most stable donor geomet
considered here, the bent configurations are 1–2 eV m
stable than their linear analogs. Values calculated for
equilibrium distortion angles of selected examples are
cluded in Table II, where we introduce the shorthand no
tion M •nV to denote donors with bound silver ion vacancie
The symbol • represents an electron deeply trapped by
MnV ionized donor complex.

Note that a strongly distorted zigzag geometry is gen
ally maintained for the donor, whether or not it has asso
ated vacancies. The linear (011)(01̄1)(002) configuration
predicted for Os•3V is the only exception. From the data
Table II, we see that the most stable geometries of Os•3V
and Os•2V are considerably less distorted than those of th
Ru analogs. Bond bending provides an efficient relaxat
mechanism by which to dissipate the electron trapping
o-
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ergy, and introduces a substantial activation barrier to th
mal ionization. This is a major reason for the donor’s stab
ity. By these arguments, Ru•3V and Ru•2V are expected to
be longer-lived electron traps than their Os counterpa
consistent with experiment~see Sec. III C and Ref. 5!.

In the course of these calculations, we examined in de
several possible orientations of theM -NvO bonds for
@RuCl5~NO!#32 in the presence of vacancies at the favor
~011! and (01̄1) positions. This was accomplished by allow
ing the NO ligand to relax with different degrees of freedo
We considered several orientations of the bentM -NvO
moiety with respect to its nearest lattice ions and vacanc
The total energies of the optimized geometries were so c
to each other~60.09 eV! that it was not possible to choose
preferred orientation. Thus we only calculated data for
zigzag geometry with N displaced in the@110# direction and
O displaced along@ 1̄1̄0#. This structure, which offers the
greatest separation between the bent NO ligand and its n
est crystal ions, should be favored from a steric point
view.

FIG. 1. Projection inyz of the substitutional@MCl5~NO!#32

center in AgCl (M5Ru, Os! showing the zigzag structure fre
quently adopted following electron trapping. Values for the equil
rium distortion anglesu1 andu2 , as functions ofM and the number
of associated silver ion vacancies, are included in Table II.

TABLE II. Equilibrium bond angles (u i /°) calculated by the
Hartree-Fock~ROHF! method for selected vacancy geometries
@MCl5~NO!#32 trapped electron centers in AgCl~Ref. 8!.

Center Vacancy Position u1 u2

Ru•0V - 4.8 158.1
Ru•1V ~002! a a

Ru•2V (011)(01̄1) 5.5 142.5

Ru•3V (011)(01̄1)(002) 6.3 145.5

Os•0V - 5.2 166.1
Os•2V (011)(01̄1) 6.3 157.3

Os•3V (011)(01̄1)(002) 0.0 180.0

(011)(01̄1)(101̄) 4.4 148.1

aData omitted because the Ru-N bond was felt to be unrealistic
elongated in the AgCl matrix during calculation.
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In order to assess their carrier trapping properties, e
tron affinities were calculated for several experimentally r
evant complexes of@RuCl5~NO!#22 and @OsCl5~NO!#22

with silver ion vacancies embedded in AgCl. The results
presented in Table III. Here we have considered the equ
rium, bentM -NvO structures, as well as the correspondi
equilibrium structures if theM -NvO are not allowed to
bend. Unfortunately, the entries for the linear structures
incomplete because of the difficulty in achieving conv
gence in the self-consistent-field~SCF! calculations. These
equilibrium structures were found by performing comple
geometry optimizations. In the course of this process,
M -NO bond length in the favoredM3V configuration elon-
gated by several tenths of an angstrom relative to the valu
M2V. This effect was particularly pronounced for the R
complex (Ru-NO52.28 Å). Bond elongation leads to a su
stantial increase in the calculated electron affinity. Thus
Table III we also report values for the Ru3V complex calcu-
lated at internuclear distances appropriate for the favored
ometry of Ru2V. While we consider this bond elongation
be real, it represents an additional relaxation mode
should require activation. At the low temperatures employ
in our experiments, the electron affinity calculated for t
shorter Ru-NO bond length of Ru2V is probably more real-
istic.

Fully compensated forms of the dopant before trapp
have three associated vacancies, whereas two are req
for neutrality after trapping one electron. The largest fra
tions of Ru and Os dopant centers will be linearM3V com-
plexes prior to actinic exposure, and it is the electron affi
ties of these centers that determine the trapping propertie
these nitrosyls in AgCl. For completeness, other states
compensation have been treated. We feel confident tha
general trends observed for the calculated electron affin
are real. Thus, comparisons can be made between the
for Os and Ru complexes in order to predict the relat

TABLE III. Electron affinities ~EA/eV! calculated by the
Hartree-Fock ~ROHF! method for @MCl5~NO!#22 dopants (M
5Ru, Os! in AgCl.

Center
Vacancy

Position~s!

EA

Linear Bent

Ru0V - a 7.70
Ru1V ~002! b b

Ru2V (011)(01̄1) 5.47 7.23

Ru3V (011)(01̄1)(002) 7.85 8.04

Ru3Vc
(011)(01̄1)(002) 5.22 7.03

Os0V - 6.45 6.51
Os2V (011)(01̄1) 6.28 6.42

Os3V (011)(01̄1)(002) 6.56 6.56d

(011)(01̄1)(101̄) 5.42 5.57

aSCF calculations did not converge.
bData omitted because the Ru-N bond unrealistically elongate
the AgCl matrix during calculation.

cValues calculated using internuclear distances for the Ru2V com-
plex.

dBent structure relaxes to linear within our accuracy limits.
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carrier trapping properties of these dopants. However,
accuracy of the theoretical electron affinities cannot be
termined without appropriate experimental data.

To assess the relative electron trapping propensities of
Os and Ru nitrosyls, the electron affinities calculated for
linear M3V complexes must be compared with the value
3.6 eV calculated for the conduction band edge of Ag
Values larger than 3.6 eV are necessary for electron trapp
to occur. This condition is met for the linear configuratio
of Ru3V and Os3V, and the Os donor center should be sh
lower than its Ru counterpart. We will show later that this
consistent with experiment. Secondary trapping sequence
interest here involve facile relaxations from linear to be
configurations of theM3V centers. The calculations sho
that bending causes a substantial increase in the electro
finity of the Ru complex, further enhancing the stability
the donor center.

Density-functional calculations were run on several of t
@RuCl5~NO!#n2 complexes embedded in AgCl for compar
son to the Hartree-Fock results. The trends in the result
the two calculations were very similar, although some n
merical differences were noted. Once again, the electron
finity increases upon bending, a relaxation that yields sim
zigzag structures to those predicted by Hartree-Fock calc
tions.

Table IV shows the unpaired electron populations distr
uted on various atoms calculated according to the Mullik
procedure. Data for theM •0V structures are included to
show that the effect of association with silver ion vacanc
is a minor perturbation. WhenM5Ru, the unpaired electron
density is always confined primarily to the NO ligand. Th
linear Os•0V and Os•2V complexes have substantial un
paired electron density on the metal, but much of this
transferred to NO upon bending. The Os•3V complex has the
odd electron on NO in both configurations.

Simple molecular-orbital theory may be used in order
understand the interactions between the frontier orbitals
volved in the unpaired electron’s redistribution in Os•2V and
Os•2V upon Os-NvO bond bending. We are concerned he
with the p* molecular orbitals of NO and the occupied v
lenced orbitals of the metal. In each of the linear geometri
the level ordering is as shown in Fig. 2~a! where 5dz2 is the
semioccupied frontier orbital. When the NO ligand lie
strictly alongz, interactions between 5dz2, 5dx22y2, or 5dxy
and the nitrosylp* orbitals are zero by symmetry. The 5dxz
and 5dyz orbitals interact with thep* orbitals in the manner
sketched in Fig. 2~b!. Thep* orbitals are destabilized by thi
interaction because they lie above both 5dxz and 5dyz .
When the Os-NvO bond bends, weak interactions betwe
5dz2, 5dx22y2, 5dxy , and thep* orbitals become allowed
The dominant effect, however, is a decrease in the ove
betweenp* and 5dxz and 5dyz @Fig. 2~c!#. As a result, the
p* orbitals fall below 5dz2, as shown in Fig. 2~d!. For
Os•3V and Os•2V, the combination of vacancies in theyz
plane and bond bending splits thep* levels producing
semioccupied molecular orbitals derived primarily from
and O 2px orbitals. In the case of Os•2V, the same effect is
achieved by bond bending alone. These are the domin
interactions in this simple molecular orbital description. Th
picture is consistent with the increase in electron affinity a
repopulation of N and O orbitals observed in the Hartre

in
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TABLE IV. Unpaired electron populations calculated for@MCl5~NO!#32 donors in AgCl (M5Os or Ru!
using Hartree-Fock~ROHF! methods.

Donor
Vacancy
Positions

Electron Populations

M N O Cl

Ru•0V, linear - 0.00 0.70 0.29 0.01
Ru•0V, bent - 0.03 0.69 0.27 0.01
Ru•2V, linear (011)(01̄1) 0.02 0.67 0.31 0.00

Ru•2V, bent (011)(01̄1) 0.03 0.67 0.29 0.01

Ru•3V, linear (011)(01̄1)(002) 0.01 0.62 0.37 0.00

Ru•3V, bent (011)(01̄1)(002) 0.05 0.59 0.36 0.00

Os•0V, linear - 0.82 0.00 0.00 0.18
Os•0V, bent - 0.11 0.64 0.23 0.02
Os•2V, linear (011)(01̄1) 0.88 0.02 0.00 0.10

Os•2V, bent (011)(01̄1) 0.07 0.68 0.26 0.00

Os•3V, lineara (011)(01̄1)(002) 0.01 0.63 0.35 0.01

Os•3V, linear (011)(01̄1)(101̄) 0.06 0.68 0.26 0.00

Os•3V, bent (011)(01̄1)(101̄) 0.06 0.65 0.27 0.02

aAccording to calculation, the bent configuration of Os•3V relaxes back to the more stable linear configu
tion.
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Fock calculations. In the case of the Ru complexes, thep*
molecular orbital is populated in both linear and bent co
figurations. This is because the frontierd orbitals of Ru lie
lower in energy than those of Os. Thus, there is a lar
energy separation between the NOp* and the metald orbit-
als causing less destabilization for the linear geometry. T
drives thep* levels below 4dz2 in the linear geometry pro
ducing a level structure like that in Fig. 2~d!.

FIG. 2. ~a! Energy level scheme for linearuOs-NvO. The
uOs-NvO axis isz. ~b! The dominant metal-ligand interaction
shown for one of thet2g2p* degenerate components. Here, t
strong overlap destabilizespx* . ~c! Bond bending weakens thi
interaction.~d! BendinguOs-NvO causes the ordering of thep*
and 5dz2 levels to change because of the weakert2g2p* interac-
tion. For uRu-NvO, the p* lie below 4dz2 in both linear and
bent configurations.
-

r

is

This simple molecular orbital theory approach has be
applied previously to bonding analysis in various organom
tallic complexes.12 Of course, in our situation the complex
incorporated into an inorganic crystal and can have vari
arrangements of bound vacancies. The presence of thes
sociated point defects will perturb the orbital energy lev
through electrostatic effects and, thus, necessitates treatm
by embedded self-consistent methods. Indeed, there is o
a close balance between bent and linear configurations,
the favored structure can be determined by the actual
cancy configuration. This effect apparently explains t
linear structure preferred for Os3V with vacancies at
(011)(01̄1)(002) versus the bent arrangement favored
(011)(01̄1)(101̄)—see Table II. The zigzag structure foun
in our Hartree-Fock and density-functional calculations is
part due to the steric requirements imposed by the cry
lattice.

C. Photo-EPR and ENDOR studies of†OsCl5„NO…‡

22-doped
AgCl emulsions

Figure 3 shows an EPR spectrum obtained at 9.3 GHz
10 K from a 0.38mm cubic AgCl sample doped with 25 ppm
of @OsCl5~NO!#22 following its exposure to subband ga
light between 400 and 440 nm. No EPR signals were
tected before exposure or after irradiation at waveleng
longer than 460 nm. There are two paramagnetic center
about equal abundance contributing to this spectrum.
signal at lower field originates from the self-trapped ho
~STH!, a tetragonally elongated (AgCl6!

42 acceptor whose
EPR spectrum is distinctive and well documented.13 The sec-
ond signal will be assigned here to an@OsCl5~NO!#32 donor.
It is difficult to determine the symmetry of this center fro
Fig. 3 because of spectral overlap in the region around
mT. Calculations predict full local compensation by thr
bound vacancies for the@OsCl5~NO!#22 precursor, with a
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PRB 59 8565SPECTROSCOPIC AND COMPUTATIONAL STUDIES OF . . .
(011)(01̄1)(002) arrangement being only slightly preferr
energetically over (011)(01̄1)(101̄). The low temperature
employed in this experiment will limit vacancy rearrang
ment following electron trapping. Thus, this donor is like
to have the overcompensated structure Os•3V, with bound
silver ion vacancies at~011!, (01̄1), and either~002! or
(101̄). Only a single type of Os•3V center was produced b
irradiation, implying that one of these vacancy configu
tions is, in fact, favored. Unfortunately, as will become cle
later, we cannot determine this configuration experimenta
At this time, we assume it to be (011)(01̄1)(002), the mini-
mum energy structure predicted by theory~see Table I!.

Irradiation with above-band gap light (l5365 nm) pro-
duced Os•3V by electron trapping from the conduction ban
edge. Its yield in this experiment closely matched those fr
exposures to subband gap light, but the production of
STH was substantially better at this shorter wavelength
judged by the integrated areas under the EPR spectra.
can be explained if@OsCl5~NO!#22 traps more than one elec
tron during high intensity, above-band gap exposures, a c
clusion consistent with the results of kinetic measureme
described later. A low spin@OsCl5~NO!#42 double donor
center would be diamagnetic and remain undetected in
EPR experiment.

To determine the symmetry of Os•3V and to better derive
its magnetic resonance parameters, electron spin-e
detected EPR spectra were measured at 94 GHz and 2 K for
a range of UV-irradiated samples. Figure 4 shows a spect
obtained from a 0.35mm cubic AgCl sample containing
nominal 100 ppm of@OsCl5~NO!#22 following its exposure
to 310–320 nm light. At 94 GHz, the absorption signals fro
the STH are well separated from those of Os•3V. There was
a slight loss in resolution of the spectrum when going to
GHz believed to be the result ofg-strain broadening. The
Os•3V donor is now clearly seen to have orthorhombic sy
metry with gz51.7030 andgy51.9487. The value deter
mined for gx ('2.00) is approximate because of overl
with a sharp, weak signal near free spin. Consideringg fac-

FIG. 3. EPR spectrum obtained at 9.3 GHz and 10 K from
0.38mm cubic AgCl sample doped at 25 ppm with@OsCl5~NO!#22.
Spectrum measured after irradiation with 400–440 nm light at
K.
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tors alone suggests an assignment of this weak signal to
photographic latent image,1 but it was observed following
irradiation at temperatures where interstitial silver ions
not migrate in AgCl. This argues strongly against such
interpretation. It most probably results from radicals in ge
tin residues adsorbed to surfaces of the AgCl grains. Th
radicals could not be generated in@OsCl5~NO!#22-doped
AgCl prepared in polyvinyl alcohol, consistent with this a
signment. ENDOR measurements performed on this rad
gave a strong matrix-ENDOR signal from electron-nucle
dipole-dipole interactions with distant protons, but show
no hyperfine~HF! or superhyperfine~SHF! lines from inter-
actions with neighboring magnetic nuclides.

UV-irradiated samples of@OsCl5~NO!#22-doped AgCl
were sensitive to long wavelength light at 10 K. Exposure
l>600 nm rapidly bleached STH’s with no concomitant lo
of Os•3V donors. The fate of the STH is not known at th
time; it was not destroyed by donor-acceptor pair recom
nation. One possibility is the formation of molecula
chlorine14,15 at surfaces of the AgCl grains following photo
excited hole diffusion. The gelatin radicals were unaffec
by red light and continued to obscure thegx region of the
Os•3V spectrum. This was not a problem for the samp
prepared with polyvinyl alcohol as the peptizer, as is cle
from the 9.3 GHz spectrum shown in Fig. 5. This spectru
was analyzed assuming an orthorhombicg matrix with a
triplet SHF splitting from a single14N nucleus resolved a
gx . We performed powder ENDOR measurements on t
sample in an attempt to derive the remaining14N SHF matrix
components. A representative spectrum obtained withB0 at
gy ~347.5 mT! is included in Fig. 6. The signal at 14.78 MH
is assigned as a proton matrix-ENDOR feature result
from electron-nuclear dipole-dipole interactions betwe
Os•3V centers at near-surface locations and protons in g
tin or water in the grains’ environment. The majority of EN

a

0

FIG. 4. Electron spin-echo-detected EPR spectrum obtaine
94 GHz and 2 K from a 0.35mm cubic AgCl sample doped at 10
ppm with @OsCl5~NO!#22. Spectrum measured after exposure
310–320 nm light at 2 K. The dashed line is a simulation based
the g factors for@OsCl5~NO!#32

•3V donors included in Table V.
The features marked with asterisks are from an impurity, belie
to be @~H2O!OsCl4~NO!#22.
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DOR lines appearing between 5 and 12 MHz are assigne
hyperfine features from interactions with second-shell
more distant107Ag (I 5 1

2 ) and 109Ag (I 5 1
2 ) nuclides. This

interpretation is consistent with the observed line intensi
and the ratio of the derived107Ag and 109Ag hyperfine cou-
pling constants. The four signals observed in the freque
range 15–22 MHz are most reasonably assigned to inte
tions between the unpaired electron and the14N nuclide of

FIG. 5. EPR spectrum obtained at 9.3 GHz and 10 K from
0.38mm cubic AgCl sample doped at 25 ppm with@OsCl5~NO!#22.
Spectrum measured after first irradiating with 365 nm light at 10
and then bleaching (AgCl6)

42 centers with red light. The lowe
spectrum is a simulation based on the parameters determine
@OsCl5~NO!#32

•3V donors and included in Table V. The asteris
indicate features assigned as189Os hyperfine structure atgy .

FIG. 6. Powder ENDOR spectrum measured at 9.43 GHz
12 K from a 0.38mm cubic AgCl sample doped at 100 ppm wi
@OsCl5~NO!#22. Spectrum measured after irradiating sample w
365 nm light at 87 K.~a! Spectrum measured with 350 KHz FM
modulation.~b! Integration of spectrum shown in~a!. See text for
justifications of the spectral assignments.
as
r
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the nitrosyl ligand. This spectrum is that expected for a s
ation in which ~i! the hyperfine coupling constant is muc
larger thannn , the Larmor frequency for14N, and~ii ! there
is a finite nuclear quadrupole interaction. To first order,
signals are centered at a frequency ofuAy/2u and are split into
a primary doublet separated by 2nn ~52.14 MHz at 347.5
mT!, as shown in Fig. 6. The nuclear quadrupole interact
further splits thesems56 1

2 lines into doublets separated b
Wy , the quadrupole interaction parameter alongy. The slight
angular dependences of these features could be follo
when B0 was in the range 340–352 mT, but it proved im
possible to measure14N ENDOR with B0 at gz ~390 mT!,
preventing a precise determination ofuAzu. Finally, EPR
spectra at 9.3 and 94 GHz were simulated for compariso
experiment using linewidths as fitting parameters. The re
at 9.3 GHz is included in Fig. 5. For completeness, this sim
lation included a189Os (I 5 3

2 , 16.1% natural abundance! HF
interaction of 8.47 mT atgy and set an upper limit of 1 mT
for the 14N uAzu value.

When a fresh sample of@OsCl5~NO!#22-doped AgCl was
exposed to subband gap light at 10 K and then anne
above 40 K, the STH began to diffuse and decay. As in
red-light bleaching experiments, its decay was not the re
of donor-acceptor pair recombination with Os•3V, the latter
being stable up to 120 K. Between 40 and 60 K, two pa
magnetic centers resulted from loss of the acceptor. The
gave a broad, asymmetric EPR signal near 320 mT. T
signal, commonly observed in studies of AgCl grains dop
with deep electron traps, is assigned as holes transie
trapped by silver ions at surface or near-surface location
will be the subject of a future report. The second product
annealing was additional gelatin radical. The intensity of
isotropic, structureless EPR signal atg52.0049 (DB
51.6 mT) increased about tenfold during this treatme
Since it was formed concomitantly with the decay of ho
centers in AgCl, it is thought to be a cationic radical. T
structure of this species is, as yet, unknown, and so i
labeled as (gel)1 in this report. The oxidant could be
(AgCl6)

42, atomic chlorine, or Cl2.
14

Continued annealing of the UV-irradiated, gelati
peptized emulsion to room temperature caused additio
changes in the EPR spectrum. Following warming to 200
and quenching to 10 K, the signals from (gel)1 radicals and
Os•3V donors were greatly reduced in intensity~Fig. 7!, the
latter being replaced by a new spectrum showing a w
resolved triplet splitting on one of its features@Fig. 7~a!#. We
assign this spectrum to a second@OsCl5~NO!#32 center,
Os•2V, produced by the diffusion of the extra vacancy fro
Os•3V to a remote lattice site. Based on the results of
binding energy calculations~Table I!, a (011)(01̄1) vacancy
geometry is assigned to Os•2V. This center was produced i
highest yields by subband gap exposures at 250 K, altho
it was also detected after irradiation at room temperature
we assume Os•2V is axially symmetric, we cannot accoun
for the relative intensities of the features centered at ab
355 and 405 mT@see Fig. 7~b!#. However, if it has rhombic
symmetry, an acceptable correlation between calculated
experimental spectra can be achieved@Fig. 7~c!#. Here, gx
was estimated by assuming that the averageg factor for
Os•2V is equal to that measured for Os•3V. A value of gx

a
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52.103 is thus obtained. In fact, features close to thisg
position were observed at 9.3 and 94 GHz, although th
was considerable overlap with other signals at both frequ
cies. We were unable to measure ENDOR spectra for Os•2V
because of its low concentration, largeg spread, and shortT1
time. Thus, only theuAyu component of the14N SHF matrix
is reported with itsg factors in Table V.

The Os•2V donors persisted for several hours at 300
following generation by UV irradiation at 250 K. Their de
cay could not be followed directly by EPR at this tempe
ture, however, because fast spin relaxation prevented
detection above 50 K. Kinetic data were obtained using
isochronal thermal pulse method in which the relative do
concentration was measured by double integration of
EPR signal obtained at 10 K. The kinetic data obtained
an annealing temperature of 300 K could not be satisfacto
fitted to first order, second order, simple combinations of fi
and/or second order, or diffusion-controlled16 kinetics. A

FIG. 7. EPR spectrum measured at 9.3 GHz and 10 K from
0.40mm cubic AgCl sample doped at 25 ppm with@OsCl5~NO!#22.
~a! Spectrum measured after irradiation with 365 nm light at 10
and dark annealing to 200 K.~b! Simulation assuming uniaxia
symmetry.~c! Simulation assuming rhombic symmetry. The featu
at gx in ~c! is seen as a shoulder at about 318 mT in~a!.
re
n-

-
eir
n
r
e
r
ly
t

good fit was achieved out to 1.43104 s assuming a logarith
mic dependence on decay time. Kinetic data obtained
annealing temperatures between 250 and 310 K were c
acterized by~i! a surprising temperature independence to
slopes at long times, and~ii ! clear evidence for a comple
convolution of competitive generation and decay proces
at early times. In fact, the concentration of Os•2V increased
by as much as 30% in the first few seconds of annealing
250 K. This behavior can be explained if, once again,
assume that@OsCl5~NO!#22 acts as a doubly ionized dono
in AgCl so that long exposures to band-gap light produ
substantial populations of@OsCl5~NO!#42. This diamagnetic
center will have a lower ionization potential than Os•2V. It
would decay first during annealing, momentarily increas
the concentration of Os•2V, as observed experimentally. T
facilitate comparisons of dopant behavior, we have estima
an effective lifetime for Os•2V of about 550 s at 300 K; it
decayed completely in about 43104 s. A lifetime at 300 K
of >1.63109 s was reported previously for the correspon
ing Ru•2V center in AgCl.5

We observed no significant effect of grain size on t
behavior of@OsCl5~NO!#22 in AgCl. To assess the depen
dence on dopant location, a comparison was made betw
the EPR spectra obtained from two exposed and anne
emulsions to which@OsCl5~NO!#22 was added in bands. In
one, it was confined to a region between 0 and 5% of
grain volume. In the second, a peripheral band between
and 100% was doped at the same nominal concentra
~Table I!. Exposures to 420 nm light at 10 K produce
Os•3V donors in both emulsions. These converted to Os•2V
donors at 200 K, but a low concentration of a thi
@OsCl5~NO!#32 center was detected in grains where the do
ant was confined to the perimeter~see Fig. 8!. This new
center at the near-surface location gave an anisotropic E
spectrum similar to that of Os•2V, but with substantial shifts
in gy andgz factors. In this case,gx was clearly resolved a
9.3 GHz@see Fig. 8~b!#. Since it forms only when the dopan
is in the space-charge region of the silver halide grain
region rich in Ag1 interstitials but deplete of cation vacan
cies, structures like Os•1V or Os•0V are suggested. The low
site symmetry reflected in the anisotropicg matrix favors an
assignment to Os•1V and calculation puts the vacancy

a

TABLE V. Magnetic resonance data obtained for@MCl5~NO!#32 centers in cubic AgCl emulsions.M
5Os or Ru.

Center g factors~60.0005! 14N Hyperfine Values/mT

gx gy gz uAxu uAyu uAzu

Os•3V 1.9980 1.9487 1.7030 3.28 1.34 <1c

Os•2V 2.103a 1.8900 1.6382 b 3.35 <1c

Os•nV (n51 or 0! 2.128 1.8640 1.6020 b 3.2d b

Ru•3V 2.0219 2.0219 1.9340 2.5e 2.5e <1c,e

Ru•2V 2.0230 2.0230 1.9342 2.5e 2.5e <1c,e

aValues estimated assuminggav51.888.
bNot resolved experimentally.
cEstimated from spectral simulation.
dValue 60.2 mT.
eDerived assuming uniaxial symmetry—see Sec. III D for details.
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8568 PRB 59R. S. EACHUSet al.
~011! ~see Table I!. This center could only be produced
very low yields, but it was more stable than either Os•3V or
Os•2V. This is consistent with its additional positive si
charge, which will increase its ionization potential and co
tribute, thereby, to its thermal stability.

D. Photo-EPR studies of†RuCl5„NO…‡

22-doped AgCl
emulsions

In order to investigate the influence of the TM ion on t
photochemistry of nitrosyl-containing AgX dopants, experi-
ments similar to those performed on@OsCl5~NO!#22-doped
AgCl were repeated for its ruthenium analog. Exchanging
for Os considerably extended the sensitivity of the dop
AgCl grains to subband gap radiation. Substantial yields
two paramagnetic photoproducts could be produced by
posures to light between 420 and 560 nm at 10 K, with tra
of these defects resulting from irradiation out as far as 6
nm. One of these centers, the STH, could be bleached
subsequent exposure to red light (l.650 nm). The spectrum
of the remaining photoproduct, a dopant-related donor c
ter, is shown in Fig. 9~a!. In this experiment the sample wa
a 0.40 mm AgCl emulsion doped with 25 ppm o
@RuCl5~NO!#22. This EPR spectrum, measured at 9.3 G
and 10 K, is believed to originate from a single kind
trapped electron center, although it is difficult to be certain
view of the large linewidths involved. This conclusion w
reached because the spectrum did not change in shape
variations in the irradiation wavelength and exposure tim
or during thermal annealing treatments by which it was
stroyed. It is assigned as the ruthenium analog of Os•3V.
Theory predicts a (011)(11̄1)(002) vacancy geometry fo
Ru•3V ~Table I! with a bent Ru-NvO bond~Table II! and
substantial unpaired electron density on nitrogen~Table IV!.

FIG. 8. EPR spectra obtained at 9.3 GHz and 10 K from 0
mm cubic AgCl samples doped at 25 ppm with@OsCl5~NO!#22.
Both samples exposed to 420 nm light at 10 K followed by d
anneals to 200 K. In~a!, dopant added in peripheral band from 95
100% of grain volume. In~b!, dopant added from 3.5 to 90% of th
grain volume.
-

u
d
f

x-
s
0
a

n-

z

n

ith
,
-

The low-symmetry zigzag configuration predicted f
such a structure should result in an orthorhombicg matrix.
However, powder EPR spectra obtained at 9.3 GHz and
K, and 35.3 GHz and 77 K suggest uniaxial symmetry, a
reasonable correlations between simulated and experime
spectra@e.g., Fig. 9~a!# were achieved on this basis with th
data included in Table V. A possible explanation is th
above 10 K, Ru•3V undergoes librational relaxation betwee
the two symmetry related zigzag structures predicted
theory. This process might be facilitated by the extra latt
volume afforded through its association with three silver i
vacancies. Further work is in progress to address this iss

A similar, but not identical 9.3 GHz spectrum was o
tained at 10 K after 540 nm irradiation of a fresh sample
room temperature@Fig. 9~b!#, or by annealing an emulsion
exposed at 10 to 300 K in the dark. By analogy to the res
from @OsCl5~NO!#32, we assign the new spectrum to th
neutral species Ru•2V. As in the case of the Os donors, th
conversion from Ru•3V to Ru•2V occurred in the region of
120–140 K where point defects in AgCl begin to diffus
The spectrum of Ru•2V again appears to be axial, in contr
diction to theoretical predictions. However, it changed su
stantially and reversibly with temperature, consistent w
the occurrence of dynamical relaxation in the range 10–
K.

There is a small increase ing anisotropy on going from
Ru•3V to Ru•2V, and a decrease in EPR linewidth, esp
cially at g' . Furthermore, the spectrum of Ru•2V has two
unexplained features: the weak signal on the low-field side
g' and the broad shoulder at about 336 mT@marked with
asterisks in Fig. 9~b!#. These features were originally thoug
to be from impurities or decomposition products introduc
during doping. They were still observed, however, fro
samples prepared using carefully purified dopant salts un

8

k

FIG. 9. EPR spectra measured at 9.3 GHz and 10 K from
mm cubic AgCl grains doped with 25 ppm@RuCl5~NO!#22. ~a!
Sample exposed to 540 nm light at 10 K and then bleached w
l>650 nm to eliminate (AgCl6!

42. Spectrum assigned a
@RuCl5~NO!#32

•3V. Lower trace is a simulation based on data
Table V. ~b! Sample exposed to 540 nm light at 300 K. Spectru
assigned as@RuCl5~NO!#32

•2V. Origin of features marked with
asterisks is unclear~see text!.
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conditions designed to minimize their decomposition. An
ternative explanation is that they result form a second
population of Ru•2V donors with a different geometrical a
rangement of vacancies. However, this is inconsistent w
binding-energy calculations that show a preference for
(011)(01̄1) geometry of about 0.38 eV. Finally, they mig
be EPR ‘‘overshoot’’ features originating from the Ru•2V
donors.17 These can result when the principal directions
the g and 14N A matrices are noncoincident, a situation th
would occur if the Ru-NvO bond is indeed substantiall
bent.

To date, we have been unable to detect EPR signals
could be assigned to Ru•1V or Ru•0V centers in AgCl
grains.

IV. DISCUSSION

A. Electronic structure

Optical-absorption studies have shown th
@OsCl5~NO!#22 and @RuCl5~NO!#22 are stable for severa
hours in acidified gelatin solutions containing a substan
excess of Cl2.18 In this study, such dopant solutions we
used within minutes of their preparation. Thus, we assu
that the nitrosyls do not decompose during precipitation
that they are incorporated intact into the AgCl grains. Cal
lations suggest that the replacement of an (AgCl6!

52 lattice
unit by an@MCl5~NO!#22 complex is favored, and that th
majority of @MCl5~NO!#22 complexes incorporated by pre
cipitation will have three associated silver ion vacancies,
pecially at low temperatures. ForM5Os, linearM -NvO
structures with vacancies at~001!, (01̄1), and ~002!, or
~011!, (01̄1), and (101̄) should occur in almost equal frac
tions, and they should have similar electron trapping prop
ties. In practice, however, a single kind of donor center
produced by light exposure suggesting that kinetic proce
select only one of these geometrical arrangements at
temperatures. For the purposes of this discussion, we
assume that this is (011)(01̄1)(002), for which calculation
predicts the slightly larger total vacancy binding energ
WhenM5Ru, this vacancy arrangement is also preferred
the linear Ru3V ionized donor.

For the linear Os•3V donor, the electrostatic effect of th
two nearest-neighbor vacancies alongy will split the degen-
eracy of thep* NO orbitals. The ground-state MO will thu
comprise of Os 6s and 5dz2 orbitals hybridized withpx*
from NO. From simple first-order arguments,19 the ordering
of the g factors will then begz,gx'gy , and the nitrogen
SHF matrix will have its largest principal value alongx. This
is consistent with experiment.

An analysis of the EPR and ENDOR data can give
rough estimate of the unpaired electron distribution
Os•3V. Ignoring dipole-dipole contributions to the14N SHF
interaction matrix, and assuming uniaxial symmetry for
trogen, we can setAx5Ai5(aiso12b) and approximateA'

as the average ofAy and Az (5aiso2b). The terms have
their usual meanings.20 For unit spin population in the nitro
gen 2s orbital (a2s

2 51), aiso is calculated to be 64.62 mT.21

For unit spin population in the nitrogen 2p orbital (a2p
2

51), b51.981 mT.21 We cannot determine the signs of th
-
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principal SHF parameters experimentally, so that all com
nations must be considered. Only those with bothAi andA'

positive, or Ai positive andA' negative give physically
meaningful solutions~i.e., a2s

2 1a2p
2 <1, 2b.0). With both

Ai andA' positive,a2s
2 '0.03 anda2p

2 '0.36, which gives a
total nitrogen spin population that is smaller than 0.63,
value calculated by Hartree-Fock methods for the linear c
figuration of Os•3V ~Table IV!. Somewhat closer correlatio
is found assumingAi positive andA' negative. Then,a2s

2

'0.005, a2p
2 '0.75. The largep/s ratio derived from this

analysis is consistent with the linear structure predicted
theory. Bending of theM -NvO bond would mix substantia
nitrogen 2s orbital density into the semioccupied MO. Sim
lar analyses of the magnetic-resonance data derived
Os•2V and Os•nV (n50 or 1! donors are confounded by th
effects of the increased bond bending predicted by calc
tion and by the absence of ENDOR data. The substan
structural relaxations of these donors predicted in Table
will result in g and 14N A matrices that have noncoinciden
principal directions. This means that the largest SHF sp
tings measured at thegy positions for Os•2V and Os•nV (n
50 or 1! are unlikely to be principal values of the14N SHF
matrices. There is also the possibility of ‘‘overshoot’’ lines17

in their powder spectra, but the small14N SHF splittings
relative to the experimental linewidths appears to preclu
resolution of these extra features.

Similar problems occur for spin population analyses
the data from Ru•3V and Ru•2V because both donors ar
predicted to have highly distorted structures~Table II!. How-
ever, the detection of large14N SHF splittings on ‘‘g'’ ’
implies that, in each case, the semioccupied MO has subs
tial nitrogen 2p character, consistent with theory~Table IV!.

B. Photochemistry

To understand the photochemistry
@MCl5~NO!#22-doped AgCl grains, it is helpful to construc
one-electron energy level models from the combined res
of experiment and calculation, as in Fig. 10. On this ba
their sensitivity to subband gap light can be explained b
combination of two processes:~i! a lattice-to-dopant charge
transfer transition, and~ii ! a concerted mechanism in whic
an internald-d transition of the dopant is followed by charg
~hole! transfer to the lattice from its excited state. A simil
scheme was proposed to explain the behavior of (RhCl6!

32

deep ionized donors in AgCl.22 In ~i!, excitation of electrons
from the valence band edge to the lowest unoccupied
lecular orbitals~LUMO! levels of the dopant generates th
@MCl5~NO!#32 deep donor directly; the hole at the valen
band edge instantaneously self-traps. The activation en
for hole diffusion in AgCl is about 65 meV,16 so that the
donor-acceptor pairs produced by subband gap light
likely to remain associated at 10 K.

AgCl emulsions doped with@RuCl5~NO!#22 proved to be
particularly sensitive to light in the region of 550 nm, wit
dopant induced absorption extending out as far as 600
With ~i! as the lowest energy process, this sets the energy
this charge transfer transition at about 2.1 eV. The low
energyd-d transition for @RuCl5~NO!#22 in aqueous solu-
tion is at about 568 nm,23 and this is expected to be onl
slightly shifted in the AgCl lattice. Thus, the energy of pr
cess~ii ! is about 2.2 eV. Taking these data into account, a
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8570 PRB 59R. S. EACHUSet al.
assuming a band-gap energy of 3.2 eV, allows us to p
px* at about 1.1 eV below the conduction band edge with
dopant’s highest occupied molecular orbital~HOMO! at or
just below the valence band edge. Consistent with these
timations, there was no evidence of hole trapping
@RuCl5~NO!#22 when diffusion of the STH was induced b
light or heat. Calculations place the 5dz2 LUMO of
@OsCl5~NO!#22 above thepx,y* levels of @RuCl5~NO!#22.
This explains the former dopant’s lack of sensitivity to v
ible light beyond 460 nm. TheM •3V andM •2V donor cen-
ters of both metals showed no propensity to bleach du
exposure to red light (l>650 nm), conditions that photoion
ized STH centers. Thus their optical ionization energies m
exceed 1.9 eV.

V. CONCLUSIONS

By combining state-of-the-art structural calculations w
multifrequency EPR and ENDOR spectroscopic measu
ments, we have generated detailed models for the struc
and performance of two metal nitrosyl dopant complexes

FIG. 10. One-electron energy level models derived from cal
lated and experimental data, proposed to explain the photoche
try of @MCl5~NO!#22-doped AgCl (M5Ru, Os!. ~i! Lattice-to-
dopant charge-transfer transition.~ii ! Concerted charge-transfe
process initiated byd-d excitation of dopant complex. The orderin
of dopant levels is shown for linearuM -NvO structures with
optimal geometries for the three associated silver ion vacanc
The p* orbital degeneracy is removed by the two vacancies al
the y axis.
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silver chloride. Our results are consistent with structu
models in which the@MCl5~NO!#22, whereM5Ru or Os,
are incorporated with their ligands intact into precipitates
AgCl. Substitution for (AgCl6!

52 is predicted by calculation
with linear M -NvO bonds in each case. In cubic AgC
grains ranging in size from 0.05 to 0.4mm, charge compen-
sation is achieved by association of each dopant comp
with three silver ion vacancies. The most favorable geome
for M3V appears to be (001)(01̄1)(002), although other
geometries are close in energy. The incorporation of th
nitrosyls into AgCl introduces low-lying midgap LUMO lev
els that facilitate deep electron trapping.

Electron trapping proceeds in a series of steps requi
structural relaxations of both the dopant and the lattice.
the first step, the deep donor center is an overcompens
@MCl5~NO!#32

•3V structure in which theM -NvO bond is
linear. Electron trapping may cause this bond to bend,
the degree of bending is largest whenM5Ru. This lowers
the energy of the semioccupied MO associated with the
nor center, helping to dissipate the trapping energy. In
second stage, the donor complex is converted to a m
stable configuration,@MCl5~NO!#32

•2V, by the diffusion of
the excess vacancy to a remote lattice site.

The @RuCl5~NO!#32
•2V donor center has exceptiona

stability at 300 K, decaying by NO evolution rather than
thermal ionization.5 Although significantly less stable, its os
mium analog is still long lived at room temperature. It d
cays via a convoluted series of reactions, the exact detai
which are still unknown. The process is, however, reversi
so that NO ligand loss can be excluded from consideration
a principal decay mechanism. There is indirect experime
evidence that@OsCl5~NO!#32

•3V can trap more than one
electron during light exposure.
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