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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] ®s@L(NO)]?>~ and
[RUCkL(NO)]?>~ are incorporated substitutionally into AgCl with their ligands intact. Charge compensation
is provided by three proximal silver ion vacancies=Y). Optimal geometries for the resultant
[MCI5(NO)]?>~ -3V centers M=Ru or O3 have been determined by calculation, with the configuration
(011)(0_]1)(002) being slightly preferred for both metals. The incorporation of these nitrosyls into AgClI
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 struct(ifd<Is(NO)]3~-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 fofM@&(NO)]3~ -2V result from va-
cancy diffusion at 120—-140 K. Kinetic experiments show tf@sCL(NO)]3> -2V centers decay with an
effective lifetime of about 550 s at 300 K, although it takes more tharl@ 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 processe$S0163-18209)06013-Q

[. INTRODUCTION ligand intact. Furthermore, they do not reveal its microscopic
structure in the AgCl lattice, i.e., if it is dispersed homoge-
Transition metalTM) complexes that act as ionized do- neously or segregated as occlusions. Fortunately,
nors are frequently used to control the electronic propertiefOsCL(NO)]?>~ has proved to be a potent trap for photoelec-
of the microscopic silver halide crystal®r grains em-  trons in this material and structural information on the result-
ployed in photographic imaging. Such dopants can limit reci-ant paramagnetic donor center can be obtained from a com-
procity effects, enhance image contrast, and reduce recombdnation of multifrequency electron paramagnetic resonance
nation inefficiencies.The ionized donor may simply act as a (EPR and 9.4 GHz electron-nuclear double resonance
shallow(Coulomb center, or it may deeply trap an electron (ENDOR) measurements. It has been helpful to compare the
in its frontier molecular orbital. In the past, practical dopantsspectroscopic results obtained frg@sCL(NO)]3~ with the
were usually hexacoordinate complexes with halide liganddjmited information published for its ruthenium analogue
although X~ replacement by LD occasionally proved and the data reported here. In order to analyze and assign the
valuable? More advanced doping protocols have exploitedexperimental data, it was necessary to perform advanced cal-
the surprisingly high solubility of complexes with bulky, culations of structure and energy. This combination of ex-
charged ligands in Ag. A wide range of new imaging ma- perimental and theoretical methodologies revealed an impor-
terials are emerging in which the Xggrains contain, for tant relaxation process that makes the nitrosyl complexes
example, pseudohalide TM complexes liKRU(CN)s]*~,®>  some of the deepest donor centers found so far in AgClI.
or TM complexes with organic ligandsThe ability of the
cubic silver halides to substitutionally accommodate high

concentrations of complexes with substantial lattice mis- Il. EXPERIMENTAL
match is providing many new doping opportunities for these .
substrates. A. Materials

This paper describes a study of silver chloride microcrys- Because both nitrosyl dopants decomposed at high tem-
tals doped with[OsCK(NO)]?~, a complex in which the peratures and exhibited long-term solution instabilities, we
divalent metal ion has a low spind8 electronic configura- could not grow single-crystal samples for these studies. Thus
tion and the nitrosyl ligand carries a formal chargedef.  experiments were confined to AgCl powders, most of which
Analyses for elemental osmium by ion-coupled plasma maswere prepared by conventional precipitation methods as uni-
spectrometry suggest that this dopant might be incorporatefrm dispersions in aqueous gelatin. Precipitation in agueous
into AgCl by coprecipitation from aqueous solution. A more gelatin ensured that, in any one sample, the crystals were
definite conclusion cannot be drawn, however, since suchubic and of uniform size(=0.01 um). One sample of
data do not verify the dopant's inclusion with the nitrosyl [OsCL(NO)]?>~-doped AgCl was prepared using polyvinyl
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TABLE |. Total vacancy binding energies2BE/eV) calculated for various configurations of
[MCI5(NO)]"™ centers in AgCl. The NO ligand lies along tkeaxis near(001).

3BE/eV
Number of Vacancy M =0Os, M =0Os, M =Ru, M =Ru,
Vacancies Position(s) n=2 n=3 n=2 n=3

1 (002 1.44 - 1.67 -
(005) 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)(002 2.29 - 2.54 -
(011)(011) 291 1.59 2.63 1.55
(200)(200) 1.78 1.00 1.73 1.17
(110)(110) 2.19 1.18 2.10 1.17
3 (011)(011)(002) 3.56 1.66 3.40 1.80
(011)(011)(101) 3.54 1.76 3.34 1.79

alcohol in place of gelatin. This peptizer proved less effec-and considered the effects of the polarizable silver halide
tive at maintaining a small grain size distribution and con-lattice. Its total energy including lattice polarization was
trolling morphology. The nitrosyl dopants were added ascomputed, allowing the determination of ionization poten-
aqueous solutions during precipitation. In most cases thg@als and electron affinities. Basis sets were derived from
nominal dopant concentration was 25 molar parts per milprevious function® and thecabpac code was used for the
lion. Dopant location was also an experimental variable. Forb initio calculations:! It is difficult to assess the absolute
EPR and ENDOR studies, the amount of gelatin peptizer waaccuracy of the various calculations, since there are no ex-
minimized by agueous dilution and centrifugation cycles perperimental vacancy binding energies, electron affinities, or
formed at 40 °C. This procedure leaves traces of the peptizestructural data available for the complexes in silver halides.
bound to the AgCl microcrystals. The resultant powdersThus we emphasize trends. In this regard, we have studied
were dried in air following an acetone wash, and stored avarious basis sets and compared the results from Hartree-
4°C. Fock and density-functional theory. The trends are fully con-
sistent.
B. EPR and ENDOR experiments

Photo-EPR spectra at 9 GHz and 10—300 K were obtained
with a Bruker ESP-300E spectrometer, and were analyzed
using a combination of the programsn-EPRO and SimFo- A. Dopant incorporation
nia® (Bruker Instruments, Ing. In situirradiations were per-
formed with the output of a 200 W super pressure Hg/X
light source passing through a combination of em mono-

Ill. RESULTS

e We employed atomistic simulation methods in order to
determine the most favorable structures for the

27 _ . . ._
chromator and interference and long-pass filters. EPR me:g-M .CI5(NhO)] (IM —fRuhor Ohs) cgntlers n _AgCI. Ant||§| d
surements at 35 GHz and 80—300 K were made on a VariaP1atIng the results of photochemical experiments to be de-

L scribed in Sec. llIC, structures for the corresponding
E-12 spectrometer. Kinetic measurements were also made 3—
. . ; Cls(NO)]°~ deep donor centers were also addressed. It
this spectrometer using an isochronal thermal pulse tech-

nique. EPR experiments at 94 GHzdad K were performed was found that stable lattices could be achieved when these

on a home-built pulsed spectrometer described elsevher complexes _replaced (Aggt. In the case of

OsCL(NO)]?~, the equilibrium Os-Cl bond lengths were
ENDOR measurements were performed at 9 GHz and 12?k L .
on a modified Bruker ER-200D spectrometer. calculated to be 2.40 A, which is less than the Ag-Cl distance

of 2.75 A. The Os-N=O distance was 3.29 A, slightly
longer than the Ag-Cl distance, but overall this dopant fitted
rather well into the space normally occupied by (AQET .

The calculational methods employed here have been preimilar results were found fqrRUCK(NO)]?~.
viously described. Two separate calculations were per- Frenkel defects on the cation sublattice are the primary
formed. The preferred arrangements and binding energies é@rm of point lattice disorder in AQCl af<298 K. Thus, in
silver ion vacancies= V) to the dopant were determined by the absence of surface effects, charge compensation for the
classical atomistic simulation procedures using the GenerdlM Cls(NO)]?>~ complexes is achieved solely through the
Utilities Lattice Program(GuLpP).® The electronic properties creation of three silver ion vacancies per dopant center. Va-
of the dopant-vacancy complex were then determined bygancy binding energies calculated for both dopants are pre-
guantum-mechanical methods. The latter methods treated tlsented in Table 1, where data for the corresponding
complex by Hartree-Fock and density functichadocedures [MCIs(NO)]®~ donors are also included!! is at (000) and

C. Calculation methods
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represent the energy to remove a vacancy from a lattice po-
sition next toM to a remote part of the crystal. We see that

the NO ligand lies along the axis near(001). These data 4z
|
|
for [OsCL(NO)]?~, the optimum geometry has a single va- '

cancy bound by 1.6 eV next to the NO ligand(@il). For cr AQ cr
two vacancies, the combination of positions (P@11) is :O
strongly preferred. The second vacancy is bound by 1.31 eV, . + ; . -
which, although large, represents a reduction from the value CI" Ag'N ?2‘9 Ag cl
calculated for the first vacancy. The third vacancy compen- . ] ! } N y
sating this dopant is bound by0.6 eV at either th€002) or Ag® CI—M—CI" Ag=------ >
(101) positions.
As in the case of the Os complex, calculations indicate Cl Ag" CI Ag" cCrI
that a single vacancy or a vacancy pair are preferably bound
at positions next to the NO ligand ¢RUCK(NO)]?>~ in cr Ad® CI
AgCl. In contrast to the situation foM=0s, however, g

the f'rsi vacancy prefers(002. The combination of FIG. 1. Projection inyz of the substitutional M Cls(NO)]3~
(011)(011) is again optimum for the pair, and is a natural center in AgCl M=Ru, O3 showing the zigzag structure fre-
precursor to the preferred geometry of the center with thregquently adopted following electron trapping. Values for the equilib-
vacancies, i.e., (OQlOTl)(OOZ). The vacancy binding en- rium distortion angle®, and,, as functions oM and the number
ergies calculated for theM Cls(NO)]2~ centers in AgCl are  ©of associated silver ion vacancies, are included in Table II.

so large that, in the materials employed in this study, we

expect that all of the nitrosyl complexes will tend towardsergy, and introduces a substantial activation barrier to ther-
full local compensation & <298 K. mal ionization. This is a major reason for the donor’s stabil-
_ For the[MCI5(NO)]*" donors produced by electron trap- ity By these arguments, RV and RU2V are expected to
ping, the maximum first vacancy binding energies are repe |onger-lived electron traps than their Os counterparts,
duced to about 0.9 eV 4011). For two vacancies, the axi- qnsistent with experimerisee Sec. Ill C and Ref.)5
ally opposed combination (0)@011) is preferred for both In the course of these calculations, we examined in detail
metals. Calculations also suggest that overcompensated dgsyera| possible orientations of tHd-N—O bonds for
nor centerdi.e., those with three vacancjeare unlikely at FRUCIS(NO)]S* in the presence of vacancies at the favored

temperatures wherg point def_ects are mobile in AQC(Oll) and (011) positions. This was accomplished by allow-
(T=140 K), since binding energies for the extra vacancies . L
are <025 eV ing the NO ligand to relax with different degrees of freedom.
e ' We considered several orientations of the b&tHN=O
moiety with respect to its nearest lattice ions and vacancies.
B. Calculations of structure and energy The total energies of the optimized geometries were so close

a}p each othef+0.09 e\j that it was not possible to choose a

culations of structure and enerav for tHd Cl(NO)12- dop-  Preferred orientation. Thus we only calculated data for the
ants and their correspondingg()j/onotr[rigentf)((ars ?r]l AgCli). Thé&'9739 geometry with N displaced in th#10] direction and

number and geometrical arrangement of vacancies were vaf displaced along110]. This structure, which offers the
ied in these calculations. For both dopants, the most favore@réatest separation between the bent NO ligand and its near-
vacancy configurations gawd-N—O bond angles of 180° est crystal ions, should be favored from a steric point of
prior to electron trapping. However, when an electron beVIEW.

comes deeply trapped, tiv-N=0 bond angle bends away

from 180° and the zigzag configuration shown in Fig. 1 is TABLE Il. Equilibrium bond angles §,/°) calculated by the
frequently adopted. For the most stable donor geometrieSartree-Fock(ROHF) method for selected vacancy geometries of
considered here, the bent configurations are 1—-2 eV moreM Cls(NO)]®~ trapped electron centers in Ag(Ref. 8.

stable than their linear analogs. Values calculated for the
equilibrium distortion angles of selected examples are inCenter Vacancy Position 0, 0,
cluded in Table I, where we introduce the shorthand nota-

We have performed embedded quantum-mechanical c

tion M*nV to denote donors with bound silver ion vac:ancies.Ru,OV ) 46"8 15a8'1
The symbol® represents an electron deeply trapped by theBu_lv (002)_
MnV ionized donor complex. RU2 (011)(01) 55 142.5
Note that a strongly distorted zigzag geometry is generRu3V (011)(011)(002) 6.3 145.5
ally maintained for the donor, whether or not it has associ-Os0V - 5.2 166.1
ated vacancies. The linear (Q{011)(002) configuration OS2V (011)(011) 6.3 157.3
predicted for O8V is the only exception. From the data in Os3V (011)(011)(002) 0.0 180.0
Table Il, we see that the most stable geometries 630s (011)(011)(10D) 4.4 148.1

and O82V are considerably less distorted than those of their
Ru analogs. Bond bending provides an efficient relaxatioriData omitted because the Ru-N bond was felt to be unrealistically
mechanism by which to dissipate the electron trapping en-elongated in the AgCl matrix during calculation.
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TABLE lIIl. Electron affinities (EA/eV) calculated by the carrier trapping properties of these dopants. However, the
Hartree-Fock (ROHP) method for [MCI5(NO)]*~ dopants M accuracy of the theoretical electron affinities cannot be de-
=Ru, 03 in AgCl. termined without appropriate experimental data.

To assess the relative electron trapping propensities of the

Vacancy EA Qs and Ru nitrosyls, the electron affinities ca}lculated for the
Center Positior(s) Linear Bent linear M3V complexes must be compared with the value of
3.6 eV calculated for the conduction band edge of AgCI.
Ruov - a 7.70 Values larger than 3.6 eV are necessary for electron trapping
Rulv (002 b b to occur. This condition is met for the linear configurations
Ru2v (011)(011) 5.47 7.23 of Ru3v and Os¥, and the Os donor center should be shal-
Ru3V (011)(011)(002) 7.85 8.04 lower than its Ru counterpart. We will show later that this is
RU3VE (011)(011)(002) 5.92 703 consistent Wlth experiment. Second_ary trapping sequences of
OOV ) 6.45 6.51 mtergst hgre involve facile relaxations from Im_ear to bent
_ configurations of theM 3V centers. The calculations show
OsV (o11)(01) 6.28 6.42 that bending causes a substantial increase in the electron af-
Os3v (011)(011)(002) 6.56 6.56 finity of the Ru complex, further enhancing the stability of
(011)(011)(101) 5.42 5.57 the donor center.

Density-functional calculations were run on several of the
®SCF calculations did not converge. [RUCK(NO)]"~ complexes embedded in AgCl for compari-
"Data omitted because the Ru-N bond unrealistically elongated igon to the Hartree-Fock results. The trends in the results of
the AgCl matrix during calculation. the two calculations were very similar, although some nu-
“Values calculated using internuclear distances for the\Ro@m- merical differences were noted. Once again, the electron af-
dplex. _ . o finity increases upon bending, a relaxation that yields similar

Bent structure relaxes to linear within our accuracy limits. Zigzag structures to those predicted by Hartree-Fock calcula-
tions.

In order to assess their carrier trapping properties, elec- Table IV shows the unpaired electron populations distrib-
tron affinities were calculated for several experimentally rel-uted on various atoms calculated according to the Mulliken
evant complexes of RUCK(NO)]>~ and [OsCL(NO)]?~ procedure. Data for thé/1°0V structures are included to
with silver ion vacancies embedded in AgCl. The results areshow that the effect of association with silver ion vacancies
presented in Table Ill. Here we have considered the equilibis @ minor perturbation. Whell = Ru, the unpaired electron
rium, bentM-N=0 structures, as well as the correspondingdensity is always confined primarily to the NO ligand. The
equilibrium structures if theVi-N=0O are not allowed to linear Os0V and O$2V complexes have substantial un-
bend. Unfortunately, the entries for the linear structures ar@aired electron density on the metal, but much of this is
incomplete because of the difficulty in achieving conver-transferred to NO upon bending. The’@¢ complex has the
gence in the self-consistent-fiel®CH calculations. These odd electron on NO in both configurations.
equilibrium structures were found by performing complete ~ Simple molecular-orbital theory may be used in order to
geometry optimizations. In the course of this process, théinderstand the interactions between the frontier orbitals in-
M-NO bond length in the favoreM 3V configuration elon-  volved in the unpaired electron’s redistribution in*@¢ and
gated by several tenths of an angstrom relative to the value i@s2V upon Os-N=0 bond bending. We are concerned here
M2V. This effect was particularly pronounced for the Ruwith the 7* molecular orbitals of NO and the occupied va-
complex (Ru-NG=2.28 A). Bond elongation leads to a sub- lenced orbitals of the metal. In each of the linear geometries,
stantial increase in the calculated electron affinity. Thus, irthe level ordering is as shown in Fig(a® where .2 is the
Table 1l we also report values for the RdZomplex calcu- semioccupied frontier orbital. When the NO ligand lies
lated at internuclear distances appropriate for the favored getrictly alongz, interactions betweendgz, 5d,2_y2, or 5d,,
ometry of Ru%/. While we consider this bond elongation to and the nitrosylr™ orbitals are zero by symmetry. Thels
be real, it represents an additional relaxation mode thaand 5, orbitals interact with ther* orbitals in the manner
should require activation. At the low temperatures employedsketched in Fig. @). Thew* orbitals are destabilized by this
in our experiments, the electron affinity calculated for theinteraction because they lie above botd,p and .
shorter Ru-NO bond length of RM2is probably more real- When the Os-N=O bond bends, weak interactions between
istic. 5d,2, 5d,2_y2, 5d,y, and thew* orbitals become allowed.

Fully compensated forms of the dopant before trappingrhe dominant effect, however, is a decrease in the overlap
have three associated vacancies, whereas two are requirbdtweens™ and &d,, and &, [Fig. 2(¢)]. As a result, the
for neutrality after trapping one electron. The largest frac-7* orbitals fall below 4,2, as shown in Fig. @). For
tions of Ru and Os dopant centers will be lind4aBV com-  Os3V and O%2V, the combination of vacancies in tlyz
plexes prior to actinic exposure, and it is the electron affini-plane and bond bending splits the* levels producing
ties of these centers that determine the trapping properties aemioccupied molecular orbitals derived primarily from N
these nitrosyls in AgCI. For completeness, other states odind O 2y, orbitals. In the case of OBV, the same effect is
compensation have been treated. We feel confident that trechieved by bond bending alone. These are the dominant
general trends observed for the calculated electron affinitiegiteractions in this simple molecular orbital description. This
are real. Thus, comparisons can be made between the daiicture is consistent with the increase in electron affinity and
for Os and Ru complexes in order to predict the relativerepopulation of N and O orbitals observed in the Hartree-
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TABLE IV. Unpaired electron populations calculated foi Cls(NO)]3~ donors in AgCl M =Os or Ry
using Hartree-FockROHF) methods.

Electron Populations

Vacancy

Donor Positions M N (0] Cl
Ru 0V, linear - 0.00 0.70 0.29 0.01
Ru0V, bent - 0.03 0.69 0.27 0.01
Ru2V, linear (011)(011) 0.02 0.67 0.31 0.00
RuU2V, bent (011)(011) 0.03 0.67 0.29 0.01
Ru3V, linear (011)(011)(002) 0.01 0.62 0.37 0.00
RU3V, bent (011)(011)(002) 0.05 0.59 0.36 0.00
Oso0V, linear - 0.82 0.00 0.00 0.18
OsO0V, bent - 0.11 0.64 0.23 0.02
Os2V, linear (011)(071) 0.88 0.02 0.00 0.10
Os2V, bent (011)(0_]_1) 0.07 0.68 0.26 0.00
Os3V, lineaf (011)(011)(002) 0.01 0.63 0.35 0.01
Os3V, linear (011)(011)(101) 0.06 0.68 0.26 0.00
Os3V, bent (011)(011)(101) 0.06 0.65 0.27 0.02
@According to calculation, the bent configuration of'®¢ relaxes back to the more stable linear configura-
tion.

Fock calculations. In the case of the Ru complexes,iihe This simple molecular orbital theory approach has been

molecular orbital is populated in both linear and bent con-applied previously to bonding analysis in various organome-
figurations. This is because the frontiéorbitals of Ru lie  tallic complexes? Of course, in our situation the complex is
lower in energy than those of Os. Thus, there is a largemcorporated into an inorganic crystal and can have various
energy separation between the NO and the metadi orbit-  arrangements of bound vacancies. The presence of these as-
als causing less destabilization for the linear geometry. Thisociated point defects will perturb the orbital energy levels
drives thew™* levels below 41,2 in the linear geometry pro- through electrostatic effects and, thus, necessitates treatments

ducing a level structure like that in Fig(d®. by embedded self-consistent methods. Indeed, there is often
a close balance between bent and linear configurations, and
3 b) the favored structure can be determined by the actual va-
_dy, cancy configuration. This effect apparently explains the
—r () - linear structure preferred for Og3 with vacancies at
% +x&) ) (011)(011)(002) versus the bent arrangement favored for
" (011)(011)(101)—see Table Il. The zigzag structure found
_d [« dyz in our Hartree-Fock and density-functional calculations is in
4 a4 c‘ part due to the steric requirements imposed by the crystal
et lattice.

C. Photo-EPR and ENDOR studies of OsClg(NO)]?~-doped

© d) AgCl emulsions
— ey Figure 3 shows an EPR spectrum obtained at 9.3 GHz and
4z 10 K from a 0.38um cubic AgCl sample doped with 25 ppm

of [OsCL(NO)]?>~ following its exposure to subband gap
light between 400 and 440 nm. No EPR signals were de-
tected before exposure or after irradiation at wavelengths
o longer than 460 nm. There are two paramagnetic centers in
Xy about equal abundance contributing to this spectrum. The
signal at lower field originates from the self-trapped hole
—0s-N—0 axis isz (b) The dominant metal-ligand interaction is (STH), a tetragonally elongated (Aggt™ acceptor whose
shown for one of the,,— 7* degenerate components. Here, the EPR spectrum is distinctive and well documen’t%ﬁihe sec-
strong overlap destabilizes? . (c) Bond bending weakens this 0nd signal will be assigned here to @@sCE(NO)]*~ donor.
interaction.(d) Bending—Os-N=0 causes the ordering of the* It is difficult to determine the symmetry of this center from
and 5,2 levels to change because of the weakgr =* interac- ~ Fig. 3 because of spectral overlap in the region around 335
tion. For —Ru-N=0, the * lie below 4d,2 in both linear and mMT. Calculations predict full local compensation by three
bent configurations. bound vacancies for theOsCL(NO)]2~ precursor, with a

FIG. 2. (a) Energy level scheme for linear-Os-N=0O. The
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(gel)’

[0sCINOJI" 3V [OSCI(NO)I* 3V
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FIG. 3. EPR spectrum obtained at 9.3 GHz and 10 K from a

0.38um cubic AgCl sample doped at 25 ppm wjitBsCL(NO)]?~. FIG. 4. Electron spin-echo-detected EPR spectrum obtained at
Spectrum measured after irradiation with 400-440 nm light at 184 GHz and 2 K from a 0.3m cubic AgCl sample doped at 100
K. ppm with [OsCL(NO)]?>~. Spectrum measured after exposure to

310-320 nm light at 2 K. The dashed line is a simulation based on

Py . . the g factors for[OsCL(NO)]®~ -3V donors included in Table V.
(011)(011)(002) arrangement tﬁmg only slightly preferred The features marked with asterisks are from an impurity, believed

energetically over (031011)(101). The low temperature i, pe[(H,0)0sCLNO)]?".
employed in this experiment will limit vacancy rearrange-
ment following electron trapping. Thus, this donor is likely

to have the overcompensated structuré3®s with bound . ; ) X
. . . — _ photographic latent imagebut it was observed following
silver ion vacancies a011), (011), and either(002) or  jaqiation at temperatures where interstitial silver ions do
(101). Only a single type of O8V center was produced by not migrate in AgCl. This argues strongly against such an
irradiation, implying that one of these vacancy configura-interpretation. It most probably results from radicals in gela-
tions is, in fact, favored. Unfortunately, as will become cleartin residues adsorbed to surfaces of the AgCl grains. These
later, we cannot determine this configﬂration experimentallyradicals could not be generated ji®sCL(NO)]?>~-doped
At this time, we assume it to be (O(D11)(002), the mini- AgCl prepared in polyvinyl alcohol, consistent with this as-
mum energy structure predicted by thedsge Table)l signment. ENDOR measurements performed on this radical
Irradiation with above-band gap lightin&365nm) pro- gave a strong matrix-ENDOR signal from electron-nuclear
duced OV by electron trapping from the conduction band dipole-dipole interactions with distant protons, but showed
edge. Its yield in this experiment closely matched those fromno hyperfine(HF) or superhyperfinéSHF lines from inter-
exposures to subband gap light, but the production of th@ctions with neighboring magnetic nuclides.
STH was substantially better at this shorter wavelength, as UV-irradiated samples of OsCL(NO)]?~-doped AgCI
judged by the integrated areas under the EPR spectra. Thigere sensitive to long wavelength light at 10 K. Exposure to
can be explained fOsCL(NO)]?~ traps more than one elec- A =600 nm rapidly bleached STH’s with no concomitant loss
tron during high intensity, above-band gap exposures, a coref Os3V donors. The fate of the STH is not known at this
clusion consistent with the results of kinetic measurementiime; it was not destroyed by donor-acceptor pair recombi-
described later. A low spifOsCL(NO)]*~ double donor nation. One possibility is the formation of molecular
center would be diamagnetic and remain undetected in thehloriné*** at surfaces of the AgClI grains following photo-
EPR experiment. excited hole diffusion. The gelatin radicals were unaffected
To determine the symmetry of G8/ and to better derive by red light and continued to obscure tbe region of the
its magnetic resonance parameters, electron spin-ech®s3V spectrum. This was not a problem for the sample
detected EPR spectra were measured at 94 Gd2at for  prepared with polyvinyl alcohol as the peptizer, as is clear
a range of UV-irradiated samples. Figure 4 shows a spectruriiom the 9.3 GHz spectrum shown in Fig. 5. This spectrum
obtained from a 0.35um cubic AgCIl sample containing a was analyzed assuming an orthorhombianatrix with a
nominal 100 ppm of OsCL(NO)]?~ following its exposure triplet SHF splitting from a singlé“N nucleus resolved at
to 310—-320 nm light. At 94 GHz, the absorption signals fromg,. We performed powder ENDOR measurements on this
the STH are well separated from those of ®& There was sample in an attempt to derive the remainifily SHF matrix
a slight loss in resolution of the spectrum when going to 94components. A representative spectrum obtained RBitlat
GHz believed to be the result @fstrain broadening. The g, (347.5 mTis included in Fig. 6. The signal at 14.78 MHz
Os3V donor is now clearly seen to have orthorhombic sym-is assigned as a proton matrix-ENDOR feature resulting
metry with g,=1.7030 andg,=1.9487. The value deter- from electron-nuclear dipole-dipole interactions between
mined for g, (=2.00) is approximate because of overlapOs3V centers at near-surface locations and protons in gela-
with a sharp, weak signal near free spin. Considegrigc-  tin or water in the grains’ environment. The majority of EN-

tors alone suggests an assignment of this weak signal to the
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the nitrosyl ligand. This spectrum is that expected for a situ-
ation in which (i) the hyperfine coupling constant is much
larger thanv,,, the Larmor frequency fot*N, and(ii) there
is a finite nuclear quadrupole interaction. To first order, the
signals are centered at a frequencWQ)‘/Zl and are split into
a primary doublet separated bw2(=2.14 MHz at 347.5
mT), as shown in Fig. 6. The nuclear quadrupole interaction
y further splits thesen,= + 1 lines into doublets separated by
W, , the quadrupole interaction parameter algnghe slight
. angular dependences of these features could be followed
when By was in the range 340-352 mT, but it proved im-
g, possible to measur&N ENDOR with B, at g, (390 mT),
9, preventing a precise determination p&,|. Finally, EPR
spectra at 9.3 and 94 GHz were simulated for comparison to

experiment using linewidths as fitting parameters. The result
at 9.3 GHz is included in Fig. 5. For completeness, this simu-

320 340 360 380 400 lation included a'®%0s (1 =2, 16.1% natural abundancelF
B(mT) interaction of 8.47 mT ag, and set an upper limit of 1 mT
14
FIG. 5. EPR spectrum obtained at 9.3 GHz and 10 K from afor the N A value. .
0.38um cubic AgCl sample doped at 25 ppm witBsCL(NO)]?". When a fresh sample ¢OsCL(NO)]“" -doped AgCl was

Spectrum measured after first irradiating with 365 nm light at 10 k€xposed to subband gap light at 10 K and then annealed
and then bleaching (Agg*~ centers with red light. The lower above 40 K, the STH began to diffuse and decay. As in the

spectrum is a simulation based on the parameters determined f6@d-light bleaching experiments, its decay was not the result
[OsCL(NO)]3~ -3V donors and included in Table V. The asterisks of donor-acceptor pair recombination with‘G¥, the latter
indicate features assigned #80s hyperfine structure af, . being stable up to 120 K. Between 40 and 60 K, two para-
magnetic centers resulted from loss of the acceptor. The first
DOR lines appearing between 5 and 12 MHz are assigned agve a broad, asymmetric EPR signal near 320 mT. This
hyperfine features from interactions with second-shell orsignal, commonly observed in studies of AgCl grains doped
more distant’®’Ag (I=2%) and ®Ag (I=%) nuclides. This with deep electron traps, is assigned as holes transiently
interpretation is consistent with the observed line intensitiegrapped by silver ions at surface or near-surface locations. It
and the ratio of the derivetf’Ag and 1°°Ag hyperfine cou-  will be the subject of a future report. The second product of
pling constants. The four signals observed in the frequencgnnealing was additional gelatin radical. The intensity of its
range 15—-22 MHz are most reasonably assigned to intera¢sotropic, structureless EPR signal aj=2.0049 AB

tions between the unpaired electron and tfe nuclide of =1.6mT) increased about tenfold during this treatment.
Since it was formed concomitantly with the decay of hole

. A)=366MHz A2 centers in AgCl, it is thought to be a cationic radical. The

N IW,| = 3.6 MHz | structure of this species is, as yet, unknown, and so it is

labeled as (gel) in this report. The oxidant could be
(AgCle)*~, atomic chlorine, or GI*

Continued annealing of the UV-irradiated, gelatin-
peptized emulsion to room temperature caused additional
changes in the EPR spectrum. Following warming to 200 K
and quenching to 10 K, the signals from (gebadicals and
0Os 3V donors were greatly reduced in intensiBig. 7), the
latter being replaced by a new spectrum showing a well-

m=+1/2 mg=-1/2

o)

b)

3 resolved triplet splitting on one of its featurgsg. 7(a)]. We
assign this spectrum to a secof®sCL(NO)]®~ center,

J\/\/\F Os2V, produced by the diffusion of the extra vacancy from

71%Ag |A,l = 9.8 MHz 0s3V to a remote lattice site. Based on the results of the

binding energy calculationdable ), a (011)(01) vacancy

geometry is assigned to @4/. This center was produced in
0 s 10 15 20 25 highest yields by subband gap exposures at 250 K, although
it was also detected after irradiation at room temperature. If
we assume OR2V is axially symmetric, we cannot account

FIG. 6. Powder ENDOR spectrum measured at 9.43 GHz andO! the relative intensities of the features centered at about

12 K from a 0.38um cubic AgCl sample doped at 100 ppm with 355 and 405 mTsee Fig. T)]. However, if it has rhombic
[OsCL(NO)]2~. Spectrum measured after irradiating sample withSymmetry, an acceptable correlation between calculated and
365 nm light at 87 K.(a) Spectrum measured with 350 KHz FM €xperimental spectra can be achiey&dy. 7(c)]. Here, g,
modulation.(b) Integration of spectrum shown i@). See text for ~was estimated by assuming that the averggtactor for
justifications of the spectral assignments. Os2V is equal to that measured for B¥. A value of gy

Frequency (MHz)
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good fit was achieved out to 2410* s assuming a logarith-
mic dependence on decay time. Kinetic data obtained for
annealing temperatures between 250 and 310 K were char-
acterized by(i) a surprising temperature independence to the
slopes at long times, an@i) clear evidence for a complex
convolution of competitive generation and decay processes
at early times. In fact, the concentration of'@¢ increased
by as much as 30% in the first few seconds of annealing at
250 K. This behavior can be explained if, once again, we
assume thafOsCL(NO)]2~ acts as a doubly ionized donor
in AgCI so that long exposures to band-gap light produce
substantial populations DsCL(NO)]*~. This diamagnetic
center will have a lower ionization potential than*@¢. It
would decay first during annealing, momentarily increasing
300 320 340 360 380 400 420 the concentration of OBV, as observed experimentally. To
B(mT) facilitate comparisons of dopant behavior, we have estimated
an effective lifetime for O2V of about 550 s at 300 K; it
FIG. 7. EPR spectrum measured at 9.3 GHz and 10 K from ajecayed completely in about410*s. A lifetime at 300 K

0.40um cubic AgCl sample doped at 25 ppm witBsCL(NO)J?".  of =1 6x 10° s was reported previously for the correspond-
(a) Spectrum measured after irradiation with 365 nm light at 10 King RU2V center in AgCIE.’
and dark annealing to 200 Kb) Simulation assuming uniaxial We observed no significant effect of grain size on the

symmetry.(p) Simulation assuming rhombic symmetry. The featurebehavior Of[OSCIs(NO)]Z_ in AgCl. To assess the depen-
atgy in (c) is seen as a shoulder at about 318 mTan dence on dopant location, a comparison was made between
the EPR spectra obtained from two exposed and annealed
=2.103 is thus obtained. In fact, features close to this emulsions to Whicr[OsCL-,(NO)]Z* was added in bands. In
position were observed at 9.3 and 94 GHz, although therene, it was confined to a region between 0 and 5% of the
was considerable overlap with other signals at both frequergrain volume. In the second, a peripheral band between 95
cies. We were unable to measure ENDOR spectra f62\0s and 100% was doped at the same nominal concentration
because of its low concentration, largspread, and shoft;  (Table ). Exposures to 420 nm light at 10 K produced
time. Thus, only thdA,| component of théN SHF matrix ~ Os3V donors in both emulsions. These converted t&2Us
is reported with itgg factors in Table V. donors at 200 K, but a low concentration of a third
The O$2V donors persisted for several hours at 300 K[OsCL(NO)]®~ center was detected in grains where the dop-
following generation by UV irradiation at 250 K. Their de- ant was confined to the perimetésee Fig. 8 This new
cay could not be followed directly by EPR at this tempera-center at the near-surface location gave an anisotropic EPR
ture, however, because fast spin relaxation prevented thespectrum similar to that of G2V, but with substantial shifts
detection above 50 K. Kinetic data were obtained using arn g, andg, factors. In this caseg, was clearly resolved at
isochronal thermal pulse method in which the relative dono®.3 GHz[see Fig. &)]. Since it forms only when the dopant
concentration was measured by double integration of thés in the space-charge region of the silver halide grain, a
EPR signal obtained at 10 K. The kinetic data obtained foregion rich in Ag" interstitials but deplete of cation vacan-
an annealing temperature of 300 K could not be satisfactorilgies, structures like O%V or Os0V are suggested. The low
fitted to first order, second order, simple combinations of firsisite symmetry reflected in the anisotrogienatrix favors an
and/or second order, or diffusion-controftéckinetics. A assignment to O%V and calculation puts the vacancy at

TABLE V. Magnetic resonance data obtained fof Cls(NO)]3~ centers in cubic AgCl emulsions/

=0s or Ru.
Center g factors(+0.0005 1N Hyperfine Values/mT
9x 9y 9, |A IAl IA,]

Os3V 1.9980 1.9487 1.7030 3.28 1.34 =<1°
Os2v 2.10% 1.8900 1.6382 b 3.35 <1°
OsnV (n=1 or 0 2.128 1.8640 1.6020 b 3. b
Ru'3Vv 2.0219 2.0219 1.9340 Z5 2.5 <1%®
Ru2v 2.0230 2.0230 1.9342 Z5 2.5 <]1%®

3/alues estimated assumirg,= 1.888.

®Not resolved experimentally.

‘Estimated from spectral simulation.

dvalue +0.2 mT.

®Derived assuming uniaxial symmetry—see Sec. Il D for details.
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(ge)’

[RUCI(NO)J* 2V
g, 9, 9,
a) [OsCI(NO)™- 1V

[RuCI(NO)]*- 3V
b)

g,=9, g,
320 330 340 350
320 340 360 380 400 420 B(mT)

B(mT)
FIG. 9. EPR spectra measured at 9.3 GHz and 10 K from 0.4

FIG. 8. EPR spectra obtained at 9.3 GHz and 10 K from 0.38um cubic AgCl grains doped with 25 ppffRuCK(NO)]?". (a)
um cubic AgCl samples doped at 25 ppm w[t®sCLNO)]?". Sample exposed to 540 nm light at 10 K and then bleached with
Both samples exposed to 420 nm light at 10 K followed by darkA\=650nm to eliminate (AgG)* . Spectrum assigned as
anneals to 200 K. Ifa), dopant added in peripheral band from 95 to [RUCK(NO)]3~-3V. Lower trace is a simulation based on data in
100% of grain volume. Irfb), dopant added from 3.5 to 90% of the Table V. (b) Sample exposed to 540 nm light at 300 K. Spectrum
grain volume. assigned a§RuCk(NO)]~-2V. Origin of features marked with
asterisks is unclegsee text

(011 (see Table )l This center could only be produced in
very low yields, but it was more stable than eithe? 6 or
Os2V. This is consistent with its additional positive site
charge, which will increase its ionization potential and con-
tribute, thereby, to its thermal stability.

The low-symmetry zigzag configuration predicted for
such a structure should result in an orthorhondpimatrix.
However, powder EPR spectra obtained at 9.3 GHz and 10
K, and 35.3 GHz and 77 K suggest uniaxial symmetry, and
reasonable correlations between simulated and experimental
spectrde.g., Fig. 9a)] were achieved on this basis with the
data included in Table V. A possible explanation is that,
above 10 K, RIBV undergoes librational relaxation between
the two symmetry related zigzag structures predicted by

In order to investigate the influence of the TM ion on thetheory. This process might be facilitated by the extra lattice
photochemistry of nitrosyl-containing Agdopants, experi- volume afforded through its association with three silver ion
ments similar to those performed §@sCK(NO)]*~-doped  vacancies. Further work is in progress to address this issue.
AgCl were repeated for its ruthenium analog. Exchanging Ru A similar, but not identical 9.3 GHz spectrum was ob-
for Os considerably extended the sensitivity of the dopedained at 10 K after 540 nm irradiation of a fresh sample at
AgCI grains to subband gap radiation. Substantial yields ofoom temperaturéFig. 9b)], or by annealing an emulsion
two paramagnetic photoproducts could be produced by exexposed at 10 to 300 K in the dark. By analogy to the results
posures to light between 420 and 560 nm at 10 K, with tracefrom [OsCE(NO)]®~, we assign the new spectrum to the
of these defects resulting from irradiation out as far as 60Geutral species RRV. As in the case of the Os donors, the
nm. One of these centers, the STH, could be bleached by @nversion from RIBV to RU2V occurred in the region of
subsequent exposure to red lightt 650 nm). The spectrum 120-140 K where point defects in AgCl begin to diffuse.
of the remaining photoproduct, a dopant-related donor centhe spectrum of R@V again appears to be axial, in contra-
ter, is shown in Fig. @). In this experiment the sample was diction to theoretical predictions. However, it changed sub-
a 0.40 um AgCl emulsion doped with 25 ppm of stantially and reversibly with temperature, consistent with
[RUCK(NO)]*~. This EPR spectrum, measured at 9.3 GHzthe occurrence of dynamical relaxation in the range 10—77
and 10 K, is believed to originate from a single kind of k.
trapped electron center, although it is difficult to be certain in There is a small increase m anisotropy on going from
view of the large linewidths involved. This conclusion was Ry'3V to RU2V, and a decrease in EPR linewidth, espe-
reached because the spectrum did not change in shape w'@tg”y atg, . Furthermore, the spectrum of RY has two
variations in the irradiation wavelength and exposure timeynexplained features: the weak signal on the low-field side of
or during thermal annealing treatments by which it was deq and the broad shoulder at about 336 ffarked with
stroyed. It is assigned as the ruthenium analog 03®s  asterisks in Fig. @)]. These features were originally thought
Theory predicts a (0)1111)(002) vacancy geometry for to be from impurities or decomposition products introduced
Ru'3V (Table ) with a bent Ru-N=0O bond(Table Il) and during doping. They were still observed, however, from
substantial unpaired electron density on nitrog€able V). samples prepared using carefully purified dopant salts under

D. Photo-EPR studies of RuCls(NO)]?~-doped AgCl
emulsions
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conditions designed to minimize their decomposition. An al-principal SHF parameters experimentally, so that all combi-
ternative explanation is that they result form a secondaryations must be considered. Only those with b&frandA,
population of R{2V donors with a different geometrical ar- positive, or A, positive andA, negative give physically
rangement of vacancies. However, this is inconsistent witimeaningful solutiongi.e., a3+ a§p$ 1, 2b>0). With both
binding-energy calculations that show a preference for thé\, andA, positive,agst.OS andagpwo.%, which gives a
(011)(011) geometry of about 0.38 eV. Finally, they might total nitrogen spin population that is smaller than 0.63, the
be EPR “overshoot’ features originating from the Ry  Vvalue calculated by Hartree-Fock methods for the linear con-
donorst’ These can result when the principal directions offiguration of OS3V (Table IV). Somewhat closer correla2t|on
the g and N A matrices are noncoincident, a situation that!S found azssummg\H positive andA, negative. Thenay,
would occur if the Ru-N=O bond is indeed substantially ~0-005, @3,~0.75. The largep/s ratio derived from this
bent. analysis is consistent with the linear structure predicted by

To date, we have been unable to detect EPR signals th4i€0ry- Bending of thé1-N—0 bond would mix substantial
could be assigned to RV or RUOV centers in AgCl nitrogen % orbital density into the semioccupied MO. Simi-
grains lar analyses of the magnetic-resonance data derived for

0Os2V and OénV (n=0 or 1) donors are confounded by the
effects of the increased bond bending predicted by calcula-
tion and by the absence of ENDOR data. The substantial
structural relaxations of these donors predicted in Table Il
A. Electronic structure will result in g and *“N A matrices that have noncoincident
principal directions. This means that the largest SHF split-

Optical-absorption studies have  shown that o
2 2— tings measured at thg, positions for O2V and O$nV (n
[OsCLNO)J”  and [RUCK(NO)]™ " are stable for several =0 or 1) are unlikely to be principal values of tHéN SHF

hours in acidified gelatin solutions containing a substantial - . . » e
excess of CI.28 In this study, such dopant solutions were matrices. There is also the possibility of “overshoot” lilés

used within minutes of their preparation. Thus, we assumd! their powder spectra, but the smdfiN SHF splittings

that the nitrosyls do not decompose during precipitation an('flelat've. to the experimental linewidths appears to preclude
resolution of these extra features.

that they are incorporated intact into the AgCl grains. Calcu- Similar problems occur for spin population analyses of
lations suggest that the replacement of an (ACllattice the data from R1BV and RU2V because both donors are

unit by an[MCls(NO)]2~ complex is favored, and that the X . )
L o ; ~ predicted to have highly distorted structut@sble I1). How-
majority of [M Cls(NO)]"" complexes incorporated by pre ever, the detection of larg&N SHF splittings on ‘g, ”

cipitation will have three associated silver ion vacancies, es-_ . . . .
) _ . implies that, in each case, the semioccupied MO has substan-
pecially at low temperatures. F&1=0s, linearM-N=0

, , — tial nitrogen 2 character, consistent with theofJable V).
structures with vacancies #001), (011), and (002, or

(01D, (0T1), and (10_:) should occur in almost equal frac- B. Photochemistry
tions, and they should have similar electron trapping proper- To

ties. In practic_:e, however, a single.kind of qonqr center i M Cl5(NO)]2~-doped AgCl grains, it is helpful to construct
produced by light exposure suggesting that kinetic processeg e electron energy level models from the combined results

select only one of these geometrical arrangements at loy; experiment and calculation, as in Fig. 10. On this basis,

temperatures. For the purposes of this discussion, we Wilher sensitivity to subband gap light can be explained by a
assume that this is (0}011)(002), for which calculation combination of two processeé) a lattice-to-dopant charge
predicts the slightly larger total vacancy binding energy.transfer transition, andi) a concerted mechanism in which
WhenM = Ru, this vacancy arrangement is also preferred foian internald-d transition of the dopant is followed by charge
the linear Ru¥ ionized donor. (hole) transfer to the lattice from its excited state. A similar
For the linear OBV donor, the electrostatic effect of the scheme was proposed to explain the behavior of (RACI
two nearest-neighbor vacancies alongill split the degen-  deep ionized donors in Ag&F.In (i), excitation of electrons
eracy of them*NO orbitals. The ground-state MO will thus from the valence band edge to the lowest unoccupied mo-
comprise of Os 6 and X,z orbitals hybridized withm}  lecular orbitals(LUMO) levels of the dopant generates the
from NO. From simple first-order argumeritsthe ordering [MCI5(NO)]3~ deep donor directly; the hole at the valence
of the g factors will then beg,<g,~g,, and the nitrogen band edge instantaneously self-traps. The activation energy
SHF matrix will have its largest principal value alorgThis  for hole diffusion in AgCl is about 65 me¥ so that the
is consistent with experiment. donor-acceptor pairs produced by subband gap light are
An analysis of the EPR and ENDOR data can give alikely to remain associated at 10 K.
rough estimate of the unpaired electron distribution in  AgCl emulsions doped withRuCk(NO)]?>~ proved to be
Os3V. Ignoring dipole-dipole contributions to tHéN SHF  particularly sensitive to light in the region of 550 nm, with
interaction matrix, and assuming uniaxial symmetry for ni-dopant induced absorption extending out as far as 600 nm.
trogen, we can seA,=A,= (a5, 2b) and approximateé\, With (i) as the lowest energy process, this sets the energy for
as the average of\, and A,(=a;;,—b). The terms have this charge transfer transition at about 2.1 eV. The lowest
their usual meanings. For unit spin population in the nitro- energyd-d transition for[RuCk(NO)]?>~ in aqueous solu-
gen 2 orbital (a5.=1), a5, is calculated to be 64.62 nPf.  tion is at about 568 nrff and this is expected to be only
For unit spin population in the nitrogenp2orbital (a%p slightly shifted in the AgCl lattice. Thus, the energy of pro-
=1), b=1.981 mT?! We cannot determine the signs of the cess(ii) is about 2.2 eV. Taking these data into account, and

IV. DISCUSSION

understand the photochemistry of
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[RUCI(NO)F- 3V [OsCI(NO)R-3V silver chloride. Our results are consistent with structural
models in which thg MClg(NO)]?2~, whereM=Ru or Os,
are incorporated with their ligands intact into precipitates of
_— 7, AgCl. Substitution for (AgG)® is predicted by calculation,
d: fx with linear M-N=O bonds in each case. In cubic AgCI
- ﬂ,”*y 32 eV Z grains ranging in size from 0.05 to Ogmn, charge compen-
g ' sation is achieved by association of each dopant complex
(ii) 0] with three silver ion vacancies. The most favorable geometry

(@ ® for M3V appears to be (000011)(002), although other
geometries are close in energy. The incorporation of these
| A ¥ —od, nitrosyls int_o_ AgCl introduces Iow-Iyin.g midgap LUMO lev-
Gy 40— ______1 els that facilitate deep electron trapping.
. Electron trapping proceeds in a series of steps requiring

FIG. 10. One-electron energy level models derived from calcusyryctural relaxations of both the dopant and the lattice. In
lated and experimental data, proposed to explain the photochem@he first step, the deep donor center is an overcompensated
try of [MCIS(NO)]* -doped AgCl M=Ru, 09. (i) Lattice-to- ;o1 (NO)J3~ -3V structure in which théV-N—O bond is
dopant charge-transfer transitiofii) Concerted charge-transfer Iinears Electron trapping may cause this bond to bend, and
process initiated by-d excitation of dopant complex. The ordering the dégree of bending is largest whi=Ru. This Iower,s
of dopant levels is shown for linea—M-N=O structures with h f h . ‘ed MO N ted with the do-
optimal geometries for the three associated silver ion vacancieg. € energy o 9 semlopcqple assoc.:la ed wi € do
The #* orbital degeneracy is removed by the two vacancies alond10r center, helping to dissipate the .trappmg energy. In the
they axis. second stqge, the donor complex is convert_ed t_o a more
stable configuratior,M Cls(NO)]®~ - 2V, by the diffusion of

assuming a band-gap energy of 3.2 eV, allows us to placH® €xcess vacancy 1o a remote lattice site. _

7% atabout 1.1 eV below the conduction band edge with the The [RUCKNO)]""-2V donor center has exceptional
dopant's highest occupied molecular orbitBlOMO) at or  StaPility at 300 K, decaying by NO evolution rather than by
just below the valence band edge. Consistent with these egjgrmal |on|zaf[|or?..AIthough significantly less stable, its os-
timations, there was no evidence of hole trapping bymlum gnalog is still long .“Ved at room temperature. It <_je-
[RUCL(NO)]>~ when diffusion of the STH was induced by cays via a C(_)nvoluted series of reactlc_)ns, the exact detal!s of
light or heat. Calculations place theds LUMO of which are st_|II unknown. The process is, however,_ rever5|ble
[OsCls(NO)]Z‘ above ther*  levels of [RuCL;(NO)]Z‘. S0 that_NO ligand loss can be exclude_d fror_n con5|der§1t|on as
This explains the former doxb{':mt’s lack of sensitivity to vis- a principal decay mechanism. There is indirect experimental

ible light beyond 460 nm. Th#"3V andM®2V donor cen- evidence tha{ OSCKNO)]°"-3V can trap more than one

ters of both metals showed no propensity to bleach during;electron during light exposure.

exposure to red lightN\=650 nm), conditions that photoion-
ized STH centers. Thus their optical ionization energies must ACKNOWLEDGMENTS
exceed 1.9 eV.
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