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The molecular and electronic structures of mixed-valence face-shared (Cr, Mo, W) d2d3 and (Mn, Tc, Re) d3d4

[M2Cl9]2- dimers have been calculated by density functional methods in order to investigate metal−metal bonding
in this series. The electronic structures of these systems have been analyzed using potential energy curves for the
broken-symmetry and other spin states arising from the d2d3 and d3d4 coupling modes. In (d2d3) [Mo2Cl9]2- and
[W2Cl9]2-, the global minimum has been found to be a spin-doublet state characterized by delocalization of the
metal-based electrons in a multiple metal−metal bond (with a formal bond order of 2.5). In contrast, weak coupling
between the metal centers and electron localization are favored in (d2d3) [Cr2Cl9]2-, the global minimum for this
species being a ferromagnetic S ) 5/2 state with a relatively long Cr−Cr separation. The (d3d4) [Re2Cl9]2- system
also exhibits a global minimum corresponding to a metal−metal bonded spin-doublet state with a formal bond
order of 2.5, reflecting the electron−hole equivalence between d2d3 and d3d4 configurations. Double minima behavior
is predicted for (d3d4) [Tc2Cl9]2- and [Mn2Cl9]2- due to two energetically close low-lying states (these being S )
3/2 and S ) 5/2 states for the former, and S ) 5/2 and S ) 7/2 states for the latter). A comparison of computational
results for the d2d2, d2d3, and d3d3 [W2Cl9]z- series and the d3d3, d3d4, and d4d4 [Re2Cl9]z- series indicates that the
observed trends in metal−metal distances can only be rationalized if changes in both the strength of σ bonding
and metal−metal bond order are taken into consideration. These two factors act conjointly in the W series but in
opposition to one another in the Re series. In the case of the [Cr2Cl9]z- and [Mn2Cl9]z- dimers, the metal−metal
bond lengths are significantly shorter for mixed-valence (d2d3 or d3d4) than d3d3 systems. This result is consistent
with the fact that some degree of metal−metal bonding exists in the former (due to partial delocalization of a single
σ electron) but not in the latter (where all metal-based electrons are completely localized).

1. Introduction

In a series of recent publications1-8 we have explored
metal-metal interactions in a wide variety of face-shared
dinuclear [M2X9]z- systems, which include 3d, 4d, and 5d

transition metals with d1d1, d2d2, d3d3, d4d4, and d5d5

electronic configurations.

This extensive series of [M2X9]z- dimers is characterized
by a diverse range of metal-metal interactions. In species
of the second (4d) and third (5d) transition series, the
interactions between metal d orbitals are the dominant factor,
and these systems typically exhibit strong covalent metal-
metal bonds. However, in general, metals of the first (3d)
transition series have large spin polarization (or exchange)
energies, and this has a more significant effect on the
electronic structure than the (orbital) interaction between
adjacent metal centers, leading to localized electron distribu-
tions and weakly coupled metal atoms in species such as
[V2Cl9]3- and [Cr2Cl9]3-.
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In systems with d1d1, d2d2, and d3d3 configurations,1-3,5

the electrons involved in metal-metal interactions can be
associated with the t2g orbitals of a regular octahedral
[MX 6]z- complex. For species possessing a d4d4 or d5d5

configuration,4,7,8 the metal-metal interaction also depends
on whether a “high-spin” or “low-spin” configuration is
adopted. These two cases are related, respectively, to the
metal-based electrons occupying solely the t2g orbitals or
being distributed over both the t2g and eg orbitals in an
octahedral monomer. The heavier members of the d4d4 and
d5d5 series (which contain 4d and 5d metals) are characterized
by low-spin configurations and strong coupling between the
metal centers, as a result of metal-metal bond formation.
In contrast, the corresponding 3d systems feature weakly
coupled high-spin metal centers with S) 4 or S) 5 ground
states, corresponding to localization of the metal-based
electrons.

The wide range of bonding possibilities makes the
theoretical and computational treatment of the electronic
structures of these [M2X9]z- dimers especially challenging.
Nevertheless, we have shown in our previous publications1-8

that density functional theory in combination with the broken-
symmetry approach9,10 can accurately describe the entire
range of metal-metal interactions, from weak antiferromag-
netic coupling through to strong multiply bonded metal
centers, as well as encompassing both high-spin and low-
spin metal configurations.

The success of this procedure can be exemplified by noting
that our broken-symmetry density functional calculations
have accurately reproduced experimentally observed proper-
ties not only for the most typical examples of face-shared
[M2X9]z- dimers, represented by the d3d3 systems formed
by Cr, Mo, and W, but also for species displaying more
“complicated” electronic structures such as the d2d2 [V2Cl9]3-

and [Nb2Cl9]3- and d5d5 [Ru2Cl9]3- dimers.
In this article, we extend our computational investigations

of face-shared [M2X9]z- dimers by calculating the molecular
and electronic structures of species possessing mixed-valence
d2d3 and d3d4 configurations. The present study is focused
on systems which have been crystallographically character-
ized,11,12namely [W2Cl9]2- and [Re2Cl9]2-, but the analogous
Cr, Mo, Mn, and Tc species, and the [W2Br9]2- system
(whose crystal structure has been reported13), are also
considered. Although not structurally characterized, the
preparation, spectral, and magnetic properties of [Mo2Cl9]2-

have been discussed in the literature.14-16

The description and analysis of the electronic structures
of these dimers are carried out by exploring the potential

energy curves for the broken symmetry and other spin states
corresponding to several possible coupling modes of the
metal centers. Calculations on the [Re2Cl9]2- system have
been previously carried out using the XR method,12 but
detailed computational studies of the structure and bonding
in mixed-valence face-shared [M2X9]z- dimers, involving
potential energy curves and full geometry optimizations, have
not been reported.

2. Calculation Details

All density-functional calculations reported in this article were
carried out with the ADF (2002.03) program.17-19 Functionals based
on the Volko-Wilk-Nusair20 (VWN) form of the Local Density
Approximation21 (LDA) were utilized, and no gradient corrections
or relativistic effects were included as previous work has shown
that these normally result in poorer agreement with experimental
structural data.2 Basis sets of triple-ú quality and one polarization
function (TZP or type IV), incorporating frozen cores (Cl.2p, Br.3p,
and M.2p, M.3d, M.4f for the first, second, and third transition
series, respectively), were employed.17-19

Calculations on the [M2Cl9]2- systems were carried out using
the (full) D3h molecular symmetry, with the exception of the broken-
symmetry calculations which employedC3V symmetry. It should
be noted that the main goal of this work is the qualitative description
and understanding of trends in metal-metal interactions in d2d3

and d3d4 species, and, therefore, calculations were performed only
on the broken-symmetry and spin states which were considered to
be most relevant to the analysis of the electronic structures of these
systems (but not on all possible states arising from the various d2d3

and d3d4 coupling modes).
Some test calculations using the COSMO solvation model22 were

carried out on W and Re systems, and no significant changes in
the structural parameters or in the qualitative energy trends were
observed. Incorporating this solvation treatment considerably
increases the computational demands and costs (relative to an
“isolated molecule” approach), and therefore this methodology was
not used in the calculation of potential energy curves or in related
geometry optimizations.

3. Results and Discussion

In a number of recent publications,2-8 we have shown that
a satisfactory description of the entire range of metal-metal
interactions in face-shared [M2X9]z- dimers can be achieved
by means of an approach based on analyzing the broken-
symmetry potential energy curves in terms of the curves for
the associated spin states. These arise when one or more
subsets of metal-based electrons are engaged in metal-metal
bonding.

The molecular structure of face-shared [M2X9]z- dimers
(Figure 1) exhibits idealD3h geometry. Imposing symmetry
breaking on this structure results in the lowering of the
molecular symmetry fromD3h to C3V as a consequence of(9) Noodleman, L.; Norman, J. G.J. Chem. Phys.1979, 70, 4903.
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removing all symmetry elements connecting the metal
centers. The correlation betweenC3V and D3h molecular
orbital descriptions is shown in Figure 2.

The connection between the (C3V) broken-symmetry and
the (D3h) associated states can be made by noting that when
antiferromagnetic coupling within a subset of electrons is
weak, then the corresponding ferromagnetic associated state,
where the weakly coupled electrons are aligned in parallel,
must lie close in energy. The most representative example
is probably found for the d3d3 [M2X9]z- dimers.2,5 In these
systems, the associated states arise from successive decoup-
ling of the σ andδπ subsets of electrons and correspond to
S ) 0, S) 2, and S) 3 configurations, all of which can be
represented by single-determinant wave functions. The S)
0, S ) 2, and S) 3 states are characterized, respectively,
by delocalization of all electrons, delocalization of theσ,
but notδπ, electrons, and localization of all electrons.

It should be noted that, except in the case of complete
delocalization of all metal-based electrons, the broken-
symmetry state does not correspond to the true ground state
but to a weighted average of the pure spin states arising from
the coupling between the two metal centers. Although this
spin-contamination problem can be addressed using ap-
proximate spin-projection techniques, we have shown in a
previous publication2 that, when considering the general
features of a potential energy curve, approximate spin
projection is not necessary because the broken-symmetry
curve closely follows that for the true ground state at all
points.

The localC3V symmetry of the metal sites in the [M2X9]z-

dimers splits the t2g set of orbitals in an ideal octahedral
([MX 6]z-) complex into a1 and e subsets. For d3d3 species,
the “natural” occupancy of these levels corresponds to the
[(a1)1(e)2] single-ion configuration, giving rise to only one
coupling mode. For d2d3 and d3d4 systems, however, several
single-ion configurations are possible, resulting in a number
of different coupling modes.

The potential energy curves for the broken-symmetry and
associated states corresponding to various d2d3 and d3d4

coupling modes are described in Sections 3.1 through 3.3.
The (crystallographically characterized) [W2Cl9]2- and
[Re2Cl9]2- dimers are explored in detail, and results for the
analogous Cr, Mo, Mn, and Tc systems, and for [W2Br9]2-,
are also discussed.

3.1. Potential Energy Curves for d2d3 [M 2Cl9]2- Sys-
tems.Two coupling modes, denoted [a1e × a1e2] and [e2 ×
a1e2], are relevant to d2d3 [M2Cl9]2- dimers and correspond
to the electrons associated with the d2 metal center residing
in both the a1 and e orbitals or exclusively in the e orbitals,
respectively. Schematic representations for the electronic
configurations of the broken-symmetry and associated spin
states (Table 1), for both coupling modes, are given in Figure
3, and plots of the potential energy curves are shown in
Figures 4 and 5. Optimized metal-metal distances and total
bonding energies corresponding to the minima in the
potential energy curves are summarized in Table 2.

In the [a1e × a1e2] coupling mode, the broken-symmetry
state corresponds to the [(a1v)1(a1V)1(ev)1(eV)2(ev)0(eV)0(a1v)0-
(a1V)0] (C3V) configuration. The potential energy curve for
this broken-symmetry state can be discussed in terms of S
) 1/2, S) 3/2, and S) 5/2 spin states (Figure 4), which
correspond to antiferromagnetic coupling of bothσ andδπ

electrons, antiferromagnetic coupling ofσ electrons but
ferromagnetic coupling ofδπ electrons, and ferromagnetic
coupling of bothσ andδπ electrons.

For the [e2 × a1e2] coupling mode, the broken-symmetry
state is defined by the [(a1v)0(a1V)1(ev)2(eV)2(ev)0(eV)0(a1v)0-
(a1V)0] (C3V) configuration. The potential energy curve for
this broken-symmetry state can be analyzed by considering
S ) 1/2 and S) 5/2 spin states (Figure 4), which arise from
antiferromagnetic and ferromagnetic alignment of theδπ

electrons, respectively.
3.1.1. Coupling Modes and Potential Energy Curves

for [W 2Cl9]2-. The potential energy curves for the broken-
symmetry and associated spin states belonging to the (d2d3)
[a1e × a1e2] and [e2 × a1e2] coupling modes (described in
the preceding section) are shown in Figure 4 for the
[W2Cl9]2- system.

For the [a1e× a1e2] coupling mode, the broken-symmetry
curve lies close to the S) 5/2 state at long metal-metal
distances, indicating electron localization, whereas at short
metal-metal distances, it converges toward the S) 1/2 state
where electron delocalization occurs as a result of the
formation ofσ (a1′) andδπ (e′) bonds. In the intermediate
range of metal-metal separations, the S) 3/2 state lies lower
in energy than both the S) 1/2 and S) 5/2 states and closest
to the broken-symmetry curve. Therefore, at intermediate

Figure 1. Molecular structure of face-shared [M2X9]z- systems.

Figure 2. Schematic representation of the correlation between metal-based
molecular orbitals inC3V (broken-symmetry) andD3h (full-symmetry)
descriptions.
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W-W distances, the metal-metal interactions can be
described as involving aσ bond but weakly coupledδπ

electrons. The minimum in the broken-symmetry curve for
the [a1e × a1e2] coupling mode coincides with that of the S
) 1/2 state, both occurring at a W-W separation of 2.56 Å
and corresponding to multiple metal-metal bonding, with a
formal bond order of 2.5 (represented by [1.0σ + 1.5 δπ]).

For the [e2 × a1e2] coupling mode, the broken-symmetry
state lies close to the S) 5/2 state at intermediate to long
metal-metal distances but converges toward the S) 1/2
state, characterized by a formal bond order of 2.5 (corre-
sponding to [0.5σ + 2.0 δπ]), at metal-metal separations
shorter than 2.7 Å. The minimum in the S) 5/2 curve is
close to that of the broken-symmetry curve and energetically
lower than the minimum for the S) 1/2 state, indicating
that localization of the metal-based electrons is favored in
this coupling mode.

Table 1. Electronic Configurations and Multiplets Arising from the Coupling Modes of d2d3 and d3d4 [M2Cl9]2- Systemsa

coupling mode configuration spin state multiplets

d2d3 [a1e× a1e2] [(a1′v)1(a1′V)1(e′v)1(e′V)2(e′′v)0(e′′V)0(a2′′v)0(a2′′V)0] S ) 1/2 2E′
[(a1′v)1(a1′V)1(e′v)2(e′V)0(e′′v)1(e′′V)0(a2′′v)0(a2′′V)0] S ) 3/2 4E′′
[(a1′v)1(a1′V)0(e′v)2(e′V)0(e′′v)1(e′′V)0(a2′′v)1(a2′′V)0] S ) 5/2 6E′

[e2 × a1e2] [(a1′v)1(a1′V)0(e′v)2(e′V)2(e′′v)0(e′′V)0(a2′′v)0(a2′′V)0] S ) 1/2 2A1′
[(a1′v)1(a1′V)0(e′v)2(e′V)0(e′′v)2(e′′V)0(a2′′v)0(a2′′V)0] S ) 5/2 6A1′
[(a1′v)1(a1′V)0(e′v)2(e′V)1(e′′v)1(e′′V)0(a2′′v)0(a2′′V)0] S ) 3/2′ 4A1′ + 4A2′ + 4E′′
[(a1′v)0(a1′V)1(e′v)2(e′V)0(e′′v)2(e′′V)0(a2′′v)0(a2′′V)0] S ) 3/2′′ 4A1′

d3d4 [a1e2 × a1
2e2] [(a1′v)1(a1′V)1(e′v)2(e′V)2(e′′v)0(e′′V)0(a2′′v)1(a2′′V)0] S ) 1/2 2A2′′

[(a1′v)1(a1′V)1(e′v)2(e′V)0(e′′v)2(e′′V)0(a2′′v)1(a2′′V)0] S ) 5/2 6A2′′
[(a1′v)1(a1′V)1(e′v)2(e′V)1(e′′v)1(e′′V)0(a2′′v)1(a2′′V)0] S ) 3/2′ 4A1′+ 4A2′ + 4E′
[(a1′v)1(a1′V)1(e′v)2(e′V)0(e′′v)2(e′′V)0(a2′′v)0(a2′′V)1] S ) 3/2′′ 4A2′′

[a1e2 × a1e3] [(a1′v)1(a1′V)1(e′v)2(e′V)2(e′′v)1(e′′V)0(a2′′v)0(a2′′V)0] S ) 1/2 2E′′
[(a1′v)1(a1′V)1(e′v)2(e′V)1(e′′v)2(e′′V)0(a2′′v)0(a2′′V)0] S ) 3/2 4E′
[(a1′v)1(a1′V)0(e′v)2(e′V)1(e′′v)2(e′′V)0(a2′′v)1(a2′′V)0] S ) 5/2 6E′′
[(a1′v)1(a1′V)0(e′v)2(e′V)0(e′′v)2(e′′V)0(a2′′v)1(a2′′V)0(e′v))1(e′V)0] S ) 7/2 8E′′

a The energy of the multiplets highlighted in bold type can be calculated using a single-determinant approach.

Figure 3. Schematic representation of the electronic configurations for
the broken symmetry and spin states associated with the [a1e × a1e2] and
[e2 × a1e2] coupling modes of d2d3 [M2Cl9]2- systems.

Figure 4. Potential energy curves for (d2d3) [W2Cl9]2-.
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A comparison of the structural data for the S) 5/2 states,
for both the [a1e × a1e2] and [e2 × a1e2] coupling modes
(Table 2), reveals that the metal-metal distance in the latter
is predicted to be approximately 0.24 Å shorter than in the
former (a similar result being observed for [Cr2Cl9]2- and
[Mo2Cl9]2-). This difference can be rationalized on the basis
that although both S) 5/2 states are characterized by a
formal metal-metal bond order of 0.5, the metal-metal
interaction involvesδπ bonding in the [a1e × a1e2] coupling
mode butσ bonding in the [e2 × a1e2] coupling mode (Figure
3).

In addition to the S) 1/2 and S) 5/2 associated states,
two S) 3/2 states (denoted S) 3/2′ and S) 3/2′′ in Tables
1 and 2) can be defined for the [e2 × a1e2] coupling mode.
However, both S) 3/2 curves lie energetically higher than
the S) 5/2 state and are, thus, not relevant to the discussion
of the global minimum of d2d3 [M2Cl9]2- species.

3.1.2. General Analysis of the Potential Energy Curves.
The potential energy curves for the states which are most
important in determining the global minima of [Cr2Cl9]2-,
[Mo2Cl9]2-, and [W2Cl9]2-, and for a comparative discussion
of the most significant similarities and differences, are
collected in Figure 5.

The potential energy curves for [Mo2Cl9]2- and [W2Cl9]2-

are qualitatively similar, the behavior of both systems being
characterized by a preference for metal-metal bond forma-
tion. However, significant differences are observed in the
potential energy curves for [Cr2Cl9]2- since, in contrast to
the Mo and W dimers, electron localization plays a more
predominant role.

The global minimum for both [Mo2Cl9]2- and [W2Cl9]2-

occurs at a short metal-metal separation and corresponds
to the S) 1/2 state arising from the [a1e × a1e2] coupling
mode. The reported experimental W-W bond length is 2.54
Å11 and is closely reproduced by the present calculations,
the predicted value being 2.56 Å. The metal-metal interac-
tion at the global minimum for the Mo and W dimers can
be described as electron delocalization in a Mo-Mo or
W-W multiple bond, with a formal bond order of 2.5
(corresponding to [1.0σ + 1.5 δπ]). Despite the general
(qualitative) similarities between the Mo and W systems, it
is important to note that while in [W2Cl9]2- the S ) 1/2
state appears to be more clearly favored over any other ([a1e

Figure 5. Potential energy curves for (d2d3) [Cr2Cl9]2-, [Mo2Cl9]2-, and
[W2Cl9]2-.

Table 2. Optimized Metal-Metal Bond Distance (M-M in Å) and
Total Bonding Energy (EB in eV) for the Broken Symmetry and Spin
States Belonging to the [a1e × a1e2] and [e2 × a1e2] Coupling Modes of
(d2d3) [Cr2Cl9]2-, [Mo2Cl9]2-, and [W2Cl9]2-

molecule coupling mode state M-M EB

[Cr2Cl9]2- [a1e× a1e2] BS 3.085 -52.76
S ) 1/2 2.468 -51.43
S ) 3/2 2.648 -52.19
S ) 5/2 3.155 -52.92

[e2 × a1e2] BS 3.027 -52.73
S ) 1/2 2.687 -50.62
S ) 5/2 3.015 -53.01
S ) 3/2′ 2.906 -51.34
S ) 3/2′′ 2.977 -52.14

[Mo2Cl9]2- [a1e× a1e2] BS 2.511 -54.80
S ) 1/2 2.507 -54.80
S ) 3/2 2.717 -54.75
S ) 5/2 3.313 -53.96

[e2 × a1e2] BS 3.139 -54.21
S ) 1/2 2.523 -53.58
S ) 5/2 3.099 -54.41
S ) 3/2′ 2.851 -53.50
S ) 3/2′′ 3.057 -53.94

[W2Cl9]2- [a1e× a1e2] BS 2.562 -56.64
S ) 1/2 2.559 -56.64
S ) 3/2 2.756 -56.45
S ) 5/2 3.350 -55.36

[e2 × a1e2] BS 3.162 -55.71
S ) 1/2 2.562 -55.37
S ) 5/2 3.114 -55.89
S ) 3/2′ 2.879 -55.13
S ) 3/2′′ 3.114 -55.48
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× a1e2] or [e2 × a1e2]) states, in [Mo2Cl9]2- the ([a1e× a1e2])
S ) 1/2 and S) 3/2 minima are (energetically) noticeably
closer (with the gap predicted to be only 0.05 eV).

The computational results for [Mo2Cl9]2- are consistent
with the observed magnetic properties. Experimental stud-
ies14,15 of the temperature dependence of the magnetic
moments indicate that the ground state of this species should
correspond to the S) 1/2 state but that the S) 3/2 state is
also thermally populated at room temperature.

The potential energy curve for the S) 1/2 state arising
from the [a1e× a1e2] coupling mode is the lowest-lying curve
at metal-metal distances shorter than approximately 2.6 Å
([Mo2Cl9]2-) or 2.8 Å ([W2Cl9]2-), but it shifts to higher
energy as the metal-metal separation increases. In the
intermediate range of metal-metal distances investigated
(which corresponds to 2.7-3.1 Å for [Mo2Cl9]2- and 2.8-
3.2 Å for [W2Cl9]2-), the S) 3/2 state belonging to the [a1e
× a1e2] coupling mode lies lowest in energy, but at longer
metal-metal separations the S) 5/2 states (belonging to
both the [a1e× a1e2] and [e2 × a1e2] coupling modes) become
energetically favored.

Unlike the Mo and W systems, the global minimum in
[Cr2Cl9]2- occurs at a relatively long metal-metal separation
of 3.02 Å, and corresponds to the S) 5/2 state arising from
the [e2 × a1e2] coupling mode. This minimum can be
characterized as involving a predominantly localized electron
distribution and weakly coupled metal centers. The potential
energy curve for this state lies lowest in energy at all Cr-
Cr distances greater than 2.5 Å, and the two S) 5/2 curves
(from the [a1e × a1e2] and [e2 × a1e2] coupling modes) are
actually almost coincident at Cr-Cr separations longer than
approximately 3.3 Å. The ([a1e × a1e2]) S ) 3/2 and S)
1/2 states are energetically favored only at the shortest
metal-metal distances investigated.

3.2. General Results for d2d3 [W2Br9]2-. The synthesis
and structural characterization of the d2d3 [W2Br9]2- dimer
was reported many years ago.13 The W-W distance is 2.601
Å, and a small (angular) distortion from the idealD3h

symmetry was found and attributed to Jahn-Teller effects.

Analogously to the [M2Cl9]2- systems, we have calculated
potential energy curves for the [a1e × a1e2] and [e2 × a1e2]
broken-symmetry and associated states of [W2Br9]2-. The
computational results predict that the ground state for this
dimer should correspond to the S) 1/2 state arising from
the [a1e× a1e2] coupling mode (as also found for [W2Cl9]2-)
and that the W-W distance should be 2.603 Å, in excellent
agreement with the experimental observation.

In addition to the general calculations onD3h structures,
we have explored the possibility of observing Jahn-Teller
distortions by lowering the molecular symmetry toC2V. This
causes the orbital degeneracy associated with the (e′)3

electron occupancy in the ([a1e × a1e2]) S ) 1/2 state to be
removed, by splitting the e′(D3h) level into a1 and b2 (C2V)
orbitals. Although earlier researchers13 have acknowledged
that the e′ orbitals of the (D3h) [M2Cl9]2- systems can be
considered “modified t2g” orbitals and that no significant
Jahn-Teller effects should therefore be expected, these

authors have suggested that this is the most likely reason
for the observed distortions in [W2Br9]2-.

Our calculations on [W2Br9]2-, employingC2V symmetry,
indicate that there are only slight changes in the structural
parameters (approximately 0.01 Å for bond distances and
1-3 degrees for bond angles), and no significant stabilization
has been found, the energetic difference between theD3h and
C2V forms predicted to be less than 0.01 eV. In addition,
further reduction of the molecular symmetry toCs has led
to only minor changes relative to theD3h or C2V results.

The calculated W-Br bond lengths and Br-W-Br bond
angles are in good agreement with the reported (average)
experimental values, with the deviations between computa-
tional and crystallographic results being approximately 0.02-
0.03 Å for distances and 1.0 degree for angles.

3.3. Potential Energy Curves for d3d4 [M 2Cl9]2- Sys-
tems. The description of the coupling modes and broken-
symmetry and associated states for d3d4 [M2Cl9]2- dimers is
analogous to that presented for d2d3 systems due to the fact
that the d4 configuration can be considered the “hole”
equivalent of the d2 configuration. The two coupling modes
for d3d4 dimers are denoted [a1e2 × a1

2e2] and [a1e2 × a1e3]
and correspond, respectively, to the electron holes associated
with the d4 metal center residing exclusively in the e orbitals
or in both a1 and e orbitals.

Figure 6. Schematic representation of the electronic configurations for
the broken symmetry and spin states associated with the [a1e2 × a1

2e2] and
[a1e2 × a1e3] coupling modes of d3d4 [M2Cl9]2- systems.
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Schematic representations for the electronic configurations
of the broken-symmetry and associated spin states (Table
1) for both coupling modes are given in Figure 6, and plots
of the potential energy curves are shown in Figures 7 and 8.
Optimized metal-metal distances and total bonding energies
corresponding to the minima in the potential energy curves
are summarized in Table 3.

3.3.1. Coupling Modes and Potential Energy Curves
for [Re2Cl9]2-. The potential energy curves for the [a1e2 ×
a1

2e2] and [a1e2 × a1e3] broken-symmetry and associated spin
states of [Re2Cl9]2- are shown in section (a) of Figure 7.

The broken-symmetry state for the [a1e2 × a1
2e2] coupling

mode is defined by the [(a1v)1(a1V)1(ev)2(eV)2(ev)0(eV)0(a1v)1-
(a1V)0] (C3V) configuration (Figure 6). The potential energy

Figure 7. Potential energy curves for (d3d4) [Re2Cl9]2-.

Figure 8. Potential energy curves for (d3d4) [Tc2Cl9]2- and [Mn2Cl9]2-.

Table 3. Optimized Metal-Metal Bond Distance (M-M in Å) and
Total Bonding Energy (EB in eV) for the Broken Symmetry and Spin
States Belonging to the [a1e2 × a1

2e2] and [a1e2 × a1e3] Coupling Modes
of (d3d4) [Mn2Cl9]2-, [Tc2Cl9]2-, and [Re2Cl9]2-

molecule coupling mode state M-M EB

[Mn2Cl9]2- [a1e2 × a1
2e2] BS 2.941 -51.81

S ) 1/2 2.681 -49.83
S ) 5/2 2.891 -52.23
S ) 3/2′ 2.813 -50.62
S ) 3/2′′ 2.917 -51.16

[a1e2 × a1e3] BS 3.165 -52.29
low spin S) 1/2 2.417 -50.25

S ) 3/2 2.594 -51.06
S ) 5/2 3.070 -51.91

high spin S) 7/2 3.238 -52.17
[Tc2Cl9]2- [a1e2 × a1

2e2] BS 3.041 -54.65
S ) 1/2 2.566 -53.88
S ) 5/2 2.994 -54.92
S ) 3/2′ 2.813 -54.02
S ) 3/2′′ 2.996 -54.33

[a1e2 × a1e3] BS 2.539 -54.85
S ) 1/2 2.485 -54.83
S ) 3/2 2.661 -54.92
S ) 5/2 3.210 -54.34

[Re2Cl9]2- [a1e2 × a1
2e2] BS 3.100 -54.78

S ) 1/2 2.604 -54.27
S ) 5/2 3.038 -55.03
S ) 3/2′ 2.848 -54.27
S ) 3/2′′ 3.037 -54.51

[a1e2 × a1e3] BS 2.514 -55.32
S ) 1/2 2.522 -55.32
S ) 3/2 2.710 -55.26
S ) 5/2 3.255 -54.38
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curve for this broken-symmetry state can be analyzed by
considering S) 1/2 and S) 5/2 spin states (Figure 7),
arising, respectively, from antiferromagnetic and ferromag-
netic alignment of theδπ electrons.

The [a1e2 × a1
2e2] broken-symmetry state lies close to the

S ) 5/2 state at intermediate to long metal-metal distances
but converges with the S) 1/2 state at metal-metal
separations shorter than 2.6 Å. The minimum in the S)
5/2 curve (at 3.04 Å) is close to that of the broken-symmetry
curve and energetically lower than the minimum for the S
) 1/2 state, indicating a preference for localization of the
metal-based electrons in this coupling mode. Analogous to
the d2d3 [M2Cl9]2- systems, S) 3/2′ and S) 3/2′′ states
can also be defined for the [a1e2 × a1

2e2] coupling mode of
the d3d4 dimers. However, the S) 3/2 curves lie energeti-
cally higher than the S) 5/2 state (Table 3) and are not an
option for the ground state of [Re2Cl9]2-.

For the [a1e2 × a1e3] coupling mode, the broken-symmetry
state corresponds to the [(a1v)1(a1V)1(ev)2(eV)2(ev)1(eV)0(a1v)0-
(a1V)0] (C3V) configuration, and the potential energy curve
can be described in terms of S) 1/2, S) 3/2, and S) 5/2
spin states (Figure 7). The [a1e2 × a1e3] broken-symmetry
curve lies close to the S) 5/2 state at long metal-metal
distances, indicating electron localization, whereas at short
metal-metal distances, it converges towards the S) 1/2
state where electron delocalization occurs as a result ofσ
andδπ bonding. In the intermediate range of metal-metal
separations, the S) 3/2 state lies lower in energy than both
the S) 1/2 and S) 3/2 states and closest to the broken-
symmetry curve. The metal-metal interactions at these
intermediate Re-Re distances involve aσ bond but weakly
coupledδπ electrons. The minimum in the broken-symmetry
curve for the [a1e2 × a1e3] coupling mode is almost coincident
with that of the S) 1/2 state (at a Re-Re separation of
2.51-2.52 Å). However, the S) 1/2 and S) 3/2 states are
energetically close, with the separation between the respec-
tive minima predicted to be only 0.06 eV.

The potential energy curves for the states which are most
important for determining the ground state of [Re2Cl9]2- are
collected in section (b) of Figure 7. The global minimum is
predicted to occur at a Re-Re separation of 2.51-2.52 Å,
in good agreement with the experimental observation of 2.47
Å,12 and corresponds to the S) 1/2 state arising from the
[a1e2 × a1e3] coupling mode, which is characterized by
electron delocalization and multiple metal-metal bonding,
with a formal bond order of 2.5 (corresponding to [1.0σ +
1.5 δπ]).

The potential energy curve for the S) 1/2 state is the
lowest-lying curve at metal-metal distances shorter than
approximately 2.6 Å but becomes increasingly destabilized
at longer Re-Re bond lengths. In the intermediate range of
metal-metal distances investigated (corresponding approxi-
mately to 2.6-2.9 Å), the S) 3/2 state belonging to the
[a1e2 × a1e3] coupling mode lies lowest in energy, but the S
) 5/2 state arising from the [a1e2 × a1

2e2] coupling mode
becomes energetically favored at longer Re-Re separations.
For clarity, the S) 5/2 curve from the [a1e2 × a1e3] coupling

mode is not shown, but this state is also favored at Re-Re
distances beyond 3.5 Å.

As discussed for [W2Cl9]2-, the [a1e2 × a1
2e2] and [a1e2

× a1e3] S ) 5/2 states of the d3d4 dimers are both char-
acterized by a formal metal-metal bond order of 0.5, but
the former involvesσ bonding and has a shorter metal-
metal distance than the latter, which involvesδπ bonding
(Table 3).

3.3.2. General Results for [Tc2Cl9]2- and [Mn2Cl9]2-.
The behavior of [Tc2Cl9]2- shows some similarities to the
Re system, but there are also important differences. As found
for [Re2Cl9]2-, the S) 1/2 and S) 3/2 states belonging to
the [a1e2 × a1e3] coupling mode are energetically close, but
in this case the minimum in the S) 3/2 curve has a slightly
lower energy. In addition, the S) 5/2 state arising from the
[a1e2 × a1

2e2] coupling mode is predicted to have the same
energy as the ([a1e2 × a1e3]) S ) 3/2 state.

The calculations on [Tc2Cl9]2- therefore suggest that this
system should exhibit two minima (Figure 8), occurring at
Tc-Tc separations of 2.66 and 2.99 Å (Table 3), and
corresponding, respectively, to the S) 3/2 state from the
[a1e2 × a1e3] coupling mode and the S) 5/2 state from the
[a1e2 × a1

2e2] coupling mode. The ([a1e2 × a1e3]) S ) 3/2
state contains a single Tc-Tc σ bond and some degree of
δπ bonding, whereas the ([a1e2 × a1

2e2]) S ) 5/2 state has
electrons in both the bonding (a1′) and antibonding (a2′′)
orbitals and therefore a formal Tc-Tc σ bond order of 0.5,
and theδπ electrons are completely localized.

The properties of the Mn system are significantly different
from those of the Tc and Re dimers, as an additional state
(which is not important for the discussion of [Tc2Cl9]2- and
[Re2Cl9]2-) has to be considered (Figure 8). This is the S)
7/2 state arising from the coupling of metal centers with (d4)
high-spin configurations (Figure 9), which can be represented
as [(a1)1(e)2(e)1] (in C3V symmetry).

The S ) 7/2 state can be connected with a broken-
symmetry configuration equivalent to that for the [a1e2 ×
a1e3] coupling mode. This is a consequence of the fact that

Figure 9. Schematic representation of the electronic configuration for the
S) 7/2 state arising from the [a1e2 × a1e3] coupling mode of d3d4 [M2Cl9]2-

systems.
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both e′ and e′′ (D3h) orbitals transform as the e (C3V)
irreducible representation when the molecular symmetry is
reduced from D3h to C3V. Thus, the broken-symmetry
configurations for the low-spin (S) 1/2, S) 3/2, S) 5/2)
and S) 7/2 states are both characterized by an overall
electron distribution corresponding to an [(a1)2(e)4(e)1] orbital
occupancy. This broken-symmetry configuration can, there-
fore, encompass the description of both low-spin and high-
spin cases.

The calculations on [Mn2Cl9]2- (Table 3) suggest that the
minima in the S) 5/2 curve from the [a1e2 × a1

2e2] coupling
mode (at a Mn-Mn separation of 2.9 Å) and in the S) 7/2
curve from the [a1e2 × a1e3] coupling mode (at a Mn-Mn
distance of 3.2 Å) have largely similar energies, and thus
this system may also exhibit a double-mimina feature, as
predicted for [Tc2Cl9]2-.

It is important to note that the d4 Mn center in the ([a1e2

× a1e3]) S ) 7/2 state has a high-spin configuration, and
therefore the orbital degeneracy associated with the single
occupancy of the e′ level would be more likely to lead to
Jahn-Teller distortions since, unlike the [W2Br9]2-case
previously discussed, these orbitals can be described as
“modified eg” orbitals. In order to explore possible Jahn-
Teller distortions, additional calculations have been carried
for the S) 7/2 state of [Mn2Cl9]2- usingC2V symmetry, but
(as found for [W2Br9]2-) only minor structural and energetic
differences have been observed.

3.4. Comparison of Odd and Even Electron [M2Cl9]z-

Systems.The differences in the electronic structure and
bonding between odd-electron (mixed-valence) and even-
electron (same-valence) [M2Cl9]z- systems, involving W and
Re, have been discussed in the literature on the basis of
comparisons of crystallographic data and results from XR
calculations. A summary of our computational results
(obtained from density functional calculations) for d2d2, d2d3,
and d3d3 [W2Cl9]z- and d3d3, d3d4, and d4d4 [Re2Cl9]z- is
given in Table 4 and Figure 10.

Cotton and co-workers11 have pointed out that the (0.12
Å) increase in the W-W distance observed for (d2d3)
[W2Cl9]2- with respect to (d3d3) [W2Cl9]3-, although con-
sistent with a decrease in bond order, cannot be rationalized
solely in terms of this phenomenon and that the increase in
average formal oxidation state of the metal atoms could be
a more significant factor. A higher oxidation state should
result in a contraction of the metal d orbitals and stronger

repulsive forces between the W atoms, thereby weakening
the W-W bond.

In addition to the d2d3 and d3d3 W systems, the crystal
structure of the (d2d2) [W2Cl9]1- dimer has been reported
recently23 and is characterized by a metal-metal distance
of 2.70 Å. Our calculations are in good agreement with this
result and indicate that the ground state for this system is a
delocalized spin-triplet state involving a metal-metal double
(σ andδπ) bond, as previously found for the analogous (d2d2)
Nb and Ta [M2Cl9]3- dimers3.

Heath and co-workers12 have compared (d3d4) [Re2Cl9]2-

with (d3d3) [Re2Cl9]1- and have suggested that the (0.27 Å)
decrease in the Re-Re distance, observed for the mixed-
valence species, can be explained on the basis that the metal-
metal interaction is enhanced due to diminished electrostatic
repulsion, strongerσ bonding, and the presence of a
significant δπ bonding contribution in the d3d4 system but
not in (d3d3) [Re2Cl9]1-.

The observed crystallographic changes for [W2Cl9]3-,
[W2Cl9]2-, and [W2Cl9]1-, and the structural differences
between [Re2Cl9]1- and [Re2Cl9]2- are all correctly repro-

(23) Kolesnichenko, V.; Swenson, D. C.; Messerle, L.Chem. Commun.
1998, 2137.

Table 4. Comparison of Calculated and Formal Properties for Odd and
Even Electron [W2Cl9]z-and [Re2Cl9]z- Systems

[W2Cl9]z- d3d3 d2d3 d2d2

W-W distance 2.43 Å 2.56 Å 2.67 Å
W-W formal bond order 1.0σ + 2.0δπ 1.0σ + 1.5δπ 1.0σ + 1.0δπ
W formal oxidation state +3.0 +3.5 +4.0
W Voronoi charge +1.34 +1.44 +1.53

[Re2Cl9]z- d3d3 d3d4 d4d4

Re-Re distance 2.72 Å 2.52 Å 2.57 Å
Re-Re formal bond order 1.0σ + 2.0δπ 1.0σ + 1.5δπ 1.0σ + 1.0δπ
Re formal oxidation state +4.0 +3.5 +3.0
Re Voronoi charge +1.41 +1.32 +1.23

Figure 10. Calculatedσ-σ* and δπ-δπ* gaps for odd and even electron
[W2Cl9]z- and [Re2Cl9]z- systems. Results correspond to calculations
performed at the optimized geometry of the (d3d3) S ) 0 states.
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duced by the present calculations (Table 4). The trends
displayed by the computational (Voronoi) charges mirror the
variation in formal metal oxidation states, but the overall
changes across both (W and Re) series are rather small,
suggesting that electrostatic effects may be a relatively minor
factor.

The analysis of the bonding properties of the [W2Cl9]z-

and [Re2Cl9]z- species indicates that the changes in bothσ
and δπ interactions and formal metal-metal bond orders
should play an important role in rationalizing the metal-
metal bond length differences across the W and Re series.
In particular, the present results suggest that theδπ orbitals
should make a greater contribution than originally proposed
on the basis of the earlier XR results.11

The σ-σ* and δπ-δπ* gaps (obtained from our density
functional calculations) for the [W2Cl9]z- and [Re2Cl9]z-

dimers are plotted in Figure 10. Due to the differences in
the total molecular charge, it is not possible to use absolute
energy values, but if theσ and δπ levels are chosen as a
reference, then the positions of theσ* andδπ* levels provide
a measure of the changes in the magnitude of theσ-σ* and
δπ-δπ* splittings, respectively.

The diagrams in Figure 10 show a significant change in
theσ-σ* gaps, suggesting a weakening of the metal-metal
σ interactions as the formal oxidation states increase from
d3d3 to d2d2 [W2Cl9]z- and from d4d4 to d3d3 [Re2Cl9]z-. These
diagrams also reveal that the magnitude of theδπ-δπ* gaps
is significant, and therefore the bonding character of theδπ

orbitals should be sufficiently strong to be an important factor
in understanding the trends in metal-metal bond lengths.

In the [W2Cl9]z- series, the formal W-W bond order
decreases from 3.0 to 2.0 and theσ-σ* gap diminishes by
approximately 7-9% as the formal oxidation state of the W
atoms increases from+3.0 to +4.0. Thus, the changes in
the strength of theσ interaction and in metal-metal bond
order act conjointly to result in a lengthening of the calculated
W-W distance from 2.43 to 2.67 Å.

In the [Re2Cl9]z- series, the differences in the magnitude
of the σ-σ* splittings are larger, with the gap predicted to
increase by approximately 15-18% between (d3d3) [Re2Cl9]1-

and (d4d4) [Re2Cl9]3-. However, unlike the W series, the
changes in the strength of theσ interaction and in metal-
metal bond order work in opposition to one another across
the Re series. The expected increase in Re-Re distance for
(d3d4) [Re2Cl9]2- with respect to (d4d4) [Re2Cl9]3-, on the
basis of the weakening in Re-Reσ bonding, appears to be
counteracted by the increase in formal Re-Re bond order,
and the net result is a shortening of the calculated metal-
metal bond length from 2.57 to 2.52 Å.

The opposite result emerges from a comparison of the d4d4

and d3d3 Re dimers. Although a shorter Re-Re distance
would be predicted for [Re2Cl9]1- relative to [Re2Cl9]3-, on
the basis of an increase in formal bond order from 2.0 to
3.0, the calculated metal-metal bond length actually in-
creases by approximately 0.15 Å. Therefore, in this case,
the weakening of the metal-metalσ interaction appears to
be more important in determining the metal-metal bond
length than changes in the metal-metal bond order.

Previous studies2 of [Re2Cl9]1- have revealed that the
global minimum in the broken-symmetry potential energy
curve can be described as involving delocalizedσ electrons
but weakly coupled (or localized)δπ electrons, corresponding
to the antiferromagnetically coupled counterpart of the S)
2 state. Therefore, although the d3d3 configuration can
accommodate a Re-Re triple bond, the metal-metal inter-
action in this species is best described as corresponding to a
single (σ) bond.

Calculations on the S) 0 state of [Re2Cl9]1-, which is
characterized by complete delocalization of bothσ andδπ

electrons leading to multiple metal-metal bonding (and the
expected formal bond order of 3.0), indicate that the Re-
Re distance in this case is 2.49 Å. This is shorter than the
Re-Re bond in (d3d4) [Re2Cl9]2-, but the difference is only
0.03 Å. This result is therefore consistent with the changes
in the strength ofσ bonding and in metal-metal bond order
both having important (but opposite) effects across the
[Re2Cl9]z- series.

In contrast to (d3d3) [Re2Cl9]1-, the minima in the potential
energy curve for the broken-symmetry state of (d4d4)
[Re2Cl9]3- and (d3d4) [Re2Cl9]2- do correspond to multiply
bonded structures, the ground states being delocalized triplet
and doublet states, respectively.

In addition to the 5d-5d dimers, where the formation of
metal-metal bonds is a predominant factor, it is also
interesting to compare the behavior of the analogous 3d-
3d systems, namely [Cr2Cl9]z- and [Mn2Cl9]z-. In these
species, the metal centers tend to be weakly coupled and
have a greater preference for electron localization.

Some interesting observations emerge from a comparison
of odd (d2d3 and d3d4) and even electron (d3d3) Cr and Mn
dimers. The ground state for the latter is the S) 3 state
characterized by complete localization ofσ andδπ electrons.
In the case of the mixed-valence species (Tables 2 and 3),
calculations predict that the ground state should be the S)
5/2 state where theδπ electrons are also localized, but a single
σ electron can in principle delocalize over the two metal
centers leading to some metal-metal bonding (Figures 3 and
6). The calculated Cr-Cr and Mn-Mn distances for the
corresponding broken-symmetry states show a decrease of
0.12 and 0.17 Å, respectively, in the (mixed-valence) d2d3

and d3d4 systems relative to the (same-valence) d3d3 systems.
An analysis of the molecular orbital compositions indicates

that the singleσ electron in the mixed-valence dimers should
be 20 to 25% delocalized over the two Cr or Mn centers.
Therefore, this (partial)σ-bonding interaction is likely to be
associated with the shortening of the metal-metal distance
predicted for mixed-valence (d2d3) [Cr2Cl9]2- and (d3d4)
[Mn2Cl9]2-, compared to the respective d3d3 ([Cr2Cl9]3- and
[Mn2Cl9]-) dimers.

4. Conclusion

The electronic structures and metal-metal bonding in (Cr,
Mo, W) d2d3 and (Mn, Tc, Re) d3d4 [M2Cl9]2- systems have
been investigated by calculating potential energy curves for
various broken-symmetry and other spin states arising from
the d2d3 and d3d4 coupling modes. For the experimentally
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known systems ([Mo2Cl9]2-, [W2Cl9]2-, and [Re2Cl9]2-),
computational results are in good agreement with observa-
tions.

The global minima in [Mo2Cl9]2- and [W2Cl9]2- cor-
respond to the S) 1/2 state arising from the [a1e × a1e2]
coupling mode. This state is characterized by delocalization
of the metal-based electrons in relatively short Mo-Mo and
W-W multiple bonds, with a formal bond order of 2.5
(corresponding to [1.0σ + 1.5 δπ]). In contrast, the global
minimum of the [Cr2Cl9]2- system is represented by the S
) 5/2 state belonging to the [e2 × a1e2] coupling mode, which
involves electron localization and a weak metal-metal
interaction, consistent with a relatively long Cr-Cr separa-
tion.

The d2d3 and d3d4 (dimer) configurations are connected
through the electron-hole equivalence of the individual d2

and d4 configurations. Thus, the [Re2Cl9]2- system shows
similarities to [W2Cl9]2- and, especially, [Mo2Cl9]2- in that
a preference for metal-metal bonded structures is also
observed. Similarities between Mo and Re systems have been
previously found in an study of d3d3 [M2X9]z- dimers and
can be considered to reflect the diagonal relationship existing
between these two elements in the periodic table. The global
minimum for [Re2Cl9]2- is predicted to be the S) 1/2 state
belonging to the [a1e2 × a1e3] coupling mode (with a formal
Re-Re bond order of [1.0σ + 1.5 δπ]), but with the S)
3/2 state (which has a formal Re-Re bond order of [1.0σ
+ 0.5 δπ]) lying energetically close (as also observed for
[Mo2Cl9]2-).

In the case of [Tc2Cl9]2- and [Mn2Cl9]2-, two low-lying
states have largely similar energy, and thus both systems
are predicted to exhibit a double-minima behavior. For the
Tc dimer, these correspond to the ([a1e2 × a1e3]) S ) 3/2

state (with a formal Tc-Tc bond order of 1.5) and the ([a1e2

× a1
2e2]) S ) 5/2 state (with a formal Tc-Tc bond order of

0.5), whereas for the Mn dimer, the two predicted minima
correspond to the ([a1e2 × a1e3]) S ) 7/2 and ([a1e2 × a1

2e2])
S ) 5/2 states.

A comparison of computational results across [W2Cl9]z-

and [Re2Cl9]z- series, involving odd and even electron
species, has indicated that changes in both the strength ofσ
bonding and metal-metal bond order play an important role
in rationalizing the trends in metal-metal distances. In the
W series, these two factors work conjointly, and the W-W
distance is found to decrease as the formal W-W bond order
increases and the W-W σ interaction becomes stronger.
However, in the Re series, the changes in Re-Reσ bonding
and formal Re-Re bond order act in opposition to each other,
and the Re-Re distances do not follow a regular trend.

The ground states of both odd (d2d3 and d3d4) and even
(d3d3) electron [Cr2Cl9]z- and [Mn2Cl9]z- dimers are char-
acterized by weak coupling between the metal centers, but
calculations predict that the global minima for the mixed-
valence species occur at a significantly shorter metal-metal
distance. This result can be rationalized on the basis that
the (S) 3) ground state of the d3d3 dimers involves complete
delocalization of all metal-based (σ andδπ) electrons (and
thus no metal-metal bonds), whereas in the (S) 5/2) ground
state of the mixed-valence systems, partial delocalization of
a singleσ electron leads to some degree of metal-metal
bonding.
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