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Potential energy curves for the broken-symmetry states of the edge-shared bimetallic systems, M2Cl10
4- (M )

Cr, Mo, W), are analyzed using approximate density functional theory. The potential energy curves are made up
of distinct sections, depending on which subsets of metal-based electrons are localized or delocalized. Starting
from the fully delocalized limit, the metal-based electrons localize in the orderδ beforeπ beforeσ as the metal-
metal separation is progressively increased. As a result there are four distinct regions of the potential energy
curve, corresponding to (a)σ + π + δ delocalized; (b)σ + π delocalized,δ localized; (c)σ delocalized,π + δ
localized; and (d)σ + π + δ localized. Localization of theδ subset of electrons is particularly facile, because
interactions with the bridging ligands destabilize theδ orbital relative toδ*. As a result, at metal-metal separations
greater than approximately 2.30 Å, delocalization of theδ electrons would result in formation of a M-M antibond
rather than a bond. For Cr2Cl10

4-, the fully localized region of the curve lies much lower than the others, but for
the molybdenum and tungsten congeners, all four regions lie within 1.0 eV of each other, giving rise to complex
and relatively flat potential energy curves. The decahalides of the chromium triad therefore exhibit the well-
established trend toward greater delocalization in complexes of the heavier transition metals. This trend is, however,
found to be far less prominent than in the face-shared analogues, M2Cl93-, and the difference between the two
structural types is traced to the inability of the edge-shared bridge to support the short metal-metal separations
necessary for complete electron delocalization.

Introduction

In recent years the chemistry of systems containing two or
more transition metal centers has expanded rapidly.1 Small
clusters of metal atoms have obvious applications in the study
of metal surfaces,2 electronic devices,3 and catalysts,4 as well
as the relatively new discipline of bioinorganic chemistry.5 For
example, the oxygen-transport proteins hemerythrin6 and hemo-
cyanin7 feature diiron and dicopper sites, respectively, while
manganese catalase contains two manganese ions.8 More
complex polymetallic active sites are also known, notably the
manganese cluster in the oxygen-evolving complex (OEC) of
photosystem II9 and the sulfide-bridged iron clusters which play
a central role in a variety of electron transport processes.10 The
precise role played by the polymetallic active site in these

systems remains to be determined, but it seems clear that the
presence of more than one metal center, coupled in a specific
manner, may provide an electronic environment uniquely suited
to catalyzing a specific reaction.

The appreciation of the general importance of bimetallic sites,
along with the synthesis of a vast array of model complexes,
has been accompanied by advances in the understanding of their
electronic structure, particularly with reference to the nature of
the metal-metal interactions.1 In this respect, it is important
to distinguish two distinct categories of complexes, those with
an unsupported metal-metal bond, and those in which the metal
centers are spanned by one or more bridging groups. While an
unsupported dimer necessarily relies on the direct overlap of
metal-based orbitals for its stability, bridged systems may be
stabilized solely by covalent interactions between metal and
bridging atoms and, hence, do not necessarily require the
presence of a strong metal-metal bond. As a result, the
presence of bridging ligands introduces great flexibility, and
the metal-metal bonding within a series of bridged dimers may
vary enormously depending on the nature of the metal and
ligands.

Systems based on two octahedrally coordinated metal centers
are particularly common, and they include examples where one,
two (edge-shared), or three (face-shared) ligands are found in
bridging positions. Within the series of face-shared nonachlo-
rides,11 metal-metal interactions span a continuum from strong
triple bonding (exemplified by W2Cl93-) to nonbonding
(Cr2Cl93-). Metal-metal separations reflect this spectrum,
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varying from approximately 2.40 Å for the tungsten system12

to in excess of 3.1 Å for the dichromium analogue.13 The
general class of edge-shared complexes show a similar diversity
of structure and bonding,14 but unfortunately the subgroup of
homoleptic decahalides, M2X10

z-, is far less diverse than its
nonahalide counterpart. Neutral15 and anionic16 systems with
a variety of d electron counts are known, but where structural
data are available, metal-metal separations are without excep-
tion long, the shortest being the 3.63 Å Os-Os separation
observed in Os2Cl10

2-.16a However, the structurally character-
ized systems represent only a small subgroup of known
complexes, and there remains a real possibility that adjustment
of oxidation state may induce significant metal-metal bonding
in the decahalides. In this respect it is interesting to note that
stepwise reduction of Os2Br10

z- results in the loss of bromide
and the formation of Os2Br9

(z-1)-,17 which features a direct Os-
Os bond. It may be that reduction-induced changes in the
metal-metal bonding in the decabromide complex facilitate the
expulsion of the halide and adoption of the face-shared
architecture. Similar redox-linked structural changes may be a
feature of the reactivity of the enzymatic active sites mentioned
above, which often involve the binding, chemical modification,
and expulsion of small molecules at the active sites.

We have recently discussed in detail the potential energy
curves of face-shared bioctahedral systems18-20 using ap-
proximate density functional theory. The initial focus was
placed on complexes with the d3d3 electronic configuration,
followed more recently by an analysis of other configurations,21

where the degeneracy (or near-degeneracy) of the metal-based
orbitals complicates the potential energy curves considerably.
It is the purpose of this paper to provide a similar analysis of
the related edge-shared bioctahedra. We again focus on model
systems with the simple d3d3 configuration, exemplified by the
decachlorides of the chromium triad, M2Cl10

4- (M ) Cr, Mo,
W). Unfortunately none of these complexes are known,
although the isoelectronic Tc2Cl10

2- complex has recently been
reported.16f Nevertheless, the simplicity of the analysis, along

with the resultant comparison with the corresponding series of
nonachlorides, which holds a central position in the chemistry
of the face-shared systems, justifies the choice of model systems.

In order to discuss periodic trends in metal-metal interac-
tions, it is clearly necessary to be able to accurately describe
weak antiferromagnetic coupling at the same level of theory as
the opposite extreme of strong metal-metal bonding. As in
previous work, we therefore make extensive use of the broken-
symmetry methodology developed by Noodleman and co-
workers,22 which provides a means of treating weakly interacting
electrons in a physically realistic manner. The method relies
on removing all symmetry elements connecting the two metal
ions (symmetry breaking), thereby allowing (but not forcing)
electrons of opposite spins to localize on opposite centers. The
spin singlet ground state then arises through weak antiferro-
magnetic coupling rather than strong bonding. The broken-
symmetry methodology has been used to calculate ground-state
electronic structures and magnetic properties of a variety of
bimetallic systems23 and, more recently, to optimize structural
parameters.18-21,23l,24 If, in contrast, the two sides of the
molecule are constrained to be symmetry-equivalent, the metal-
based electrons are forced to delocalize over both sides of the
molecule, a situation which is clearly realistic only in the
presence of a relatively strong metal-metal bond. This can
lead to underestimation of metal-metal separations by as much
as 1.0 Å in weakly coupled systems such as Cr2Cl93-.18 It is
important to emphasize that the two extremes described above
(localized electrons, antiferromagnetic coupling; delocalized
electrons, strong metal-metal bonding) represent two limits of
a continuum of intermediate bonding situations, all of which
are encompassed by the broken-symmetry methodology.

Computational Details

All approximate density functional25 calculations reported in this
work were performed using the Amsterdam Density Functional (ADF)
program, version 2.0.1.26 A double-ú Slater type orbital basis set
extended with a single d-polarization function was used to describe
chlorine, while all metals were modeled with triple-ú basis sets.
Electrons in orbitals up to and including 2p{Cl}, 3p {Cr}, 4p {Mo},
and 5p{W} were considered to be part of the core and treated in
accordance with the frozen-core approximation. All broken-symmetry
calculations were performed inC3V (face-shared) orC2V (edge-shared)
symmetry, and an asymmetry in the initial spin density was introduced
using the “modifystartpotential” key. The corresponding full-symmetry
calculations were performed inD3h and D2h symmetry, respectively.
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No attempt was made to use approximate spin-projection techniques
to obtain the energy of the true ground state as we have illustrated in
a previous publication that, where such projection is valid, it makes
negligible difference to the shape of the potential energy curve.19 The
LDA approximation, including the local exchange-correlation potential
of Vosko, Wilk, and Nusair,27 was employed throughout. Neither
gradient nor quasi-relativistic corrections were considered as they have
been shown to result in generally poorer agreement with the crystallo-
graphically determined structures than the LDA in isolation. The
individual points on the potential energy curves were calculated by
freezing the metal-metal separation,rM-M, and optimizing all other
independent structural parameters using the gradient algorithm of
Versluis and Ziegler.28

Results

Face-Shared Systems, M2Cl93-. We and other authors have
described the electronic structures of bimetallic systems linked
by a triple halide bridge in detail elsewhere,18-21,29and so only
the features of the bonding most relevant to the comparison
with their edge-shared analogues will be discussed here. Each
metal center has local trigonal symmetry, and consequently the
t2g-based orbitals are split into subsets of a1 and e symmetry,
which respectively haveσ andδπ symmetry with respect to the
metal-metal axis. For an isolated single ion with a d3

configuration, each of these orbitals is singly occupied, with
the electron spins parallel, giving a spin-quartet state. As a result
the majority-spin metal-based orbitals lie significantly lower than
their minority-spin, vacant counterparts (see Figure 1, separated-
ion limit).

The process of metal-metal bond formation may be regarded
as a progressive delocalization of the metal-based orbitals over
both centers. In the limit of weak metal-metal interactions,
each electron remains essentially localized on one side or
another, and the spin singlet ground state arises through
antiparallel (antiferromagnetic) coupling of the spins on opposite
centers. In this case, the metal-metal coupling is best regarded
as a small perturbation on the energy level scheme of two
isolated single ions. As the orbitals become progressively more
delocalized, two major changes occur. First, the spin density
at each center is lowered, thereby reducing the spin polarization
splitting; second, the orbitals gain significant bonding or
antibonding character. In the limit of full delocalization, the
single-ion orbitals of a1 symmetry give rise toσ bonding and

antibonding orbitals (a1′ and a2′′, respectively, inD3h symmetry)
while the single-ion e orbitals give rise toδπ bonding and
antibonding orbitals (e′ and e′′ symmetry, respectively). The
splittings within the energy level scheme in Figure 1 therefore
arise from very different sources, depending on the extent of
delocalization: at the separated-ion (weakly coupled) limit, spin
polarization is responsible for the separation between the
occupied and vacant orbitals, whereas at the delocalized limit,
orbital overlap causes a splitting between bonding and anti-
bonding pairs.

Without making any assumptions regarding the localization
of the orbitals, or their bonding or antibonding character, the
broken-symmetry state can always be defined, using labels from
the C3V point group, by the configuration (a1v)1(a1V)1(ev)2(eV)2-
(ev)0(eV)0(a1v)0(a1V)0. As noted above, in the weakly coupled
limit the separation between occupied and vacant orbitals arises
through spin polarization, whereas in the strongly coupled limit,
the separation arises through orbital overlap. In principle, there
are four distinct ways in which the broken-symmetry state
defined above may be attained, depending on which subsets of
electrons are involved in weak magnetic coupling (localized)
or strong metal-metal bonding (delocalized): (a) all electrons
delocalized; (b)σ delocalized,δπ localized; (c)σ localized,δπ
delocalized; and (d) all localized. The simplest way to
determine which description is appropriate at any point on the
curve is to consider the associated states,S ) 0, 1, 2, and 3.
For these states the orbitals are labeled according to the full
D3h molecular symmetry because in each case the electrons are
found to be fully delocalized, even in the absence of symmetry
elements connecting the two metal centers.

If, in the broken-symmetry state, all metal-based electrons
are localized and therefore weakly antiferromagnetically coupled,
then the associated state where all metal-based electrons are
decoupled,S) 3, defined as (a1′v)1(a1′V)0(e′v)2(e′V)0(e′′v)2(e′′V)0-
(a2′′v)1(a2′′V)0, will lie close in energy. Likewise, if theσ orbitals
are delocalized in the broken-symmetry state, but theirδπ
counterparts remain weakly coupled, then theS ) 2 state,
(a1′v)1(a1′V)1(e′v)2(e′V)0(e′′v)2(e′′V)0(a2′′v)0(a2′′V)0, where only the
δπ electrons are uncoupled, will lie closest in energy. Similar
logic suggests that if only theσ electrons are weakly coupled,
theS) 1 state, (a1′v)1(a1′V)0(e′v)2(e′V)2(e′′v)0(e′′V)0(a2′′v)1(a2′′V)0,
corresponding to the uncoupling of theσ electrons in isolation,
will lie close to the broken-symmetry state. Finally, if all metal-
based orbitals are delocalized, then the broken-symmetry state
is identical to the singlet ground state obtained from a calculation
performed in fullD3h symmetry. This state, denotedS) 0, is
defined by the configuration (a1′v)1(a1′V)1(e′v)2(e′V)2(e′′v)0(e′′V)0-
(a2′′v)0(a2′′V)0. It is important to emphasize the distinction
between thisS ) 0 state, where full electron delocalization is
forced on the electrons, and the broken-symmetry state, which
also has a net spin of 0, but where no prior assumption regarding
the localization/delocalization of the electrons is made. Through-
out the following discussion, the reader should bear in mind
that the ground state is always the antiferromagnetic broken-
symmetry state, and the energies of the associated spin states
are emphasized only because they provide a convenient means
of breaking down the potential energy curves into distinct
segments.

Curves for the broken-symmetry and associated states (S )
0, 1, 2, and 3) are shown in Figure 2 for M2Cl93-, M ) Cr,
Mo, W. In all cases, the broken-symmetry ground state (bold)
passes smoothly from the minima in theS ) 0 state toS ) 2
and thenS ) 3 as the metal-metal separation increases (S )
0 is not shown for Cr2Cl93-, as its minimum lies over 3 eV

(27) Vosko, S. H.; Wilk, L.; Nusair, M.Can. J. Phys.1980, 58, 1200.
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Figure 1. Representation of the broken-symmetry state of M2Cl93-:
both delocalized and separated-ion limits are shown. Orbitals are labeled
according to the representations of theC3V point group.
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higher than that for the broken-symmetry state). In contrast,
the S ) 1 state lies well above the broken-symmetry curve at
all metal-metal separations. These observations indicate that
as the metal-metal separation increases, the broken-symmetry
state passes through three distinct regions corresponding to the
situations a, b, and d described above. The situation described
by c, where theσ electrons are localized but theirδπ counterparts
are delocalized, is never a valid description of the broken-
symmetry state, because the associatedS) 1 state lies too high
in energy at all points on the curve. This simply confirms the
intuitive expectation that theσ electrons always delocalize before
their δπ counterparts. We also note that only over the range of
metal-metal separations where the potential energy curves for
the associated states converge or lie parallel and close to the
broken-symmetry curve will the calculated energies for the
associated states correspond closely to the true spin multiplet
energies. Finally, because the broken-symmetry state closely
follows the minima in theS) 0, 2, and 3 associated states, the
global minimum in the broken-symmetry curve for any par-
ticular complex is simply determined by which of the three
associated states lies lowest in energy. Thus whereS) 0 lies
lowest (W2Cl93- and Mo2Cl93-), the ground-state metal-metal
separation is short and all electrons are delocalized, whereas
for Cr2Cl93-, S ) 3 lies lowest, all metal-based electrons are
localized, and the Cr-Cr separation is large.

Edge-Shared Systems, M2Cl10
4-. In the edge-shared sys-

tems, the local symmetry at each metal center isC2V and so the
degeneracy of the t2g manifold is entirely lifted, giving orbitals
of a1, b2, and a2 symmetry (Figure 3, separated-ion limit).
Coupling between the two ions results in a broken-symmetry
state defined by (a1v)1(a1V)1(b2v)1(b2V)1(a2v)1(a2V)1(a2v)0(a2V)0(b2v)0-
(b2V)0(a1v)0(a1V)0, where the labels of theC2V point group indicate
that once again no prior assumption has been made regarding
the localization/delocalization of the electrons. At the fully

delocalized limit, the single-ion a1, b2, and a2 orbitals combine
to give metal-metal bonding/antibonding combinations ofσ,
π, andδ symmetry, respectively.30 The completely localized
and delocalized extremes bear many qualitative similarities to
those in the face-shared analogues, but at intermediate separa-
tions, the presence of symmetry-distinctσ, π, and δ orbitals
leads to a more complex potential curve. There are now six
intermediate bonding situations between the fully localized and
delocalized limits (compared to two in the face-shared systems),
depending on the order in which the different subsets of
electrons localize. Including the two limiting cases, there are
therefore eight possible descriptions of the broken-symmetry
state, and to determine which description is the most appropriate
at any point, we must consider the associated states, summarized
in Table 1. Again, fullD2h symmetry is used to describe these
states since, analogous to the associated states in M2Cl93-, they
are found to be fully delocalized.

The broken-symmetry potential energy curve for Mo2Cl10
4-

is shown in Figure 4, along with the eight associated statesS)
0, S) 1a-c, S) 2a-c, andS) 3. The broken-symmetry curve
follows smoothly fromS ) 0 (rMo-Mo < 2.2 Å) via S ) 1a

(rMo-Mo < 3.0 Å), S ) 2a (rMo-Mo < 3.4 Å), to S ) 3
(rMo-Mo > 3.4 Å). The remaining four states,S ) 1b,c and
S ) 2b,c, lie considerably higher in energy than the broken-
symmetry state at all points. Thus the broken-symmetry
potential energy curve can be subdivided into four distinct
regions: (a) whererMo-Mo < 2.2 Å, all metal-based electrons
are delocalized; (b) where 2.2< rMo-Mo < 3.0 Å, σ + π are
delocalized andδ is localized; (c) where 3.0< rMo-Mo <
3.4 Å,σ is delocalized andπ + δ are localized; (d) whererMo-
Mo > 3.4 Å, all metal-based electrons are localized. Once
again, we note that only where the curves for the associated
states converge or lie parallel and close to the broken-symmetry
curve will the calculated energies for the associated states
correspond closely to the true spin multiplet energies. The high
energies of theS ) 1b,c and S ) 2b,c states confirm that the
electrons localize in the orderδ beforeπ beforeσ, as might
have been anticipated on the basis of simple orbital overlap
arguments. In the case of Mo2Cl10

4-, theS) 3 state lies lowest,
and hence the global minimum in the broken-symmetry state is
found at largerMo-Mo (4.1 Å), where all metal-based electrons
are completely localized. The ground state is therefore distinctly
different from that of the isovalent face-shared species, Mo2Cl93-,

(30) Shaik, S.; Hoffmann, R.; Fisel, C. R.; Summerville, R. H.J. Am. Chem.
Soc. 1980, 102, 4555.

Figure 2. Potential energy curves for the broken-symmetry andS )
0, 1, 2, and 3 associated states of M2X9

3- (M ) Cr, Mo, W).

Figure 3. Representation of the broken-symmetry state of M2Cl10
4-:

orbitals are labeled according to the representations of theC2V point
group.
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in which all metal-based electrons are delocalized, and the Mo-
Mo separation is short.

A particularly significant feature of Figure 4 is the relative
positions of the minima in theS ) 0 andS ) 1a curves. For
the S ) 0, 2, and 3 states in the Mo2Cl93- system (Figure 2),
there is a steady increase in the metal-metal separation as the
electrons are successively decoupled, but for Mo2Cl10

4- the
minimum in the S ) 1a curve (where theδ electrons are
decoupled) lies almost directly below that inS ) 0. In terms
of the broken-symmetry ground state, this implies that the [σ
+ π delocalized,δ localized] region is more stable than its fully
delocalized counterpart down to very short metal-metal separa-
tions (2.2 Å), and only below this point do theδ electrons
delocalize. This situation contrasts markedly with theδπ
electrons of Mo2Cl93- which delocalize at metal-metal separa-
tions of approximately 2.6 Å. The reluctance of theδ electrons
to delocalize can be linked to the well-established inversion of
theδ andδ* orbitals.30 In the limit of full delocalization (D2h

symmetry), there is an occupied orbital localized on the bridging
{Cl2} array of correct symmetry to overlap with theδ orbital,
but not one to match its antibondingδ* counterpart. As a result,
interactions with the bridge destabilizeδ relative toδ*, and
only whererMo-Mo < 2.2 Å do through-space interactions
dominate, and the normalδ below δ* ordering returns. This
means that, at separations greater than 2.2 Å, delocalization of
the δ electrons would lead to the formation of a Mo-Mo
antibond and is therefore unfavorable. The net result of the
inversion ofδ andδ* is therefore to make theδ electrons very
difficult to delocalize and force the [σ + π delocalized,δ
localized] bonding situation to persist over an unusually wide
range of metal-metal separations.

Potential energy curves for the broken-symmetry states of
Cr2Cl10

4-, Mo2Cl10
4-, and W2Cl10

4- are shown in Figure 5,
along with the associated statesS ) 0, 1a, 2a, and 3. The
remaining associated states,S ) 1b,c and 2b,c, lie well above
the broken-symmetry curve in all cases and are omitted for
clarity. The Cr2Cl10

4- complex is the simplest of the three to
describe, because theS ) 3 state lies almost 2 eV lower than
any of the others. The position of the global minimum in the
broken-symmetry state is therefore clear: all metal-based
electrons are completely localized and the Cr-Cr separation is
long. The potential energy curves for systems containing
second- and third-row transition metals are rather more complex,
because all four associated states lie within 1.0 eV of the global
minimum. For Mo2Cl10

4-, the most stable of the four isS) 3,
giving rise to the localized ground state noted above, but both
theS ) 1a andS ) 2a states lie less than 0.5 eV higher. As a

Table 1. Associated States for Various Regions of the Broken-Symmetry Potential Energy Curves for M2X9 and M2X10 Complexes with the
d3d3 Configuration

broken-symmetry region

delocalized localized associated state

M2X9

σ + δπ none S) 0 (a1′v)1(a1′V)1(e′v)2(e′V)2(e′′v)0(e′′V)0(a2′′v)0(a2′′V)0

δπ σ S) 1 (a1′v)1(a1′V)0(e′v)2(e′V)2(e′′v)0(e′′V)0(a2′′v)1(a2′′V)0

σ δπ S) 2 (a1′v)1(a1′V)1(e′v)2(e′V)0(e′′v)2(e′′V)0(a2′′v)0(a2′′V)0

none σ + δπ S) 3 (a1′v)1(a1′V)0(e′v)2(e′V)0(e′′v)2(e′′V)0(a2′′v)1(a2′′V)0

M2X10

σ + π + δ none S) 0 (agv)1(agV)1(b2uv)1(b2uV)1(b1gv)1(b1gV)1(auv)0(auV)0(b3gv)0(b3gV)0(b1uv)0(b1uV)0

σ + π δ S) 1a (agv)1(agV)1(b2uv)1(b2uV)1(b1gv)1(b1gV)0(auv)1(auV)0(b3gv)0(b3gV)0(b1uv)0(b1uV)0

σ + δ π S) 1b (agv)1(agV)1(b2uv)1(b2uV)0(b1gv)1(b1gV)1(auv)0(auV)0(b3gv)1(b3gV)0(b1uv)0(b1uV)0

π + δ σ S) 1c (agv)1(agV)0(b2uv)1(b2uV)1(b1gv)1(b1gV)1(auv)0(auV)0(b3gv)0(b3gV)0(b1uv)1(b1uV)0

σ π + δ S) 2a (agv)1(agV)1(b2uv)1(b2uV)0(b1gv)1(b1gV)0(auv)1(auV)0(b3gv)1(b3gV)0(b1uv)0(b1uV)0

π σ + δ S) 2b (agv)1(agV)0(b2uv)1(b2uV)1(b1gv)1(b1gV)0(auv)1(auV)0(b3gv)0(b3gV)0(b1uv)1(b1uV)0

δ σ + π S) 2c (agv)1(agV)0(b2uv)1(b2uV)0(b1gv)1(b1gV)1(auv)0(auV)0(b3gv)1(b3gV)0(b1uv)1(b1uV)0

none σ + π + δ S) 3 (agv)1(agV)0(b2uv)1(b2uV)0(b1gv)1(b1gV)0(auv)1(auV)0(b3gv)1(b3gV)0(b1uv)1(b1uV)0

Figure 4. Potential energy curves for the broken-symmetry andS )
0, 1a-c, 2a-c, and 3 associated states of Mo2Cl10

4-.

Figure 5. Potential energy curves for the broken-symmetry andS )
0, 1a, 2a, and 3 associated states of M2X10

4- (M ) Cr, Mo, W).
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result, a distinct plateau emerges over the range 2.8 Å< rMo-
Mo < 3.4 Å, where theS ) 1a andS ) 2a states lie closest to
the curve, this plateau lying only 0.25 eV above the fully
localized ground state. The delocalization of theσ and π
electrons is therefore associated with only a small loss in energy.
Similar features emerged in the potential energy curve for
Mo2Cl93-, the geometry of which is notably dependent on the
size of the countercation. It is therefore likely that if the
Mo2Cl10

4- anion could be synthesized, its structure would also
be highly sensitive to the surrounding crystal environment and
could potentially display Mo-Mo separations ranging between
2.8 Å and 4.1 Å.

In W2Cl10
4-, the S ) 0, 1a, and 2a states are all further

stabilized relative toS) 3, and as a result theS) 1a andS)
3 states are almost equienergetic, and the potential energy curve
exhibits two distinct minima separated by 1.6 Å. The minimum
at rW-W ) 4.20 Å corresponds to full localization of all
electrons, while atrW-W ) 2.6 Å theσ andπ electrons are
delocalized, giving rise to an effective W-W double bond. The
presence of two distinct minima raises the interesting possibility
that bond-length isomerism may be possible in the W2Cl10

4-

anion, but as the barrier between the two minima is rather small
(0.2 eV), it is more likely that the anion would simply exhibit
strong cation dependence.

Within the series of edge-shared complexes, we once again
note the well-established periodic trend toward greater de-
localization in the complexes of the second and third transition
series elements. It is, however, clear from a comparison of
Figures 2 and 5 that the delocalization of the metal-based
electrons is less favored in the edge-shared systems. Thus, while
the chromium systems are completely localized regardless of
the bridging architecture, the transition from face- to edge-
sharing causes a dramatic change in metal-metal bonding in
the molybdenum and tungsten complexes. Whereas both
Mo2Cl93- and W2Cl93- have delocalized ground states, withS
) 0 clearly lower thanS) 3, the ordering of the two associated
states is reversed for Mo2Cl10

4- and W2Cl10
4-. A quantitative

estimate of the position of the localization/delocalization equi-
librium may therefore be obtained simply from the relative
energies of theS ) 0 andS ) 3 states, which represent the
delocalized and localized limits, respectively. In a recent
publication20 we used this concept to gain insight into the
underlying electronic reasons for the observed periodic trends.
In the following section, we extend the analysis to the edge-
shared species and compare and contrast the two structural types.

Analysis of the Localization/Delocalization Equilibria in
M2Cl93- and M2Cl10

4-. We noted above that the tendency of
the electrons to delocalize is determined simply by the relative
energies of theS) 0 andS) 3 states. Thus if theS) 3 state
lies lower thanS ) 0, then the electrons will localize in the
ground state, whereas the reverse ordering indicates that
delocalization will be favored. In order to gain independent
estimates of the energies of theS ) 0 and S ) 3 states, a
common reference point is required (Figure 6). For the face-
shared systems, a convenient reference state may be defined
by the configuration (a1′v)0.5(a1′V)0.5(e′v)1(e′V)1(e′′v)1(e′′V)1(a2′′v)0.5-
(a2′′V)0.5, which differs fromS ) 0 only in that it has no net
bond, and fromS ) 3 only in that it has no spin polarization.
The (agv)0.5(agV)0.5(b2uv)0.5(b2uV)0.5(b1gv)0.5(b1gV)0.5(auv)0.5(auV)0.5-
(b3gv)0.5(b3gV)0.5(b1uv)0.5(b1uV)0.5 configuration provides a parallel
reference point for the edge-shared systems. The separation of
the reference andS) 3 states (∆Espe) measures the sum of the
spin polarization energies associated with the two isolated d3

single ions, whereas the separation of reference andS) 0 states

(∆Eovlp) measures the energy associated with formation of a
triple bond. The difference between the two terms,∆Espe -
∆Eovlp, is simply the separation of theS ) 0 andS ) 3 states.
Within the series of face-shared systems, analysis on this basis
indicates that changes in both overlap (∆Eovlp) and spin
polarization energy (∆Espe) contributed approximately equally
to the overall trend toward greater delocalization of electrons
in the complexes of the heavier metals.20

The two terms defined in Figure 6,∆Espe and ∆Eovlp, and
their difference,∆Espe - ∆Eovlp, are summarized in Table 2
for the edge-shared and face-shared complexes of the chromium
triad. Single-ion spin polarization energies for the monomeric
hexachlorides are also shown for comparison. The most striking
feature of Table 2 is the insensitivity of the∆Espe term to the
bridging architecture. In both face- and edge-shared systems,
∆Espe is approximately equal to twice the relevant single-ion
spin polarization energy, indicating that, at the localized limit,
the ions are effectively independent of each other. Therefore,
on going from the face-shared to edge-shared systems, changes
in ∆Espe- ∆Eovlp are caused almost entirely by changes in the
∆Eovlp term, i.e., by changes in the stability of theS) 0 state,
not S ) 3.

The reasons for this difference become clear if we consider
the steric requirements of the face- and edge-shared structures
in the absence of metal-metal bonding. Potential energy curves
for dirhodium complexes, Rh2Cl93- and Rh2Cl10

4-, where the
d6 configuration of the Rh3+ ion precludes any metal-metal
bonding, are compared in Figure 7. The minimum in the face-
shared system occurs approximately 0.55 Å before that in the
edge-shared system, an observation which is simply related to
the geometric requirements of the bridges. Assuming a
representative Rh-Clbr bond length of 2.44 Å, the metal-metal
separation in a perfect face-shared bioctahedron, where all the
bond angles are 90°, is 2.82 Å, while that in the analogous edge-
shared system is 3.45 Å. The optimized Rh-Rh separations
are somewhat longer, at 3.22 and 3.77 Å, due to the repulsion
between the tripositive cations, but the difference between the

Figure 6. Schematic representation of the potential energy curves for
the S ) 0, S ) 3, and reference states.

Table 2. Overlap and Spin Polarization Energies (eV) for MCl6
3-,

M2Cl93-, and M2Cl10
4- Complexesa

complex ∆Eovlp ∆Espe

∆Espe-
∆Eovlp complex

single-ion
SPE

[Cr2Cl9]3- +1.02 +3.55 +2.53 [CrCl6]3- +1.86
[Mo2Cl9]3- +2.88 +2.19 -0.69 [MoCl6]3- +1.14
[W2Cl9]3- +3.10 +2.00 -1.10 [WCl6]3- +1.03

[Cr2Cl10]4- -0.04 +3.62 +3.66
[Mo2Cl10]4- +1.15 +2.25 +1.10
[W2Cl10]4- +1.48 +2.04 +0.62

a See text for definition of terms.
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two (0.55 Å) compares favorably with the idealized separation
of 0.63 Å.

The potential energy curves shown in Figures 2 and 5 may
be regarded as arising from a superposition of the effects of
metal-metal bonding on an underlying potential energy curve
determined by the steric requirements of the bridge. Considering
first the S ) 3 state, we note that the principal stabilizing
influence is the single-ion spin polarization energy, which is
essentially independent of the metal-metal separation. The
positions of the minima in theS ) 3 curves are therefore
determined primarily by the steric requirements of the bridge,
and the 0.5 Å difference between edge- and face-shared systems
persists. In contrast, the energy of theS ) 0 state is strongly
dependent on the metal-metal separation, with optimal overlap
of metal-based orbitals occurring at relatively short metal-metal
separations. In this region, the potential energy for Rh2Cl10

4-

is rising rapidly as a consequence of the steric requirements of

the bridge, but that for Rh2Cl93- remains relatively close to the
minimum. Therefore, while both face- and edge-shared archi-
tectures are sufficiently flexible to allow the metal-based
electrons to localize completely, only the face-shared motif can
support the short metal-metal separations necessary to promote
complete electron delocalization.

Summary

In this paper we have analyzed potential energy curves for
the broken-symmetry states of M2Cl10

4- (M ) Cr, Mo, and W)
and compared the results with the corresponding data for the
face-shared systems, M2Cl93-. In the face-shared systems,
metal-based electrons ofσ symmetry delocalize before theirδπ
counterparts, whereas in the edge-shared systems, the order of
delocalization isσ beforeπ beforeδ. These trends are fully in
accord with the expectations based on the overlap of the metal-
based orbitals. Theδ electrons of the edge-shared complexes
are found to resist delocalization even at very short metal-
metal separations, due to interactions with the bridging ligand
orbitals which destabilizeδ relative toδ*. As a result, at metal-
metal separations greater than approximately 2.20 Å, delocal-
ization would result in the formation of a metal-metal antibond
rather than a bond. Both face- and edge-shared systems display
the well-established periodic trend toward greater delocalization
in complexes of the heavier transition metals, but the tendency
to delocalize is much reduced in the edge-shared systems. The
difference between the two structural types is traced to the
inability of the edge-shared bridge to allow the close approach
of metal ions required to stabilize the fully delocalized states.
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Figure 7. Comparison of the potential energy curves for Rh2Cl93- and
Rh2Cl10

4-. The minimum in each curve is taken as the zero of energy
in each case.
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