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Recent experiments indicated that the formation of small, nonstoichiometric clustSsaimd ZrS,"™ was
possible. In this work, the ground states of these clusters, wherendm < 4, were studied using density
functional theory. Global minima were found to be primarily cyclic structures in which ##nS S preference

for large bond angles was preserved. lonization was shown to lead to structural relaxation and occasionally
major changes in conformation. Cohesive energies are reported as a function of cluster composition. Qualitative
comparisons were extracted from the energetics resulting from structural optimizations, and such comparisons
appear to be consistent with the experiment. The computational data for th@ZthEnS., (wherem > n)

clusters indicated that sulfasulfur bonding in larger ZnS clusters could be feasible without significant
energetic cost and that such structures should at least be considered.

Introduction has indicated that, for small cluster sizes, significant quantities
of nonstoichiometric clusters were produced. However, as the
cluster size increased, the clusters tended to be predominately
stoichiometric. The same studies have shown that anomalously
large peaks occurred for stoichiometric clusters of 13 and 34
. : g .1 monomer units. Subsequent computational analysis of possible
has led to intense experimental efforts to quantify its physical geometries for these stable clusters did not yield structures that

properties and to improve performance in practical devices. Id t for th naly i d stability found i
Nanoparticle-sized clusters of these materials are recent experi-Cou account for the seemingly increased stabiiity found in
he mass spectra.

mental targets, since they exhibit size-dependent chemical and i o ) )
physical properties. In particular, the transition from molecular ~ From a different perspective, inorganic chemists have been
to nanoparticle and, finally, bulk properties presented by these €xploring metat-sulfide bonds for quite some time. These
semiconductors represents a fundamental research problem, buficlude studies of disulfide and polysulfide bonds. However,
one that has significant practical applications. Zinc sulfide and in almost all cases, ancillary ligands are available to the
cadmium sulfide have been the primary focus of most of the coordinating metal. The many examples of reported metal
reported research. Here, we focus on small, nonstoichiometricSulfur bonds include a recent characterizaft@i RuS nanois-
clusters of ZnS. lands on Au(111), in which a distorted NaCl crystal structure
A small number of computational studies have been reported Was reported. In this structure, Ru was bound to discrete S
for ZnS molecular clusters as well as crystallites of up to several units, which occupied the Cl positions. Complex diruthenium
hundred atoms. The structure of small crystallites has beencomplexes with a Rig, core were also reportéd.in these
explored using HartreeFock tight binding methodé.These ~ structures, a rhomboid-like core with a RRu bond was
clusters were based on the zinc blende bulk structure of ZnS.observed. An analogous core forms the basis of CoMoMn{(CO)
An attempt was made to apply restricted HartrBeck methods ~ (4-Sz) and the related manganese compfel More relevant
to small ZnS clusters (up to eight total atoms). However, the to the current work, similar results are available for zinc. For
only reported converged structure was the stoichiometric example, Verma and co-worker&n a novel synthetic method,
tetramef Density functional theory (DFT) with a core pseudo- report tetrahedral structures for zinc surrounded by four sulfur
potential was used in a study of small stoichiometric gas-phaseatoms. Zinc polysulfide complexes exhibited a range of core
clusters, (ZnS) n < 958 For stoichiometric clusters with five  structures dependent on the ratio of zinc to sulfuruther et
or fewer monomer units, the calculations found that planar, al.X°reported sphalerite-like structures for [By(H20)4*~ and
monocyclic rings were the preferred geometry. Three-dimen- [Zn3Ss(H20)4]. Six-membered rings were the primary feature
sional structures became important beyond this cluster size. Theof these geometries. Zinc polysulfide complexes [Z%
same authors used time-dependent DFT to optimize the low-were shown, by their crystal structures, to be composed of a
lying excited states of the stoichiometric clusters and estimate pair of tetrahedrally coordinated bidentate ligands, withSS
the electronic excitation energié&More recently, a DFT study ~ bond lengths approximately equal to those of the free ligdnd.
of the structure of mixed clusters of up to four atoms was Finally, a mass spectrometric fragmentation study of capped
reported® Larger stoichiometric clusters1(> 9) have been ZnS has been reported. Under normal conditions, the-zinc
treated by density functional thedhor simulated annealin;!2 sulfur core was found to be stable with respect to dissocidtion.
leading to global minima with open structures or bubble cluster Six-membered rings were again the preferred structural building
geometries based on four- and six-membered rings of ZnS. block. These studies, for the most part, are focused on more
Recent mass spectrometric anal¥sisf the plume created  complex systems. In the current work, we are exploring the
by laser ablation of mixtures of zinc and sulfur, as well as ZnS, structures for a range of clusters that might form the cores of

The [I-VI semiconductors are of interest because of their
wide-ranging applications. For example, these compound semi-
conductors are used as catalysts, solar cell3,and in quantum
devices, such as quantum défEhe versatility of the material
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analogous transition-metal complexes. However, the sulfur
ligand in the current work is not limited t0,S&4, or S units, 22904
but allowed to vary continuously, since the most recent mass
spectrometric results were obtained using laser ablation, a
process that creates an environment in which atomic constituents
are readily produced.

All previous computational studies have focused on hetero-
nuclear bonding. The experimental presence of small nonsto- (
ichiometric clusters in the recent mass spectrometric experiments?303,/
was indicative of at least theossibilityof homonuclear bonding
within the largern = 13 or 34 sized clusters. The current study
was carried out to explore the structure of these small clusters,
both in a fundamental sense and as a possible guide to

I+

nontraditional geometries for the larger clusters. Figure 1. Global minimum structures for neutral and cationic
stoichiometric clusters of up to six atoms. The darker balls represent
Computational Methods the zinc atoms. Bond lengths and bond angles are indicated.

The calculations reported in this work were all completed
with the Gaussian 98 suite of prografdsin particular, the
primary computational tools involved the hybrid B3LYP
functionaP® with the CEP-121G basis s&t,26 and all reported
structural results were obtained via that theoretical method. This
basis set employed a relativistic effective core potential for all
but the outermost electrons. A similar theoretical method has
been previously employed and shown to be sufficiently accurate
to explore the structures of stoichiometric zinc sulfide clusters
of up to nine monomeric unitd:*2That research used a modified
basis set that included an additional set of diffuse functions.
Calculations for the neutral dimer, trimer, and tetramer clusters
have been completed and reported here as a test of the accuracy
of the current theoretical method. As shown in the subsequent
sections, our unmodified basis set provided results nearly
identical to those previously reported, indicating that the more
cpu-intensive basis set that included diffuse functions was
unnecessary in this work. All global minimum structures were
confirmed as stationary points by calculating the harmonic
frequencies at the same level of theory. For the reported
structures, all of the harmonic frequencies were real and the
optimized structures had the lowest total energy of all of the
geometries examined for that particular stoichiometry. Electron
density maps were plotted using GAUSSVIEW software.

Results (© (d)

The optimized structures, using the related B3LYP/SKBJ(d) Figure 2. Total electron density maps for (a) Z3 (1) ; (b) ZnsS
theoretical method, for stoichiometric clusters of up to eight (1) ; () ZnSs (XXI1) , and (d) ZnS; (XXIV) .
monomer units have been previously repoftedle have
optimized the structures of the three smallest stoichiometries density plot shown in Figure 2a. For the trimer, the global
and compared the resulting structures with the those of the minimum was the six-membered ri shown in the figure.
previous study as a reference for the accuracy of the theoreticalThe zine-zinc distance in this structure was 2.961 A, longer
method used here. For the monomer, the calculated bond lengththan typically observed for the metainetal bond. The electron
2.113 A, was shorter than the bulk valuef 2.35 A. This density plot, Figure 2b, confirms the absence of any-Zn
difference is an extreme example of the change in physical interaction. Finally, the tetramer global minimum was the nearly
properties as the molecular ZnS evolves into the bulk form. square, eight-membered rifly . The geometries for all three
Previous calculated bond lengti$ave been in the range from  structures were within 1% of those previously reported. The
2.05 to 2.13 A. Our optimized structures for &, ZnsSz, and cation geometries™, Il T, andlll * were qualitatively identical
ZnsS, are shown in Figure 1 with the respective bond lengths to the structures of the neutrals. The main effect of ionization
and bond angles. The zinsulfur bond distance in the dimer in these clusters was development of a slight asymmetilytin
was increased by nearly 10% compared to that of the monomer;and small modifications in the bond angles. Bond angle changes
however, the zinesulfur bond length decreased as the sto- (1—4%) decreased across the series as the cluster size increased.
ichiometric clusters grew further in size. The trend toward the  Approximately 200 total possible structures for the nonsto-
bulk ZnS bond distance does not begin until cage structuresichiometric clusters Zs&y, wheren, m < 4, were examined.
are formed. The range of starting geometries were based on the reported

The rhomboid geometry was the global minimum for the  structures for other semiconductor clusters such aé&aand
dimer. In this structure, there was an explicit zirmnc bond chemical intuition in order to include other possibilities. A
(2.474 A) across the diagonal. This is evident in the electron selection, but not a complete inventory, of general initial
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TABLE 1: Cohesive Energies for the Global Minimum
/\ A Structures?
cluster E, kJ mol? cluster E, kJ mol?

ZnSs 91.4 ZpSs (1) 1075.8 (358.6)
Zn,S; (1) 542.8 (271.4)  ZiB, () 1505.9 (376.5)
Zn;S (V) 178.5 Zn3 (VIl) 2415
ZnsS (IX) 213.3 Zns (XI1) 538.6
ZnS XIV) 289.9 Zng (XVII) 729.6
ZnsS; (XIX)  653.7 ZnS; (XXII') 784.0
ZnS, (XXIV)  715.9 ZnS, (XXVI')  1003.9

aEnergies per ZnS monomer unit are in parentheses.
cluster. The zinesulfur bond lengths were longer than in the
monomer and comparable to those i,%n A bent geometry

Figure 3. General structures used as initial geometries in the global was 0.43 eV higher in energy. The global minimum reflected
minimum search. All positional permutations of the atoms were used the preference for maximizing the number of heteronuclear

as initial geometries for optimization. Linear and bent chains were P0nds and the relatively weak contribution of the metaktal
employed, but are not shown. bonding. For Zng however, the triangulat,, geometryVIl

was 0.25 eV lower than the symmetric linear form. With this
geometries is shown in Figure 3. All of the possible arrange- ratio of sulfur to zinc, the triangular structure maximized the
ments of the atoms in these geometries were used as startingqiumber of Zr-S bonds, while allowing for significant sulftr
points for optimization. Not shown in the figure are numerous sulfur interaction within the cluster. Attempts to optimize the
linear, bent, and branched chain configurations, for which all asymmetric linear geometry led to dissociation into -Zr,.
atomic permutations were optimized. Although some low-lying, The cations ZsS* and Zn$+ demonstrated structural tendencies
three-dimensional structures were located, the global minima similar to those of the neutral clusters. The asymmetric linear
for all of the nonstoichiometric clusters examined in this work form VT was the global minimum for the 28" cluster ion,
were planar. The lowest energy structures for all of the clusters 0.37 eV below the symmetric clustdf *. A cyclic form of
are presented in Figures 4 and 5 with the corresponding bondthis cluster ring-opened upon optimization. The-23 bond
lengths and bond angles. Cohesive energies are contained idength in V™ was slightly shorter than in the neutral cluster,
Table 1. For simplicity, the clusters, both neutral and cationic, reflecting a more ionic bond involving a charged zinc atom.
are discussed in groups determined by the total number of atomsFor ZnS$™, the triangularC,, geometryVIIl * was the global
in the cluster. minimum as was observed for the corresponding neutral cluster.

Zn,S and ZnS. Because of the small cluster size, the number In the ion, the zine-sulfur bond length increased, while the

of possible structures was limited. However, all possibilities, sulfur—sulfur interaction became stronger, as evidenced by a
cyclic, linear, and bent, were examined. The lowest energy decrease in that bond length.
structures are shown in Figure 4. The bond energetics led to Zn3S and ZnS. The lowest energy structures for these neutral
different global minimum geometries for neutral,®and Zn$. and cationic clusters are presented in Figure 4. The geometry
For the former, the symmetric linear fortd , with two zinc— of the ZnsS cluster followed from that of the 28 cluster, built
sulfur bonds, was 0.19 eV lower than the asymmetric linear by the addition of a zinc atom, so that a linear confornh¥r,
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Figure 4. Global minimum structures for the Zp8nd ZnS clusters. The darker balls represent the zinc atoms. Bond lengths and bond angles are
indicated.
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Figure 5. Global minimum structures for the 28, and ZnS; clusters. The darker balls represent the zinc atoms. Bond lengths and bond angles
are indicated.

with unequal zine-sulfur bond lengths, was the global mini- charge distribution clearly played a significant role in the
mum. Other low-lying structures included a rhomboid geometry, geometry change from that of the neutral cluster.

X, analogous to the ZnStructure, that was only 0.08 eV above ZnsS, and Zn,Ss. The general preference for planar, five-
the linear form and three-membered ring and branched forms ,empered ring global minima continued with this series of
that were 0.24 and 0.33 eV higher in energy, respectively. As
was true for the three-atom clusters, the geometric preference
was a reflection of the ineffectiveness of the zitzinc
interaction. The Zng global minimum was the rhomboid
structureXIl , which represented the addition of a sulfur atom
to the global minimuntC,, ZnS; structure. The other conformers

were significantly higher in energy. For example, a bent chain . .
structurge was 0 %/8 e%/ and the Iigr]1)(/aar chain 1 36 eV. above thisWas 0.63 eV more stable than a four-membered ring alternative.

global minimum energy. The zircsulfur bond length was less For Zrth, the cyclic gepmetryXXII was a sulfur-cap_pg.d
than that of the stoichiometric dimer, and comparable to that Guadrilateral. The ZaZn distance, 2.65 A, offers the possibility
observed for the three-atom clusters. In the case of the cationsf @ weak bonding interaction across the ring. However, the
Zn;S* qualitatively followed the structural tendencies of its electron density map in Figure 2c indicates the absence of any
neutral precursor; however, a bext,t, rather than linear, chain metak-metal bonding. This structure was 1.9 eV more stable
was the lowest energy conformer with branched, linear, and than a planar four-membered ring. Thes3ncation had two
rhomboid forms 0.11, 0.34, and 0.53 eV above the global low-energy forms; one was qualitatively the same planar ring
minimum. Zn3" exhibited the same structural preference as structure that was the global minimum for the neutral cluster,
the neutral cluster. The rhomboid iotill * was the lowest XXI*, but this cation was 0.16 eV higher in energy than the
energy structure, and the bent and linear chains were signifi- nonplanar four-membered rit¢X *. The ZnS; cationXXIll *
cantly higher, 0.54 and 1.01 eV, in energy. The zisalfur maintained the same general structure as the neutral cluster, with
bond is lengthened and the suktsulfur bond shortened inthe  an increase in the internal angles so that the-ziiiec separation
ion. This weakening of the heteronuclear bond and strengtheningis even greater than in the neutral. This structure was 1.2 eV
of the homonuclear interaction were also observed for the three-more stable than a bipyramidal form with the sulfur atoms along
atom cluster ions. the pyram|d base.

Zn4s.an.d ZnS,. The lowest energy strgctures for these neutral Zn.S, and Zn,S,. Monocyclic rings were the preferred
?hnedfﬁ/i[f:;%ﬁ;%rsn2rev\?;§stﬁgt;(ji|;?mFJ%;J;en2'r Forsttiﬁgzucrlgséec:rsstructures, and conceptually, both were products of atom

9 9y : insertion into a zine-sulfur bond of the corresponding lower

Zn4$,XIV was the first nonlinear, Z$ global minimum. This . cluster. The ZgS, hexagonal six-membered ringXlV was
cyclic structure was 0.53 eV below the symmetric linear chain. . S >
lower in energy, by 0.27 eV, than a shieldlike ring structure.

The cyclic structures were now energetically competitive The blot of el density sh he ab ‘
because the cluster size was sulfficient for supporting larger and € potp egctron ensn){ shows the absence of anyZm
bonding in this cluster. This geometry reflected the extreme

more favorable SZn—S bond angles. In the case of the 4nS A
cluster, the five-membered ringVIl , formed by addition ofa  variability in sulfur bond angles. For Z&, a nonplanar,
sulfur atom to the Zngcluster, was 0.70 eV more stable than Shieldlike, S|x-membere_d ”ngQ(V” , was 0.53 eV lower in

a structure that resembled a pair of isosceles triangles with a€nergy than a symmetric cyclic structure. TheZh—S bond
common (zinc) point. For the ions, a bent form of the symmetric angles were approaching linear values. ThgSzhion had two
Zn,S chain,XV*, was slightly more stable, by 0.14 eV, than €ssentially isoenergetic structures. A five-membered ring,
the cationic five-membered ringVI *. A nonplanar structure ~ XXV ¥, was the global minimum, but the shieldlike six-
that included a three-membered ridgy/lll +, was the minimum membered ringKXVI * was only 0.06 eV higher in energy. The
energy Zn%' cluster. It was 0.48 eV more stable than a Zn,S,™ ion XXVIII * followed the same structural pattern as
nonplanar four-membered ring. lonization and the resultant the neutral cluster with similar energy differences between the

neutral clusters. However, some differences were present in a
comparison between the geometries of the two specific clusters.
The structures are shown in Figure 5, and both were readily
identified as the addition products of single atoms to the
rhomboid, stoichiometric dimer cluster geometry. In the case
of the ZnyS; cluster, the monocyclic five-membered ridgX
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two isomeric forms. There was a shortening of the bonds bond and the corresponding added cohesive energy. Consider-
involving the apex atoms and a lengthening of the remaining ation of the simplest cluster in this series, Znfrovided an

bonds.

Discussion

additional piece of data. The total cohesive energy of this cluster
was significantly less than expected on the basis of bond
energetics. There were two zinsulfur bonds as well as a

sulfur—sulfur bond. On the basis of the previous bond energy

The stoichiometric cluster energies followed the pattern yis-\,ssion. a cohesive energy on the order of 38 kJ mot?
reported in an earlier computational study. The cohesive energy,, o.id be |,oredicted However, the-&n—S bond angle was

(per monomer unit) in Table 1 was observed to increase with
cluster size. The extrapolated value, from this small number of

clusters, for the cohesive energy of bulk ZnS= o, was
approximately 560 kJ mot. This compared favorably with the
experimental value of 607 kJ mdl!

70°, and the resultant ring strain reduced the final cohesive
energy considerably. The cohesive energies of thg&sZand

ZnyS, clusters were consistent with the previous discussion. In
the former, the strain energy was in competition with the added
bond energy, while, in the latter, the improvement in geometry

Comparisons of the cohesive energies of the global minima |oq tg a substantial increase in cohesive energy.

for the nonstoichiometric clusters cannot be accomplished with
the standard per monomer unit definition. Instead, we compared.

the absolute cohesive energiBsn That is, the differenc&con
= nEz, + mEs — E(Zn,Sy) was employed. Consider first the
Zn,S series of clusters. The cohesive energy of theSAuster

was approximately twice that of the ZnS monomer. This was

expected, since it is a linear symmetric structure. TheSZn

cluster was also linear. The cohesive energy for this cluster was

approximately 35 kJ mol greater that that of Z$. Since the
number of zine-sulfur bonds remained constant, the additional
energy was attributed to the zireinc bond. The ZgS cluster

represented the starting point of a geometry change to mono-
cyclic rings, and analysis of the energetics must take this into
account; the change to cyclic structures could have a significant
impact. From a simple additive standpoint, however, there were

two zinc—sulfur and three zinezinc bonds. We expected, on

the basis of a simple bond energy argument, that the cohesive

energy of this cluster would be approximately 70 kJ mol
greater than that of its predecess$dr, and Table 1 indicates

that this is indeed the case. It appeared that either the geometr

Quantitative comparisons of the mass spectrometric peak
intensitied with cohesive energies calculated in this work are
not easily made. The peaks for the various clusters appeared in
different regions of the time-of-flight spectrum, and no internal
calibration was employed. However, a qualitative comparison
may be undertaken by using the total peak area at a given mass
and the distribution of clusters within a given mass peak as
defined in the experimental work. That comparison indicated a
correlation between the calculated cohesive energies and the
relative amount of the molecular ions in the mass spectrum.
For example, the product yield ratio of Zn® Zn,S; indicated

a small, but significant excess of the latter. This was reflected
in their cohesive energies, which differed 5200 kJ mot™.
Zn,S; was present in much greater yield than wagZnas
expected from the fact that the former had approximately 3 times
the cohesive energy. These comparisons suffered from the
absence of the consideration of kinetic effects. Clearly, the
ablation of ZnS would produce substantial yields of the zinc

);ulfide monomer as well as the atomic constituents. Stoichio-

change was not a critical factor or that there were compensatingMetric dimers should be present within the ablation plume in
effects in the cluster that provided this result. Given the yields greater than indicated by their relative cohesive energies.

propensity of S~Zn—S bonds for bond angles close to 180
and the relatively constrained-(20°) angles in the global
minimum conformeiXIV , one would conclude that there were

Similarly, preliminary calculations indicated that certain reac-
tions expected to occur in the plasma created by the laser
ablation have reaction barriers, while others do not. Overall,

indeed compensating energetic factors. A comparison of the qualitative comparisons were all that may be extracted from

cohesive energies for the stoichiometric dimer and thgSzZn
clusterXIX confirmed this conclusion. The 2% cluster had
four mixed bonds, as did the stoichiometric dimer. The
additional metatmetal bond in the Z8, cluster would be
expected to contribute~35 kJ mof?l. However, the total
cohesive energy ofIX was approximately 110 kJ mdigreater
than this predicted value. One-€n—S bond angle inXIX
was 152 in comparison to the 1F4bond angle in the
stoichiometric clustetl. The added stability, beyond simple

the thermodynamic data resulting from structural optimizations,
but such comparisons appear to be consistent with the experi-
ment.

Comparisons with the structures of the previously reported
zinc sulfide and zinc polysulfide complexes are interesting. As
discussed in the literatuf8?! the clusters are indeed stable
entities. However, for the smallest clusters, the computational
results provide global minima that differ from the related
crystallography results. For all sulfur-rich clusters, theSSbond

additive bond energies, may be attributed to this more favorable length is typically near 2.30 A. This is significantly less than

geometry. Moving to the final, Z#%;, cluster, all of the SZn—S

that of the $ molecule, but similar to the bond lengths reported

bond angles were increased over those in the stoichiometricin the synthetic studies. The ZnS8luster geometry is indeed
dimer, and again, we found the added stability reflected in the similar that of the Rug nanoislands, that is, a metal atom

cohesive energy.
The cohesive energies of the analogous Ztl8sters were
uniformly higher. All of these clusters were cyclic. Begin by

interacting with an smolecule. However, this is the only cluster
with a geometry that may be traced back to the synthetic
complexes. We find Znsto be monocyclic, but the geometry

considering the increase in cohesive energy as sulfur atoms wergaround the zinc atom is close to tetrahedral. It is unclear whether

added to the Zn&cluster. The addition of a sulfur atom Ydl

the tendency of zinc to take on such a geometry or the favorable

to form ZnS led to an increase in the cohesive energy of nearly energetics of sulfursulfur bonding is the driving force for this

300 kJ mot ™. In terms of diatomic bonding, this additional atom
added only a single sulfarsulfur bond. We, therefore, attributed
most of the change in cohesive energy to formation of-&S

structure. The Zn§cluster is also monocyclic. From the
crystallographic data one might predict a tetrahedral zinc center
bonded to two gmolecules, much like the final generic structure

bond. This was consistent with the typical energy of such a shown in Figure 3. However, such a structure was calculated

bond (250 kJ motl'). Addition of yet another sulfur atom to
form ZnS; had the same effect in terms of one additionalS

to be~0.7 eV greater in energy. Nor do we find a connection
with the crystallographic results in clusters such agSgnOur
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calculated monocyclic structure differs from the obseted clusters exist. The overall conclusion, however, is that such
three-dimensional structure (see the next to last generic structureclustersmaybe feasible, if a geometry includes multiple sutfur
in Figure 3) for [ZnS3(H20),]%". Finally, the ZnS, geometry sulfur bonds, and that the search for the possible geometries of
in the current work is not related to the types of structures the larger, stable clusters should include such possibilities.
reported for dimanganese, -ruthenium, or -molybdenum com-
plexesl4-16 These differences may be attributed to the absence References and Notes
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