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Electronic Structure of Face- and Edge-Shared Bioctahedral Systems: A Comparison of
M2C|93_ and M2C|1o4_, M = Cr, Mo, W

Introduction

In recent years the chemistry of systems containing two o
more transition metal centers has expanded rapidmall
clusters of metal atoms have obvious applications in the study
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Potential energy curves for the broken-symmetry states of the edge-shared bimetallic syst@mg; \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 @rdébeforesr beforeo as the metat

metal separation is progressively increased. As a result there are four distinct regions of the potential energy
curve, corresponding to (&) + x + ¢ delocalized; (b + & delocalizedy localized; (c)o delocalizedr + 6
localized; and (dyy + & + 6 localized. Localization of thé subset of electrons is particularly facile, because
interactions with the bridging ligands destabilize herbital relative tad*. As a result, at metatmetal separations
greater than approximately 2.30 A, delocalization ofdreectrons would result in formation of aMM antibond

rather than a bond. For &2l,¢*~, 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 analogug&iy®™ and the difference between the two
structural types is traced to the inability of the edge-shared bridge to support the short metil separations
necessary for complete electron delocalization.

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.

of metal surface3 electronic deviced,and catalyst$,as well The appreciation of the general importance of bimetallic sites,
as the relatively new discipline of bioinorganic chemistior along with the synthesis of a vast array of model complexes,
example, the oxygen-transport proteins hemerytraid hemo- has been accompanied by advances in the understanding of their
cyanirf feature diiron and dicopper sites, respectively, while €lectronic structure, particularly with reference to the nature of
manganese catalase contains two manganese? iodsre the metal-metal interactions. In this respect, it is important

complex polymetallic active sites are also known, notably the to distinguish two distinct categories of complexes, those with
manganese cluster in the oxygen-evolving complex (OEC) of an unsupported metametal bond, and those in which the metal
photosystem Rand the sulfide-bridged iron clusters which play centers are spanned by one or more bridging groups. While an
a central role in a variety of electron transport proce$3&se unsupported dimer necessarily relies on the direct overlap of
precise role played by the polymetallic active site in these metal-based orbitals for its stability, bridged systems may be

stabilized solely by covalent interactions between metal and
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varying from approximately 2.40 A for the tungsten systém  with the resultant comparison with the corresponding series of

to in excess of 3.1 A for the dichromium analogdeThe nonachlorides, which holds a central position in the chemistry
general class of edge-shared complexes show a similar diversityof the face-shared systems, justifies the choice of model systems.
of structure and bondin¥f, but unfortunately the subgroup of In order to discuss periodic trends in metatetal interac-

homoleptic decahalides, M1¢7, is far less diverse than its tions, it is clearly necessary to be able to accurately describe
nonahalide counterpart. Neuffahnd anionié® systems with weak antiferromagnetic coupling at the same level of theory as
a variety of d electron counts are known, but where structural the opposite extreme of strong metahetal bonding. As in
data are available, metaietal separations are without excep- previous work, we therefore make extensive use of the broken-
tion long, the shortest being the 3.63 A -©@s separation symmetry methodology developed by Noodleman and co-
observed in O£l;¢> .62 However, the structurally character-  workers?2which provides a means of treating weakly interacting
ized systems represent only a small subgroup of known electrons in a physically realistic manner. The method relies
complexes, and there remains a real possibility that adjustmenton removing all symmetry elements connecting the two metal
of oxidation state may induce significant metatetal bonding ions (symmetry breaking), thereby allowing (but not forcing)
in the decahalides. In this respect it is interesting to note that electrons of opposite spins to localize on opposite centers. The
stepwise reduction of QBri¢#~ results in the loss of bromide  spin singlet ground state then arises through weak antiferro-
and the formation of Q8rq@ 1,17 which features a direct Gs magnetic coupling rather than strong bonding. The broken-
Os bond. It may be that reduction-induced changes in the symmetry methodology has been used to calculate ground-state
metakmetal bonding in the decabromide complex facilitate the electronic structures and magnetic properties of a variety of
expulsion of the halide and adoption of the face-shared bimetallic system® and, more recently, to optimize structural
architecture. Similar redox-linked structural changes may be a parameterd®-21.23.24 |f in contrast, the two sides of the
feature of the reactivity of the enzymatic active sites mentioned molecule are constrained to be symmetry-equivalent, the metal-
above, which often involve the binding, chemical modification, based electrons are forced to delocalize over both sides of the
and expulsion of small molecules at the active sites. molecule, a situation which is clearly realistic only in the
We have recently discussed in detail the potential energy presence of a relatively strong metahetal bond. This can
curves of face-shared bioctahedral systén#8 using ap- lead to underestimation of metametal separations by as much
proximate density functional theory. The initial focus was as 1.0 A in weakly coupled systems such agQl~.1¢ It is
placed on complexes with the’d} electronic configuration, important to emphasize that the two extremes described above
followed more recently by an analysis of other configurati®ns, (localized electrons, antiferromagnetic coupling; delocalized
where the degeneracy (or near-degeneracy) of the metal-basegélectrons, strong metametal bonding) represent two limits of
orbitals complicates the potential energy curves considerably.a continuum of intermediate bonding situations, all of which
It is the purpose of this paper to provide a similar analysis of are encompassed by the broken-symmetry methodology.
the related edge-shared bioctahedra. We again focus on model ] ]
systems with the simple®d® configuration, exemplified by the ~ Computational Details
decachlorides of the chromium triad,,®l:¢*~ (M = Cr, Mo, All approximate density function® calculations reported in this
W). Unfortunately none of these complexes are known, work were performed using the Amsterdam Density Functional (ADF)
although the isoelectronic F€l;¢>~ complex has recently been  program, version 2.0%. A double{ Slater type orbital basis set

reporteds” Nevertheless, the simplicity of the analysis, along extended with a single d-polarization function was used to describe
chlorine, while all metals were modeled with triplebasis sets.
Electrons in orbitals up to and including 21}, 3p{Cr}, 4p{ Mo},
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== antibonding orbitals @and &", respectively, irDs, symmetry)
while the single-ion e orbitals give rise i, bonding and
antibonding orbitals (eand ¢ 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

a;i e }

gginisation gf,zlrtfgp polarization is responsible for the separation between the
occupied and vacant orbitals, whereas at the delocalized limit,
T " Y . orbital overlap causes a splitting between bonding and anti-
€ 5 ke e € i i
ol T [ +"+“+ al 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
. . o _ the Cs, point group, by the configuration {&(a.¥)(et)?(el)%-

Separated-ion  Delocalised Limit Separated-ion (eN°(eh°(ash)°(aet)®. As noted above, in the weakly coupled
Figure 1 L’F:;gresemaﬂon of the broken Symmet:;”;’;te N limit the separation between occupied and vacant orbitals arises
both de_IocaIized and separate_d—ion limits are shown. Orbitals are Iabeleo'iﬂreosggasrgl[?oﬂozl?irslz?l[ﬁ?(’)L\j\éhhe:)?gﬁf;?;cgrlsg)onlgr:yp(;i(::;;?:fl)g Itlrr]nel ';e
according to the representations of fig point group. . . 3 ) !

are four distinct ways in which the broken-symmetry state
No attempt was made to use approximate spin-projection techniquesdefined above may be attained, depending on which subsets of
to obtain the energy of the true ground state as we have illustrated in electrons are involved in weak magnetic coupling (localized)
a previous publication that, where such projection is valid, it makes or strong metatmetal bonding (delocalized): (a) all electrons
negligible di_ffere_nce_to the_ shape of the potential energy _ck?rv‘éhe ~ delocalized; (b delocalized ., localized; (c)o localized,d
LDA approximation, including the local exchange-correlation potential delocalized; and (d) all localized. The simplest way to

! A .
of Vosko, Wilk, and Nusait’ was employed throughout. Neither determine which description is appropriate at any point on the
gradient nor quasi-relativistic corrections were considered as they have . . .

curve is to consider the associated stags; 0, 1, 2, and 3.

been shown to result in generally poorer agreement with the crystallo- N )
graphically determined structures than the LDA in isolation. The FOr these states the orbitals are labeled according to the full

individual points on the potential energy curves were calculated by Dsn molecular symmetry because in each case the electrons are
freezing the metatmetal separatiormy—_y, and optimizing all other found to be fully delocalized, even in the absence of symmetry
independent structural parameters using the gradient algorithm of elements connecting the two metal centers.

Versluis and Zieglef? 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
Face-Shared Systems, hClo>~. We and other authors have  decoupledS= 3, defined as (af)(ay'¥)°(e1)2(e'})%(e")2(e"})°-
described the electronic structures of bimetallic systems linked (g,"1)1(a,"1)°, will lie close in energy. Likewise, if the orbitals
by a triple halide bridge in detail elsewhéfe?2?and soonly  are delocalized in the broken-symmetry state, but tideir
the features of the bonding most relevant to the comparison counterparts remain weakly coupled, then Be= 2 state,
with their edge-shared analogues will be discussed here. Eachg't)i(a,})1(e1)2(e4)°(e")2(e"}) (a2 "1)%(a"})°, where only the
metal center has local trigonal symmetry, and consequently they, electrons are uncoupled, will lie closest in energy. Similar
togrbased orbitals are split into subsets gfaad e symmetry,  |ogic suggests that if only the electrons are weakly coupled,
which respectively have andd, symmetry with respect to the  the S= 1 state, (g!)(ay'})%(e)2(e'})2(e")%(e"}) (a2 ) (a""})°,
meta-metal axis. For an isolated single ion with & d  corresponding to the uncoupling of theelectrons in isolation,
configuration, each of these orbitals is singly occupied, with il lie close to the broken-symmetry state. Finally, if all metal-
the electron spins parallel, giving a spin-quartet state. As aresulthased orbitals are delocalized, then the broken-symmetry state
the majority-spin metal-based orbitals lie significantly lower than s identical to the singlet ground state obtained from a calculation
their minority-spin, vacant counterparts (see Figure 1, separated-performed in fullDs, symmetry. This state, denot&k= 0, is
ion limit). defined by the configuration (4)1(a;'})1(e1)2(e})2(e"1)%(e'"})°-
The process of metaimetal bond formation may be regarded (a,"4)%(a,"})°. It is important to emphasize the distinction
as a progressive delocalization of the metal-based orbitals overpetween thisS = 0 state, where full electron delocalization is

both centers. In the limit of weak metametal interactions,  forced on the electrons, and the broken-symmetry state, which
each electron remains essentially localized on one side ora|so has a net spin of 0, but where no prior assumption regarding
another, and the spin singlet ground state arises throughthe |ocalization/delocalization of the electrons is made. Through-
antiparallel (antiferromagnetic) coupling of the spins on opposite out the following discussion, the reader should bear in mind
centers. In this case, the metahetal coupling is best regarded  that the ground state is always the antiferromagnetic broken-
as a small perturbation on the energy level scheme of two symmetry state, and the energies of the associated spin states
isolated single ions. As the orbitals become progressively more gre emphasized only because they provide a convenient means

delocalized, two major changes occur. First, the spin density of preaking down the potential energy curves into distinct
at each center is lowered, thereby reducing the spin polarizationsegments.

splitting; second, the orbitals gain significant bonding or
antibonding character. In the limit of full delocalization, the 0
single-ion orbitals of asymmetry give rise t@ bonding and ;

Results

Curves for the broken-symmetry and associated st&es (

1, 2, and 3) are shown in Figure 2 for,®1®~, M = Cr,
Mo, W. In all cases, the broken-symmetry ground state (bold)
(27) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200. Passes SmEOthly from the minima in tBe:.O S.tate 5 =2

(28) Versluis, L.; Ziegler, T.J. Chem. Phys1988 88, 322. an_d thenS = 3 as the meta}met_al separation _|ncrease§:(:

(29) Summerville, R. H.; Hoffmann, R. Am. Chem. So&979 101, 3821. 0 is not shown for GClg3~, as its minimum lies over 3 eV
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Figure 3. Representation of the broken-symmetry state €y :
orbitals are labeled according to the representations oCtheoint
group.

Total Energy / eV

delocalized limit, the single-ion;ab,, and a orbitals combine
to give metat-metal bonding/antibonding combinations @f
m, ando symmetry, respectivel§.. 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-distingtsr, and o orbitals
: ; ; . , leads to a more complex potential curve. There are now six
20 25 3.0 35 4.0 intermediate bonding situations between the fully localized and
M-M/A delocalized limits (compared to two in the face-shared systems),
Figure 2. Potential energy curves for the broken-symmetry Snedl depending on the order in which the different subsets of
0, 1, 2, and 3 associated states ofd¢f~ (M = Cr, Mo, W). electrons localize. Including the two limiting cases, there are
. therefore eight possible descriptions of the broken-symmetry
higher than that for the broken-symmetry state). In contrast, g6 and to determine which description is the most appropriate

tt?le S= |1_state| lies We”. abovgr;[]he brotl: en—symme’grygpurve Et at any point, we must consider the associated states, summarized
all meta-metal separations. These observations indicate that;, tahie 1. Again, fullD,, symmetry is used to describe these

as the metatmetal separatior_l increase_s, the broken-sy_mmetry states since, analogous to the associated statesGhM, they
state passes through three distinct regions corresponding to the, .o t5und to be fully delocalized

situations a, b, and d described above. The situation described 1,4 broken-symmetry potential energy curve for Adbg
by ¢, where ther electrons are localized but théiy counterparts is shown in Figure 4, along with the eight associated s@tes
are delocalized, is never a valid description of the broken- 4 g— jac g= 2ac gndsS=3. The broken-symmetry curve
symmetry state, because the associ&edl state lies too high ¢/ 10ws sm’oothly fromS = 0 (rMo—Mo <22 A)vias= 12
in energy at all points on the curve. This simply confirms the (rMo—Mo < 3.0 A), S = 22 (rMo—Mo < 3'4 A), toS= 3
intuitive expectation that the electrons always delocalize before (rtMo—Mo > 34 A)., The remaining four stateS = 15< and
their 6, counterparts. We also note that only over the range of g — obc |ie considerably higher in energy tha,n the broken-
metal-metal separations where the potential energy curves for symmet’ry state at all points. Thus the broken-symmetry
: . Sotential energy curve can be subdivided into four distinct
broken-symmetry curve will the calculated energies for the regions: (a) whereMo—Mo < 2.2 A, all metal-based electrons
associated states correspond closely to the true spin multiplet, .o qelocalized: (b) where 29 Mo—Mo < 3.0 A o + 7 are
energies. Finally, because the broken-symmetry state closelyyaiocalized and is localized: (c) where 3 & rMo—Mo <
follows the minima in thes= 0, 2, and 3 associated states, the 3 4 & . is delocalized and: -+ é are Iocalized.' (d) whereMo—
global minimum_in t_he broken-sy_mmetry curve for any par- 15 > 34 A, all metal-based electrons are localized. Once
tlcular_ complex is _S|mply det.ermlned by which of the. three again, we note that only where the curves for the associated
associated stites lies Iowift in energy. Thus wBereD lies states converge or lie parallel and close to the broken-symmetry
lowest (_V\éC_Ig and MaCly™"), the ground-state m_etametal curve will the calculated energies for the associated states
separation is short and all electrons are delocalized, whereas,,egnond closely to the true spin multiplet energies. The high
for Cr,.Clg3>~, S= 3 lies lowest, all metal-based electrons are energies of thes = 15¢ and S = 25¢ states confirm that the
localized, and the CrCr separation is large. electrons localize in the order beforex beforeo, as might

Edge-Shared Systems, KCli*". In the edgg-shared SYS™  have been anticipated on the basis of simple orbital overlap
tems, the local symmetry at each r_netal .centétg_mnd so_the arguments. In the case of Mol;¢*~, theS= 3 state lies lowest,
degeneracy of thegmanifold is entirely lifted, giving orbitals 504 hence the global minimum in the broken-symmetry state is
OCfoSBIi rt])a t?gt(\jN:er?{?emt‘\el\}(r)yié?sglrjéiuﬁé isrfgag(t)ii-rllogyr“nn;gtry found at largeMo—Mo (4.1 A), where all metal-based electrons

4 - are completely localized. The ground state is therefore distinctly

state defined by (8)'(au)"(0a1)'(b21)"(@)*(2el) '(2ef) (@) (0z!)°*- different from that of the isovalent face-shared speciesQ4#-,
(02))%(agh)%(arh)®, where the labels of thé,, point group indicate
that once again no prior assumption has been made regardingso) shaik, S.; Hoffmann, R; Fisel, C. R.; Summerville, RJHAm. Chem.
the localization/delocalization of the electrons. At the fully Soc 198Q 102, 4555.
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Table 1. Associated States for Various Regions of the Broken-Symmetry Potential Energy Curves<ioaii MxX 1o Complexes with the
d®d® Configuration

broken-symmetry region

delocalized localized associated state

M2Xg
o+ 0y none S=0 (a'h)(a' ) (e (e V)2(e")o(e"V)(a" 1) (a'"})°
Ox o S=1 (a')(a/ V)&M) (e")o(e"V)(a'" ) (a"})°
o Ox S= 2 (&' arHX(eN2(eh) (e (e h (e (e )°
none o+ 0, S= 3 (a)Y(a)(eN(eh)o(e")¥e") (a' ) (a'"})°

M2X10
otma+9o none S= 0 (a)" (@) (Daut) (D2ut) (Prgh) (Prgh) () () °(bsgt) °(bsgh) °(br) X(brh)°
o+ 0 S= 12 (ag!) (agh) (baut) (D2ut) (b1gf) (brgh) (At (@uh) X(bagh) °(agh) °(Druf) X(1t)°
o+0o 7 S= 1° (agh)*(agh) "(baut) (baub) °(brgh) H(brgh) “(aul) X(auh) X(bagh) {(bagh) X(brf) X(br.h)°
a+0 1% S= 1° (ag!) *(agh)°(bau!) *(b2ud) (b1l (bagh) *(aul) °(@ut) (bagh) °(bagh) (1) (b1uh)°
o T+ S= 22 (ayf) agh) (oaut) (bauh) (o1eh) (b1 gh) (auf) (@) (034) (03h) (01.1) (1) °
7 o+o S= 2° (agh)*(agh) *(bzu) (baub) (brgh) H(brgh) X(auf) H(auh) X(bsgh) X(bagh) X(bauf) H(bruh)°
0 o+ S= 2° (ayf) (agh) (oaut) (02uh) (o11) (b1gh) (auf) (@) (03q) (03h) (01.1) (b1.)°
none otma+o S= 3 (ah) (ah) (o2ut) (bauh) (Do) (1) (@l (@t (bagh) (D3) (bul) (bruh)°

Relative Energy / eV

rMo-Mo / A

Figure 4. Potential energy curves for the broken-symmetry 8ne

0, 1&¢, 22¢, and 3 associated states of M ¢*.

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 th& = 0 andS = 12 curves. For
the S= 0, 2, and 3 states in the MOIg*~ system (Figure 2),
there is a steady increase in the metaletal separation as the
electrons are successively decoupled, but for,Gig*~ the
minimum in the S = 12 curve (where thed electrons are
decoupled) lies almost directly below that$~ 0. In terms
of the broken-symmetry ground state, this implies that the [ ‘ ‘ ; ; ;

+ r delocalized localized] region is more stable than its fully 20 25 30 35 40 45
delocalized counterpart down to very short metaktal separa- M-M /A

tions (2.2 A), and only below this point do the electrons Figure 5. Potential energy curves for the broken-symmetry Srdl
delocalize. This situation contrasts markedly with thg 0, 13, 22 and 3 associated states ob¥4s*~ (M = Cr, Mo, W).
electrons of MaClg®~ which delocalize at metalmetal separa-

Total Energy / eV

tions of approximately 2.6 A. The reluctance of thelectrons Potential energy curves for the broken-symmetry states of
to delocalize can be linked to the well-established inversion of Cr,Clig*~, M0o,Cli¢*~, and WiClyg*~ are shown in Figure 5,
the & andd* orbitals20 In the limit of full delocalization D2, along with the associated stat&s= 0, 13 22 and 3. The
symmetry), there is an occupied orbital localized on the bridging remaining associated states= 1°¢ and 2°, lie well above
{Cl3} array of correct symmetry to overlap with tideorbital, the broken-symmetry curve in all cases and are omitted for
but not one to match its antibondidg counterpart. Asaresult, clarity. The CpClig*~ complex is the simplest of the three to
interactions with the bridge destabilizerelative too*, and describe, because tl&= 3 state lies almost 2 eV lower than

only whererMo—Mo < 2.2 A do through-space interactions any of the others. The position of the global minimum in the
dominate, and the normal below 6* ordering returns. This broken-symmetry state is therefore clear: all metal-based
means that, at separations greater than 2.2 A, delocalization ofelectrons are completely localized and the-Cr separation is
the 6 electrons would lead to the formation of a Mblo long. The potential energy curves for systems containing
antibond and is therefore unfavorable. The net result of the second- and third-row transition metals are rather more complex,
inversion ofd andd* is therefore to make thé electrons very because all four associated states lie within 1.0 eV of the global
difficult to delocalize and force theo[+ & delocalized,d minimum. For MoCl,¢*~, the most stable of the four 8= 3,
localized] bonding situation to persist over an unusually wide giving rise to the localized ground state noted above, but both
range of metatmetal separations. theS= 12andS = 22 states lie less than 0.5 eV higher. As a
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result, a distinct plateau emerges over the range 2<8rMo— f* NRe K
Mo < 3.4 A, where thes= 12 andS = 22 states lie closest to ", s,a[\fe’ev]\ce J
the curve, this plateau lying only 0.25 eV above the fully & T =
localized ground state. The delocalization of theand 7z T %//Q,
electrons is therefore associated with only a small loss in energy. & AEovp e AEpe
Similar features emerged in the potential energy curve for E ‘\_i.

Mo,Clg®~, the geometry of which is notably dependent on the M S
size of the countercation. It is therefore likely that if the NN AR AR

Mo,Cli¢*~ anion could be synthesized, its structure would also ! ‘W

be highly sensitive to the surrounding crystal environment and
could potentially display Me-Mo separations ranging between - —
2.8Aand 4.1 A. Metal-Metal Separation

In WoCli*, the S = 0, 12 and 2 states are all further  Figure 6. Schematic representation of the potential energy curves for
stabilized relative t&= 3, and as a result ti@= 12 andS= theS=0, 5= 3, and reference states.
3 states are almost equienergetic, and the potential energy curvegpie 2. Overlap and Spin Polarization Energies (eV) for MC|
exhibits two distinct minima separated by 1.6 A. The minimum M,Cls*-, and MCly* Complexes
at rw—W = 4.20 A corresponds to full localization of all AE. single-ion
electrons, while atW—W = 2.6 A theo andx electrons are compleX  AEoy AEse AEwp complex  SPE
delocalized, giving rise to an effective YWV double bond. The — —
presence of two distinct minima raises the interesting possibility {fﬂréf(lj“"]sjg, E:gé igig fg:gg {,\Cﬂr(%&, ii:?i
that bond-length isomerism may be possible in thgCW4*~ [WClg)> +3.10 +2.00 -1.10 [WCE3* +1.03
anion, bu'g as the bar.rier between theltwo minimq is rather §ma|l [Cr.Cld®  —0.04 +362 +3.66
(0.2 eV), itis more likely that the anion would simply exhibit  vo,CliJ¢  +1.15 +2.25 +1.10
strong cation dependence. [WClig*~  +1.48 +2.04 +0.62

Within the series of edge-shared complexes, we once again  agee text for definition of terms.
note the well-established periodic trend toward greater de-

localization in the complexes of the second and third transition (AEoyp) measures the energy associated with formation of a
series elements. It is, however, clear from a comparison of triple bond. The difference between the two term&spy. —
Figures 2 and 5 that the delocalization of the metal-based AEoup, is simply the separation of tf8= 0 andS = 3 states.
electrons is less favored in the edge-shared systems. Thus, whilgyithin the series of face-shared systems, analysis on this basis
the chromium systems are completely localized regardless of;jicates that changes in both overlapE(;) and spin

the bridging architecture, the transition from face- to edge- ,ojarization energyAEspd contributed approximately equally

sharing causes a dramatic change in metagtal bonding in 4 yhe overall trend toward greater delocalization of electrons
the molybdenum and tungsten complexes. Whereas both;

” in the complexes of the heavier met#ls.
Mo,Clg3>~ and WiClg®~ have delocalized ground states, w&h P

= 0 clearly lower thar8= 3, the ordering of the two associated h 'Ifhed_?f/vo termzéjeﬂrledAm Figure @Espe af_‘d ﬁE.O"'E’l’_ %Td 5
states is reversed for MGl;¢*~ and WxClig*~. A quantitative their difference,AEgpe Eovp, are summarized in Table

estimate of the position of the localization/delocalization equi- for the edge-shared and face-shared complexes of the chromium

librium may therefore be obtained simply from the relative triad. Single-ion spin polarization energies for the monomeric
energies of thes = 0 andS = 3 states, which represent the hexachlorides are also shown for comparison. The most striking
delocalized and localized limits, respectively. In a recent feature of Table 2 is the insensitivity of thiEsye term to the
publicatio?® we used this concept to gain insight into the Pridging architecture. In both face- and edge-shared systems,
underlying electronic reasons for the observed periodic trends.Espe IS approximately equal to twice the relevant single-ion

In the following section, we extend the analysis to the edge- SPIN polarization energy, indicating that, at the localized limit,
shared species and compare and contrast the two structural typedhe ions are effectively independent of each other. Therefore,

Analysis of the Localization/Delocalization Equilibria in on going from the face-shared to edge-shared systems, changes

M.Cls®~ and M,Cli¢*. We noted above that the tendency of in AEspe — AEqyp are caused almost entirely by changes in the

the electrons to delocalize is determined simply by the reiative “Eovp t€rm. i.e., by changes in the stability of tBe= 0 state,
energies of th&= 0 andS= 3 states. Thus if th& = 3 state notS= 3.

lies lower thanS = 0, then the electrons will localize in the The reasons for this difference become clear if we consider
ground state, whereas the reverse ordering indicates thatthe steric requirements of the face- and edge-shared structures
delocalization will be favored. In order to gain independent in the absence of metametal bonding. Potential energy curves
estimates of the energies of ti&e= 0 andS = 3 states, a  for dirhodium complexes, REls*~ and RhCli¢*", where the
common reference point is required (Figure 6). For the face- d® configuration of the RH ion precludes any metainetal
shared systems, a convenient reference state may be define®#onding, are compared in Figure 7. The minimum in the face-
by the configuration (&)2-3a;'})>-et) (V) (e (") (a'"1)°>- shared system occurs approximately 0.55 A before that in the
(a&'"))%5, which differs fromS = 0 only in that it has no net  edge-shared system, an observation which is simply related to
bond, and fronS = 3 only in that it has no spin polarization. the geometric requirements of the bridges. Assuming a
The (ah)°3(agh)?-3(bzu!)O3(baut)X(bigh)2(b1gh) 2 Xaut)?Xaw) > representative RRCl,, bond length of 2.44 A, the metametal
(b3gh)0-3(bagh)%-3(b1 )0 3(by1 )04 configuration provides a parallel  separation in a perfect face-shared bioctahedron, where all the
reference point for the edge-shared systems. The separation obond angles are 90is 2.82 A, while that in the analogous edge-
the reference anf = 3 states AEspd measures the sum of the  shared system is 3.45 A. The optimized-RRh separations
spin polarization energies associated with the two isolafed d are somewnhat longer, at 3.22 and 3.77 A, due to the repulsion
single ions, whereas the separation of referenceSand states between the tripositive cations, but the difference between the
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the bridge, but that for Ri€ls®~ remains relatively close to the
minimum. Therefore, while both face- and edge-shared archi-

> tectures are sufficiently flexible to allow the metal-based
2 40 4 electrons to localize completely, only the face-shared motif can
ED 20 support the short metametal separations necessary to promote
2 ’ complete electron delocalization.
2 20
k5 Summary
i) 1 n
= 10 In this paper we have analyzed potential energy curves for
0.0 -

the broken-symmetry states ofMl¢*~ (M = Cr, Mo, and W)
and compared the results with the corresponding data for the

20 )5 30 35 40 45 50 face-shared systems, ;@lg3~. In the face-shared systems,
Rh-Rh/ A metal-based electrons afsymmetry delocalize before theiy,

Figure 7. Comparison of the potential energy curves fos@- and counterparts, whereas in the edge-shared systems, the o_rder of
Rh.Clig*. The minimum in each curve is taken as the zero of energy delocallzatlon i before:; befored. These trends are fully in
in each case. accord with the expectations based on the overlap of the metal-
based orbitals. Thé electrons of the edge-shared complexes
two (0.55 A) compares favorably with the idealized separation are found to resist delocalization even at very short metal
of 0.63 A. metal separations, due to interactions with the bridging ligand
The potential energy curves shown in Figures 2 and 5 may Orbitals which destabilizé relative tod*. As aresult, at metat
be regarded as arising from a superposition of the effects of metal separations greater than approximately 2.20 A, delocal-
meta-metal bonding on an underlying potential energy curve 1zation would result in the formation of a metahetal antlbond.
determined by the steric requirements of the bridge. Consideringrather than a bond. Both face- and edge-shared systems display
first the S = 3 state, we note that the principal stabilizing the well-established periodic trend toward greater delocalization
influence is the single-ion spin polarization energy, which is in complexes of the heavier transition metals, but the tendency
essentially independent of the metahetal separation. The to delocalize is much reduced in the edge-shared systems. The
positions of the minima in th&s = 3 curves are therefore difference between the two structural types is traced to the
determined primarily by the steric requirements of the bridge, inability of the edge-shared bridge to allow the close approach
and the 0.5 A difference between edge- and face-shared Systemgf metal ions required to stabilize the fully delocalized states.
persists. In contrast, the energy of tBe= 0 state is strongly
dependent on the metammetal separation, with optimal overlap . : ) .
of metal-based orbitals occurring at relatively short metaétal lian Research Council (ARC). for financial support and the
. . . - P EPSRC (U.K.) for a scholarship to T.L.
separations. In this region, the potential energy fos@:
is rising rapidly as a consequence of the steric requirements ofIC970553J
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