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Abstract: The angular dependence of the magnetic properties of all known octahedrally coordinated oxo-
bridged dimers with trivalent 3d transition metals are interpreted in terms of the most simple concepts. These
concepts are based on a combination of kinetic exchange and the chemically intuitive angular overlap model.

The use of an angular overlap model allows the separation of tihenor properties of the bridging oxide
ligand into  and pr contributions. An estimate of thersaand the p angular overlap model parameters is
given. An analysis of the magnetic properties of the known oxo-bridged dimers allows us to predict the
magnetic properties of unknown oxo-bridged dimers with trivalent 3d transition metal ions.

1. Introduction

The past two decades have witnessed the appearence of

large number of new and interesting polynuclear transition-metal
complexes with paramagnetic constituents. These polynuclear

made model systems is essential in order to correlate the
magnetic properties of natural enzymatic systems with important

tructural parametefs.
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magnetic materialsas well as model compounds for metallo-
proteins in natural enzymatic systefs.

In the context of molecular-based magnetic materials the

study of the properties of the low-nuclearity clusters has two

main objectives: First, in these systems it is possible to get
acquainted with the interactions between the nearest-neighbo

metal centers. These are the leading terms in determining the
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ordering temperatures or other wanted properties.

Natural enzymatic systems containing paramagnetic ions have

been characterized by their magnetic propefti€dome struc-

tural information is contained in a temperature-dependent

magnetic susceptibility curve of a polynuclear metal complex,

natural or not, and numerous magneto-structural correlations

have been establishéd’ The availability of suitable laboratory
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Table 1. Homonuclear Transition-Metal Dimers Containing the Linear, or Close to Linear, Unsupported Oxo®Bridge

dmdn compd rvolA ¢ldeg Jexfem? ref
did? [Mestacn(CI}Ti] .0 ~0 8
[Mestacn(NCO)Ti] .0 1.838 180 15.6 9
[Megtacn(NCS)Ti].0 11.2 9
P {[(bpy)=(CI)V] 0} 2+ 1.787 1735 <—400 10
{[Meztacn(acac)\4O} " 1.806 180 —224 11
P {[(NH3)sCr],0} ** 1.80 180 450 1214
{[tpa(NCS)Cr}O} 2* 509 15
{[tpa(NC)Crp0} 2 580 15
didt [(NOsaldien)Mn}O 1.914, 1.757 168.4 240 16
d*(Is)c(ls) {[(NC)sMn]20} ¢~ 1.723 180 >870 17
5 [(C7H.NCIO4)(H20),FeLO 1.773 180 214 18
{[tpa(Cl)Fe}O} 2+ 1.785 174.7 232 18

aThe first and second column list the dimer electron configurations and complexes, respentasdym are the number of metal d electrons.
Is = low-spin. The ligand abbreviations are as follows: sMen= N,N',N"-trimethyl-1,4,7-triazacyclononane, bpy bipyridine, NQ saldien=
N,N'-bis(5-nitrosalicylidene)-1,7-(diamino)-3-azapentangil BSICIO, = 4-chloro-2,6-pyridinedicarboxylate, tpa tris(2-pyridyl)amine. The third
and fourth columns list the metabxygen(bridge) distancesuo and the metatoxygen(bridge} metal angleg, respectively. The fifth column
gives the experimentally determinddvalues (eq 1)° The value of 870 cm' was calculated using the reportegs value (0.4Lgs/Mn at room
temperature) and assumigg= 2; due to unknown amounts of paramagnetic impurities this value is a lower limit for

The magnetlc interactions between two metal ions in a Table 2. Homo- and Heteronuclear Trivalent Transition-Metal

polynuclear complex or in an extended magnetic lattice are

Dimers Containing the:-Oxobisf-acetato) Bridging Arrangement

mainly determined by the following parameters: (i) the electron d™d" compd rwolA  pldeg Jexjomt  ref
configuration of the metal ions, (ii) the chemical nature of the didt [L5Ti,(0)(@COs))2* 1.82 122.7 500 20
bridging ligands, and (iii) the geometry of the bridging arrange- dd? [L5V(O)(acO}]** 1.792 130.2 —400 21,22
ment, i.e., metatligand distances and angles. The nature of _ ['—'2\,/2(0)(6100)40 ” F° 23
the nonbridging ligands is considered less important and will €3 [LL'VCr(O)(acO)] —200 24
be neglected in the present stud @’ [LCr(O0)(acO) 1850 121.0 6 25
9 P y. . d'd® [LL'CrMn(O)(acO)?* -10 24
In this paper, we present a theoretical study of the correlation g5 [LL'CrFe(0)(acOy* 275 24
of the magnetic properties of oxo-bridged transition metal dimers d*d* [L5Mny(O)(acO}]%* 1.810 119.9-18 26, 27
with the metal-(u-oxo)—metal bridging angle. The study is [L2Mn;(O)(acO) i* 1.788 1199 F 28
based on the structural and magnetic properties of oxo-bridged [L2Mn2(0)(acO)] 1.780 1251 1 29
. o . . - . [LL 'Mny(O)(acO}]?* —14 24
trivalent transition-metal dimers reported in the literature. Linear ot
: [bpy2(H20)Mnx(0)(acO}|?* 1.783 122.9 6.8 30
and strongly bent homonuclear and heteronuclear dimers are [bpy2CloMn(O)(acO)]° 8.2 31,32
included. _ _ . [opY2(N3)2Mny(O)(¢CO2)]°  1.802 122.0 6.8 31,32
As representatives for the linear systems, we have includedd‘d® [LL'MnFe(O)(acOj** 136 24
dimers bridged by a single oxide ion, and as representatives _ _ [L'LMnFe(O)(acoy®" 126 24
for the strongly bent systems we have included dimers contain- {ti’f?é%()?ggg) . 1.800 119.7 2(2)3;8 33é24
ing theu-oxobis(-carboxylato) bridging arrangement. We have [L4Fe(0)(acO)]° 1.784 123.6 242 35
chosen to include only those dimers in which the constituent [bpy-Cl.Fex(0)(acO}]° 1.785 123.9 264 36

monomeric metal centers are six coordinate. The magnetic and

relevant structural prope_rtles for the linear and the s_trongly bent ;.4 complexes, respectively andn are the number of d electrons.

systems are presented in Tables 1 and 2, respectively. The ligand abbreviations are as follows:=L1,4,7-triazacyclononane,
The ground-state magnetic properties of all the dimers have L' = N,N',N"-trimethyl-1,4,7-triazacyclononane;' = hydridotrispyra-

been interpreted (see references cited in Tables 1 and 2) in termgolylborate, bpy= 2,2-bipyridine, acO= acetate, and)CO, =

. ; A _ benzoate. The third and the fourth column give the mesalde(bridge)
g\f/;hﬁ;r?“ﬁg!?;nHelsenbef@lrac van Vieck (HDwV) effec distance o and the metatoxide(bridge)-metal anglep, respectively.

The fifth column gives the experimentally determinkdalues (eq 1).
b Strong ferromagnetic coupling Weak ferromagnetic coupling.

aThe first and second column list the dimer electron configuration

Hipw = IS S 1) . ) . ) .
in which both metals have the low-spin configuration. The

which sometimes appears in the forrd$ S or —2J5.S. We linear systems exhibit a wide range fron400 cnt? to at least
choose the simpler form (eq 1) in which ferro- and antiferro- 870 cnm* of experimentally determinedivalues. The strongly
magnetic interactions are represented by negative and positivedent systems in Table 2 represent nine different dimer electron
J values, respectively. configurations in which both metals have the high-spin electron
The compounds listed in Tables 1 and 2 provide an ideal configuration. Experimental values range from-400 to 500
basis for an analysis and quantitative comparison. The linearcm " in the bent systems. Notice that the compounds in Tables
systems in Table 1 represent six different dimer electron 1and 2 represent two distinct groups of complexes. The metal
configurations including five configurations in which both («-0xo)—metal angles are in the intervals 17080° and 120-

metals have the high-spin configuration and one configuration 130° in Tables 1 and 2, respectively. Notice also that if there
are several complexes representing an electron configuration

in Table 1 or 2, theJ values for these complexes fall in a
relatively narrow range compared to the total spread inJthe
values.

By choosing only oxo-bridged dimers we do not vary the
chemical nature of the bridging ligand. Thus, the electron
configuration and the bridging geometry are the variable

(34) Hartmann, J. A,; Rardin, R. L.; Chaudhuri, P.; Pohl, K.; Wieghardt,
K.; Nuber, B.; Weiss, J.; Papaefthymion, G. C.; Frankel, R. B.; Lippard, S.
J.J. Am. Chem. S0d.987, 109, 7387.

(35) Armstrong, W. H.; Lippard, S. J. Am. Chem. Sod984 106,
4632.

(36) Vincent, J. B.; Huffmann, J. C.; Christou, G.; Li, Q.; Nanny, M.
A.; Hendrickson, D. N.; Fong, R. H.; Fish, R. B. Am. Chem. S0d.988
110, 6898.



2872 J. Am. Chem. Soc., Vol. 120, No. 12, 1998 Weihe andeGu

parameters to be explored. For the bridging geometry we in Tables 1 and 2, we can safely neglect potential exchange
assume the bridging angle to be most important, and we neglectand take into account only the kinetic exchange contributions
the metat-oxygen distance. This is justified as follows: Several to J.

experimental and theoretical studies of the distance dependence In ref 40 we critically analyzed the quantitative contributions

of J have concluded that is proportional tor= (12 < b < of kinetic exchange td*6 using the model and assumptions from
16738 or proportional to exptbr) (7 < b < 8).7% r is the the older literaturé! Some of the old formulas were substituted
metal-bridging ligand distance. With the rangerofalues in by corrected versions.

Tables 1 and 2, this could account for a total variatiod of We consider a dimer AB containing the metals A and B. Let

a factor 3. We are interested in the much more drastic effects, SaI'a and SI's be the single-ion ground terms of A and B
such as the change ithobserved for the Ti dimers when the arising from the ground electron configurations, here specified

bridging geometry is changed from linealt & 0 cnm?) to as @) and p)Ns, respectively. Sy is the spin quantum number
strongly bent J ~ 500 cnT?), or the observed change inin andT'a is the relevant orbital representatioma) tepresents a
the linear systems when the electron configuration is changedcollection of orbitals centered ol andN, is the total number
from P—d? (J ~ —400 cn1?) to d*—d® (450 cnTt < J < 580 of electrons om, and similarly for center B. The number of
cmb). These order of magnitude changes are mainly due to unpaired electrons on A and B are designatgdand ng,
different angles and electron configurations with théepen- respectively. We thus hav@ = na/2 andSs = ng/2, since

dence playing a minor role. The choice of this approximation we are only interested in the ground terms of A and B. @&he
will be fully justified by the results obtained in the present study. and b orbitals are not pure metal orbitals. They contain
As a result of analyzing the magnetic properties of known contributions from the bridging as well as the terminal ligands.
dimers we will be able to predict the magnetic properties of These orbitals are chosen to be orthonormal in our model, i.e.,
new compounds. any a orbital onA is orthogonal to any orbital onB.

Our paper is organized as follows: In section 2 we briefly ~ We are interested in the eigenvalue spectrum of the dimer
summarize the results of ref 40 in which we reanalyzed the functions|SI'My[obtained from the direct product of the single-
contributions from the various one-electron interactions to the ion ground terms:

Jvalue. We introduce the model parameters, i.e., the transfer

integrals and the charge-transfer energies. This section is brief |STMy = ((a)NASAFA) ® ((b)NBSBFB) @)
since the model was elaborated in ref 40. In section 3, we

specify which of the one-electron parameters are of importance SandI" are spin and orbital dimer quantum numbeh.and

for the magnetic properties of the compound types studied in y are components of andI', respectively. TheS quantum
this paper. In section 4, we express thealues in terms of numbers are good quantum numbers, since we neglectspin
the model parameters, and in section 5, we apply the modelorbit coupling. In the absence of an interaction between the
and analyze the magnetic properties of the linear and the bentcenters A and B all the & + 1)(25 + 1) functions of eq 2
systems separately. In section 6, we combine the two situationsare degenerate. Under the action of a one-electron interaction
and analyze the magnetic properties of the linear and the bentoperatoVag the functions in eq 2 can interact with the charge-
systems in terms of a common set of angular overlap parameterstransfer functions

2. The Model IST'M'y'C= (@) S:Ih) @ ()" °STy) ®3)

Equation 1 can in many cases describe t_he energy Ieve]in which Ni andNg differ from Na andNg, respectively, due
spectrum of the dimer ground state that determines the magnetiG, a5 electron transfer from A to B. or vice versa. The one-

properties. As aresult, many models have been developed thaectron operatoNag is specified by its one-electron matrix

attempt to relate the effective parametervalue to more  glements, i.e., the transfer integralsdefined as

fundamental quantities.
Two distinct contributions td were recognized in the early h, = @1-|\A/AB|bj|] (4)

days#! (i) kinetic exchangéor the second-order effect oirtual

electron transfer between metal iQn®riginating in a one- The transfer integrall; are our model parameters. In section

electron transfer process, and fijtential exchangdue to first- 3 we will specify those transfer integrals that are of importance

order true two-center two-electron exchange interactions. It wasfor the dimers in Tables 1 and 2.

estimated that kinetic exchange usually is the most dominating  The interaction matrix elements &g between the ground

contribution toJ in insulating transition metal systems. This and the charge-transfer terms are of the type

has later been demonstrated to be a valid estimate in several

semiempirical and ab initio studies of exchange-coupled dimers. IZSFMyl\A/ABISF'M'y'D (5)
True two-center two-electron exchange integrals have been
estimated to make a ferromagnetic contribution of 10 tat Due to the normal selection rules of one-electron operators we

most42-45 Considering the large positive and negatiwealues must haveNa = Na & 1 andNg = Ng F 1. This means that
the charge-transfer electron configuratia)Ne(b)Vs is obtained

(37) Bloch, D.J. Phys. Chem. Solidk966 27, 881. i i N P
(38) Schrivastava, K. N.; Jaccarino, Phys. Re. B 1976 13, 299. from the ground electron conflguratha)(*'Al(b) = by taking one .
(39) Wang, C.; Fink, K.. Staemmler, \Chem. Phys1995 201, 87. electron from one center and restoring it on the other, or vice
(40) Weihe, H.; Gdel, H. U.Inorg. Chem.1997, 36, 3632. versa. We distinguish between four types of such one-electron
(41) Anﬁﬁrson, P. Wphys. Re. 1929 115 2. g transfers: (i) the electron is taken from a half-filled orbital and
63§42) Ballhausen, C. J.; Hansen, A. Bans. Faraday Socl965 61, restored in a half-filled orbital, (ii) the electron is taken from a
(43) Fink, K.; Fink, R.; Staemmler, Mnorg. Chem.1994 33, 6219. half-filled orbital and restored in an empty orbital, (iii) the
Eigg \(/:Vanlg. C.; Firl(' l|<_| SltaeménleAr, \%r;]_etr)n. PhysL19l9:5 1'\;92 25.T . electron is taken from a full orbital and restored in a half-filled
eulemans, A.; Heyilen, A ibotaru, L. F.; aes, |. L.
Pierloot, K.; Ribbing, C.; Vanquickenborne, L. fBorg. Chim. Actal996 (46) Goodenough, J. BMagnetism and the Chemical Bgnthter-

251, 15. science: New York, 1963.
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orbital, and finally (iv) the electron is taken from a full orbital
and restored in an empty orbital. In all four cases the value of
the matrix element eq 5 can be expressed in ternts; ofia,

ng, and S4°

The zero-order energy difference between the charge-transfer

functions (eq 3) and the ground-state functions (eq 2).1
The effect ofVag by eq 5 on the ground-state functions will be

J. Am. Chem. Soc., Vol. 120, No. 12, 2898

studied to the accuracy of second order by nondegenerate

perturbation theory. We firffl that the four above-mentioned
types of electron transfer contribute to thealue with

() nAanhUﬁ ©)
(i) o (n_32+ ) hUﬁ I ”GH )
(i) o lzl)thUﬁ I"L“JH ®)
(iv) 2 Nl bed g

(ny + (g +1) U ]

Equations 6-9 are valid for an electron transfer from A to B.

-~
~ "My

~

Figure 1. Schematic representation of the linear and bent oxo-bridged
dimers and local coordinate systems used to define orbitals and
interactions. They; andy, axes point toward the viewer’'s eye. The
plane containing they, z;, x;, andz axes is a mirror plane for both
the linear and bent systems. Notice that the lacates are defined in
the C,4, symmetry and not irCs.

The expressions for the opposite electron transfer are obtained

by interchanging the A and B indiced,+1 (k=AorB)isa

for AB being homonuclear or heteronuclear, respectively. For

single-ion quantity that represents the one-center exchangethe bentu-oxobisg-carboxylato) systems we assui@elocal

interactions on center k in the charge-transfer electron config-
uration. More preciselyln 1 is the first-order energy differ-

symmetries leading t@,, or Cs dimer symmetries for AB being
homonuclear or heteronuclear, respectively. The meial

ence between the ground state and the first excited state del’iVing)X(j)—me[m ang|e¢ and the coordinate systems that will be

from the electron configuration with, + 1 unpaired electrons.
To a good approximatioln+1 is proportional tong + 1

L=+ 1) (10)
wherel is a constant® In ref 40 we presented an experimental
and theoretical verification of this simple rule. For tri- and
divalent 3d transition metalsis approximately 5000 cr.4°
With only the experimental values at our disposal, we are not
able to determine the values of the individual paramelgrs
U, and I 41 in the model. We therefore define the effective
model parameterl; and!’ as follows:

h,?
= (11)
and
=+ 1= Tnna (12)
: U

In the theory outlined abové] is formally the energy of a metal
to metal charge-transfer configuration. On this basis, we
estimate that' = I/U can be as high as 1/10.

3. One-Electron Parameters

In this section, we demonstrate how the one-electron two-
center transfer integrals introduced above are correlated with
ligand-field parameters in the angular overlap model (AOM).
The linear and bent-oxo dimers are represented in Figure 1.

used in the following are defined at the bottom of in Figure 1.

In these coordinate systems, we define the metal-rich orbit-
als: &, nx Gk €k, and 6x (k = A or B) with the same
transformation properties as the produg®y (zX«, (¢ — Yk,
(Xy)k, and (22 — x2 — y?),, respectively. With these definitions
the orbitalsé&y, 7k, and &k are the three components of the
octahedratyg set, and the orbitaks and@ are the components
of the octahedragy set (see Figure 2).

3.1. Ligand Field Parameters. The energy ordering of the
orbitals &k, 7k, Ck, €k, and 6y is of paramount importance for
the ground-state magnetic properttéswith the knowledge of
this energy ordering it is possible to determine the lowest energy
electron configuration for a given system. In the following we
use AOM arguments to determine the energy ordering of the
single ion orbitals. The energy difference between the center
of gravity of theey, 6« and the&y, 7k, Ck set of orbitals isA;
see Figure 2. For the type of ligands in Tables 1 and 2 it is
known from the @d spectra thai\ is in the range 15 000
20 000 cnrl.48 Due to the short metaloxide (bridge) distance,
theu-oxo ion is mainly responsible for the low-symmetry ligand
field components on each metal center. Oxide is a much
strongero andz donor than the other ligands listed in Tables
1 and 2; see also section*8® The parameters andy, as
defined in Figure 2, are thus both positive. Using known
angular overlap parameters for oxife/?5°and assuming the

(47) Anderson, P. W. InMagnetism Rado, G. T., Suhl, H., Eds.;
Academic Press: New York, 1963, Vol. 1, Chapter 2.

(48) Glerup, J.; Mgnsted, O.; Sdfex, C. E. Inorg. Chem.1976 15,
1399.

(49) Mdller, A.; Hitchman, M. A.; Krausz, E.; Hoppe, Riorg. Chem.
1995 34, 2684.

For the linear systems we assume that the symmetry around (50) Hitchman, M. A.; Stratemeier, H.; Hoppe, Rorg. Chem.1988

each metal center i8,, leading toDg4p, or C4, dimer symmetry

27, 2506.
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a1(84a) 04) hgg (913)_ _ a1(6p)
egBas) - — - T~ _ e®Bep)
I Y Y - ——
~ _bia) hee biep) _ ~
(ep) €g)
hyg
A A
€Ep) hgg &Ep)
eama) e ~ eGpnp)
—_— =< / h \ M D g —
— s ~ nn N
t2e€amala) < § Ma) p) § p 7 t2g(€pMp.LR)
N
N o hee N
by(6) €a) (&:)) b2(¢R)
On Cav Cs Cs Cav On
metal center A metal center B

Figure 2. Schematic illustration of the one-electron parameters that are of importance for the magnetic properties of the systems studied in this
paper. The left and the right part of the figure apply for metal centers A and B, respectively. The one-center (ligand field) pakadheteend

y are illustrated in the left and right part of the figure. The transfer intedvalsh,,, hz, he., hes, andh,s are indicated by double arrows in the

middle part. TheO, andC,, one-electron energy levels are characterized by an irreducible representation of the respective point group, as well as
the relevant one-electron function(s) spanning this irreducible representation.

other ligands to be pure donors withe, ~ 7000 cnT?, we can h,e = B alVag | Op0= Bg|Vaglna0
estimate values of approximately 4000 and 3000 tfor 6 R R
andy, respectively. The magnitude of the parameter designated = [0,Vagl7s0= WglVagl0aUO (18)

win Figure 2 is more difficult to estimate using angular overlap

arguments.u is, of course, zero for the linear dimers fulfilling  The other ones can be neglected as shown below. All the
the Dan or Cy, Ssymmetry criteria mentioned above: is not  transfer integrals included in our analysis are indicated by double
zero for the bent dimers. Most of theoxo—bis(u-carbox- arrows in Figure 2.

ylato)-bridged dimers (Table 2) have three nitrogen donors in - The relevant orbitals on the bridging oxide ion capable of
the nonbridging positions, i.e., two nitrogen atoms cis and one 54 - interactions with the metal orbitals are the 2s and 2p
nitrogen trans to the bridging oxide, respectively. Hence, the giphitals. The metal orbital8, 7 and & haveo, x, andx

holoedric symmetry around each m_etal center is clog.tp symmetry, respectively, with respect to the-kd axis and can
and we conclude that the paramegeis much smaller than thus interact. This justifies the inclusion of the transfer integrals
andy. , _ _ hy, ez, hag, andhye. Oxygen has no low-lying orbitals with
3.2. Transfer Integrals. For the Ilngardlmers we have five symmetry, and the two metal centers in the linear dimers are
symmetry-allowed nonzero transfer integrals: separated by 3:53.6 A. The transfer integrals involving
. A A orbitals of 6 symmetry with respect to the MO—M axis in
N = [BalVal Sl g VaglSal (13) the linear systems, i.ehz and h., are thus expected to be
R A significantly smaller than the others for the linear geometry.
Ny = IV ag760= WalVagl7aL (14) The transfer integrals depend on the metjand(bridge)
R R distances and on the bridging angi€:"51 Here we are only
e = [EaAlVagl&pl= [Eg[Vagléal (15) interested in theip dependence. The transfer integrals can be
expressed in terms of AOM parameters. Using symmetry
h, = EAl\A/ABleBDz BB|VAB|EAD (16) arguments we can qualitatively deduce_ how the_transf_er integrals
depend on the MO—M angle¢. The integrals involving the
hyp = WANABWBDZ WB|VAB|9AD (17) orbitals &, nx, and 6y are due to interactions via the bridging

oxide. hg is the out-of-planer interaction in Figure 1 and thus
expected to be independentg@f h,, equalshg for ¢ = 180°

and equals zero fop = 90°. h, equals zero fopp = 180°.
For ¢ = 180 then orbital on one metal center and therbital

on the other metal center have finite overlaps with a common
oxide p orbital. The parametéyy, is thus expected to have its
maximum value forp = 90°. The orbitalsf, and 6z have
common overlaps with the oxide s orbitals and the two p orbitals
in the M—O—M plane. There are thus two contributions to
'hee: an s contribution that is independent gnand a p

For the bent systems the number of symmetry-allowed
nonzero transfer integrals is larger and can be found as follows.
On each metal center we have 3 and 2 orbitals transforming as
a anda’ in C,, respectively. For a heteronuclear bent dimer
we thus directly get the number of symmetry-allowed parameters
as (3x 3) + (2 x 2) = 13. This number reduces to 9 for the
homonuclear bent dimer wit8,, symmetry.

In order to keep the number of parameters as low as possible
we do not retain all these transfer integrals in the model. By
similar arguments as put forward in ref 24 we will include only ™" (51) Hay, P. J.; Thibeault, J. C.; Hoffmann, R.J.Am. Chem. Soc.
the six transfer integrals (eqs 4+37) and an additional one: 1975 97, 4884.
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contribution of different sign that drops to zerogat= 90°. By Table 3. Theoretical Values for Some Selected Electron
use of the AOM?253 we obtain the following quantitative Configurations in the Linear Geometry
dependencies diz, hy,, h,e, andhge: m, n dm d Jeale
- 1,1 g e 0
h(¢) = e, (19) 12 & Lt —Uhel
1,3 &t e —3h15
h,,(¢) = e,(—cos¢) (20) 14 & glefet —Hohiel}
15 &t Gle?etor —shiely — Yshpols
_ . 2,2 gt gt —hie
h’79(¢) = «/eﬂeap(sm ¢) (21) 2,3 Clel Clez 2/3h:§§_2/9|'1r£_$|r3
2,4 Clel Clezel l/zh"gg - l/eh'gglé
h09(¢) = egs + egp(COS¢) (22) 2,5 Clel Clezelel 2/5h;§§ - 2/15h'g§|'3 - 2/15h'95|'3
3,3 Gle? Gle? 8lohtz
The parameters,, e, ande,s on the right hand side of egs gg Cigz Cigial 33*‘&,5 T
19-22 are the ligand-field parameters of oxide in the AOM 2 glezel glezil 1/1;,&5_5 ool 4
formulation. The angular dependencies of the two remaining 44 £2e? t2e? Zﬁ%f
transfer integrals: andh.. cannot be estimated with this simple 45 fle2et Ele2lor 3shie — 2aehipg s
method. In the strongly bemt-oxobisf-carboxylato)-bridged 55 ettt ettt 8 p5he + sy

systems thé.. and h_CC Interactions are _through the and 2 The first column gives the number of d electrons on the two metal
framework, respectively, of the bridging carboxylates. In centers. The second and the third columns specify the electron
addition, direct overlap of the pure metal orbitals has also been configurations on the two metal centers. The orbital designations are

considered to contribute th.:.24 We thus expech;; to be the same as in Figure 2. The fourth column gives the theorelical
bigger thanh.. in the bent systems value according to section 3. We have included only the transfer

integralshg: = h,, andhg. ® See refs 54 and 55 for details.

4. Expressions forJ Values this lies in the orbital degeneracy of tAg term deriving from

With the results from ref 40 briefly outlined in section 2 and the %) electron configuration in the loc&l,, symmetry. We
the transfer integrals from section 3.2 we will now illustrate by refer to refs 54 and 55 for a thorough discussion of this system.
an example how we obtain expressions for the ground State
value. Let A and B both have the ground electron configuration 5. Comparison with Experiment
&né leading to the dimer ground configuratiofa@aéa)- We will now apply the formalism developed above to the
(Cerels). We first consider charge-transfer states that arise from jinear and bent systems separately. The linear and bent systems
moving an electron from A to B. The three relevant charge || pe analyzed with the appropriate expressions from Tables
transfer configurationsya&a)(Caneée), (Cada)(Cenae), and 3 and 4, respectively. We assume that the linear systems can
(Eana)(Cens&y) are all obtained from the ground-state config- be described with one set of parameters, i.e., that the relevant
uration by taking an electron from a half-filled orbital on A parameter$;: andhgy do not depend on the electron config-
and restoring it in the corresponding half-filled orbital on B. uration and are thus transferable between dimers containing
The electronic terms arising from these three charge-transferdifferent metals. Similarly for the bent systems. The quality
configurations can interact with the ground configuration terms. of these assumptions will be tested. By analyzing the linear

By use of eq 6, we find that the contribution to tdevalue and bent systems separately we will be able to determine which
from these three configurations iéﬁg/(gu), 2h$,]/(9U), and parameters are important in the two types of geometry. In
2h§§/(9U), respectively. The terms arising from the charge- addition, we will see how much the corresponding parameters
transfer  configuration  ga&a)(Cene&ebs)  contribute change on going from one geometry to the other.
—2h,/(12U)(14/V) to theJ value according to eq 7. Contri- The expressions fakcac in Tables 3 and 4 are fitted to the

butions from other charge-transfer states are considered unim-Jexp Values in Tables 1 and 2, respectively, wii and I’
portant because the corresponding transfer integrals are smalldefined in eqs 11 and 12 as adjustable parameters. In order to
see section 3.2. The electron transfers from B to A are exactly do so, we minimize the residual function

analogous and contribute the same energy terms. We thus

obtain the following net expression for the net exchange R= Z Hexp ~ Jeard (24)
parameter for #-d3: compounds
h2. h? h? h2. 1 Notice that we minimize the sum of the absolute deviations.
I N L U I ST o : S e
J= s\uTu Ul 3UTU (23) This is better suited for our purpose thgminimization, since

%2 minimization is known to be rather sensitive to outliers in
By using this procedure for all the relevant electron configura- the data set® We can immediately identify two outliers: The
tions we obtain the expressions for thevalues of the linear ~ dichromium(ill) dimer in Table 2 has a significantly longer
and bent systems collected in Tables 3 and 4, respectively. Forvalué than the other dimers. The divanadium(lll) dimer in Table
the linear systems we only include the transfer integnals= 2 has a significantly bigger MO—M angle than the other bent
h,, and hgp, sinceh is zero by symmetry and thé-type dimers in Table 2. Some of the brlqlglng geometries are
transfer integralsh,. and hy: are much smaller and thus represented by several complexes with the same electron

neglected. For the bent systems we include all the transfercOnfiguration. In these cases we use their megalue in the
integrals (egs 1318). fit. No weighting scheme is used in the fit because experimental

The expression af for the —d? configuration in Tables 3 (54) Weihe, H.; Gdel, H. U.Chem. Phys. Lett1996 261, 123.
and 4 was obtained by a different procedure. The reason for (55) Weihe, H.; Gdel, H. U.; Ward, T. R. Manuscript in preparation.
(56) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T.
(52) Schiffer, C. E. Struct. Bondingl968 5, 68. Numerical Recipes. The Art of Scientific Computi@Bgmbridge University
(53) Atanasov, M.; Angelov, SChem. Phys1991, 150, 383. Press: Cambridge, U.K., 1986.
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Table 4. Theoreticald Values for Some Selected Electron Configurations in the Bent Geotnetry

m, n dam dn J(:alr;

1,1 ¢ ¢ aht;

1,2 ¢ &n 2 — Yao(hyy + hye) 12

1,3 ¢ tné Yshie — Ha(hyy + e + o) 12

1,4 c tnée hee — 1/4(h'rm + hie + hee + ) 1

15 ¢ tnked Yshie — Hs(hyy + e + hic + hyo + o) 12

2,2 &y e3 hte — (heehyy)' — Yahyel s

2,2 &n &n hie + hyy — 2lshels

2,2 [« t& hie + hie

2,3 &n tné 23(hee + ) — Ho(Nee + hye) 13 — Hahiy 12

2,4 in tnée Yo(hte + hyyy) — Ye(hiz + hie + hye) 15 — Ushipls
2,5 &n &néed 2ls(hze + hyyy, + ) — 2s(hze + hie + hg + hig) 15
33 tné tné Ho(hiz 4 hyy + hig) — sy ls

34 tné tnée Yy(he + My + hze) — Ye(hie + Nyo) Vs — Hashyols
35 tné tnked 1s(hee + My + Dz 4+ hig) — Hao(hie + hbo + i) 1a
4,4 tnée tnée Ya(hte + hyy + hee + hi) — 1/5h;73|'5

4,4 tmé tmé by + hie — 2lshiels

4,5 Enke tné Ys(hie + iy + s 4 hee + hy0) — Zas(hbe + o) 15
5,5 Cn&e@ C?’/fée 4/25(h'§; + h;]ﬂ + hég + h;e + h'ge + Zh;le)

aThe first column gives the number of d electrons on the two metal centers. The second and the third column specify the electron configurations
on the two metal centers. The orbital designations are the same as in Figure 2. The fourth column gives the tie@ietcatcording to section
3. We have included the transfer integrals eqs-18. We defined lfjhq)' = hjha/U. ® See refs 54 and 55 for details.

Table 5. Comparison of the Experimental and Calculafedalues Table 6. Comparison of the Experimental and Calculafedalues
for the Linear Systenis for the Bent Systenis
Jexplcrrrl \Jcalc/(:rrr1 Jexplcrrrl Jcalzlcn‘rl
didt 9 0 didt 500 496
d?d? —400 —480 od? —400 —228
ded® 513 427 d’d® —200 —202
d*d*(hs) 240 240 [o5o 56 63
d*d“(Is) 870 960 déa* -10 20
d°d® 210 210 o 275 277
- - did* -4 -5
2 The Jeac Values were calculated with the expressions from Table 3 dAdb 131 190
and the parameter values from Table 7, column c, as described in section &b 237 311
5.1.

2 TheJ.ac Values were calculated with the expressions from Table 4
J values are rarely reported with an error bar. Using this and the parameter values from Table 7, column d, as described in section

procedure, two and six independent parameters were adjusted ™"

in the fits of the linear and bent systems, respectively. Table 7. Model Parameters Obtained by Minimizing eq?24
5.1. Linear Systems. A comparison of the experimental parameters linear bent linear+ bent

and calculated values is given in Table 5. The values of the hee 280 207 —

parametershz: = hj, and hpe which minimized eq 24 are By’ 480 85 -

collected in Table 7, column c. Inclusion of tdesymmetry het! - 124 -

transfer integral$:; andh. only marginally improved the fit. hoo' 352 10 -

h:: and h.. values were 510 times smaller than those bf;: hye' - 655 -

andhge. This justifies the neglect of these parameters in the LT, _ 9'25 285&?

linear geometry, as expected theoretically (see also section 3.2). e _ _ 18.42

The parametel’ cannot be obtained from the linear systems & — - 39.46

since none of the relevant expressions in Table 3 depend on X - - 0.19

this parameter. The reason for this is th_e h@m_symmetry aA — means that this parameter was not included in the fit. See

and the presence of only homonuclear dimers in Table 1. sections 5 and 6 for detail3The parametersi.., h . hi., h, and
The agreement of experimental and calculalegalues in h,o are in units of cm. I" is dimensionless, and, €., €, andx are

; 4 e ; 1\1/2 ¢ ; : ;
Table 5 is excellent. The enormous experimental variation from ! Units of (cm)*% © See section 5.1. See section 5.25ee section

strongly ferromagnetic coupling irfdl? to uncoupled &d! to
strongly antlferromagn_etlc couplmg_ irf(ts)-d(Is) is very well the 6-symmetry parametdt.. came out with a very low value
reproduced. The first fivéacvalues in Table 5 were calculated  of 3 ¢t and thus only marginally influenced the overall result
with only one parameter, namely,, = hz. The relative  \ye chose to neglectit. Also in this series the agreement between
configurations follow closely the theoretically expected relative the experimentally observed variation between ferro- and
magnitudes, namely 0 =1 : %o : Y : 2. We therefore  antiferromagnetic coupling along the series is well reproduced.
conclude that the model parametet = h,, is transferable At this point one might argue that the good agreement is the
between linear dimers with different electron Conf|gurat|0ns. result of the re|ative|y |arge number of parameters (Six)
5.2. Bent Systems.A comparison of the experimental and compared to the number of experimentalalues (nine). This
calculated) values is given in Table 6. The parameter values is not so. In sections 5.3 and 6 we will show that the parameters
that minimized eq 24 are collected in Table 7, column d. We of the linear and bent systems are physically connected and can
initially included all the transfer integrals listed in Table 4. Since be reduced to one set of five parameters.
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5.3. Discussion of the Angular Variation of the Param- see the expressions for tlevalues in Table 4. This effect is
eters. In the following comparison of the parameter values most pronounced for the dititanium(lll) complex due to the
obtained from the linear and the bent geometries we asgume factor 2hang in eq 6.
= 180 for the linear oxo-bridged species apd= 120 for the There is a remarkable agreement between our parameter
bent oxobis(carboxylato)-bridged species. We first discuss the values, which are extracted from the experimedtealues by
three transfer integrals that the linear and bent systems have iruse of a minimum of formalism, and the corresponding
common, namelhg, h,,, andhgs. parameter values recently obtained by sophisticated S&+-X

The effective parametér:: decreases from 480 to 407 cin SW calculations on linear and bent oxo-bridged ferric diniérs.
on bending fromp = 180° to ¢ = 12C°. For the transfer integral ~ For the linear geometry we find that the transfer integhais

hsz we get heo:hee:h: have the relative magnitudes 22:19:0:0. Reference
57 finds the values 3916:2911:97%20for these transfer

h::(18C°) h..(18C°) integrals_, respectively. For the bent geometry our ratios of the
= - =1.08 (25) transfer integraldgz:hee:h,,-hge:hee are 20:11:9:3:0 compared

he:(120°) h(120°) to the values 4569:1436:1057:870:423 found by refs 57 and

) ) ] 58. This agreements clearly tells us that our treatment is sound.
The agreement with the theoretical expectation based on the |, section 2 it was theoretically estimated that the value of

AOM that hg is independent of (see eq 19 is thus excellent.  he parametet’ should be at most 1/10. The value of 0.25

The value oh,, is strongly affected by the change in bridging  optained in our fits is higher, and this will be discussed in section
geometry. The effective paramethj, decreases from 480

cm* (linear) to 82 cm! (bent). For the transfer integrhl,,

we get 6. Angle Dependence of the Transfer Integrals and thd
Values
h,,(180°) _ /h,(180) — 38 (26) In this section we connect the linear and bent systems by
h,,(120°) ’m(lch) relating the parameters determined in section 5 to the same set

of AOM parameters. The model is based on the results obtained
Theoretically, this ratio equalsog180)c0g120) = 2; see eq in the previous section. In addition to accounting for the
20. Equation 26 thus indicates a slightly stronger decrease tharmagnetic properties of the compounds listed in Tables 1 and 2
expected, but again the trend is very well reproduced by eq 20. it will be used to predict the magnetic properties of new dimers
We note here that our findings (egs 25 and 26) agree well with not yet included in the tables.
an extended Fikel estimate of the angular dependencies of  Expressions for thé:ac values are taken from Table 4, and
these parameters (see Figure 12 in ref 24). the four transfer integralsez, hy,, h,s, andhs, are expressed in

hye has quite a pronounced angular dependence, since itterms of the three AOM parametegs e,p, ande,s by eqs 19-
decreases from 352 to 10 cfni.e., almost zero, on bending 22, respectively. For the transfer integha4, which cannot be
from ¢ = 180 to ¢ = 120°. We notice here thaty,(18C) is expressed in terms of AOM parameters, we assume a linear
determined solely based on the linear ferric dimers from Table variation with ¢ in the angular interval 120< ¢ < 180" as
1. Therefore, too much significance should not be put onto follows:
the absolute value dfyg(180°) in the present discussion of its
angular variation. The big value fdie(18C¢°) = 352 cnr?,
which is comparable in magnitude witi}, is in contrast to
the results obtained using extendettkiel calculationg* There
hge was found negligible at all angles. Our identification of
the 66 interaction as an important one for= 180° and less
important for¢p = 120° agrees with an SCF-xSW calcula-
tion%7 on a linear and bent oxo-bridged ferric dimer.

The most dramatigp dependence is found in the parameter
h,s. The effective parametdr, increases from zero in the
linear geometry to 655 cnt for ¢ = 120°. From this value of

we = 655 cm! and eq 21 we find thag,e,,/U = 873 cn1t. he. R 2 2\ h2 1
This compares very well withef/v/U)(e,p/v/U) = 859 cnrl Joe= g(ﬁ + ﬂ) — g(ﬁ + i")—s _ 1T "4 (28)
where e,T/«/U is obtained fromhe(18C°) and e(,p/«/U is 3\U U SAL u/u 4uu
obtained fromhp(180°) andh(12C°). This clearly shows the  \aking use of egs 12, 1922, and 27 we find
validity of eq 21.

The value of the parametéf; cannot simply be connected 2x2(180 ¢) e2
with the values ofhgz, hy,, hye, and hgg, and it cannot be  Jegc= 3T ((cos¢) - —) -
interpreted in terms of AOM parameters for the bridging oxide.
The reason for this is that thigorbitals do not interact via the 5 s UP 2l
. . il . . g sine)y (29)
intervening oxide ion. There are contributions from the direct
overlap of the relevant metal orbitals and superexchange
contributions involving the bridging carboxylat&s. The ef-
fective parameteh; increases from zero to 124 cthon (58) The numbers quoted from ref 57 are obtained from Table 2A,B (in
lowering ¢ from 18C to 12C°. This parameter contributes ref 57) for the linear and bent dimers, resectively. The transfer integrals

. . . quoted by us are calculated from these tables as half the energy difference
antiferromagnetically to thé value of all the bent compounds; between the symmetric and the antisymmetric linear combination of

(57) Brown, C. A.; Remar, G. J.; Musselmann, R. L.; Solomon, E. I. corresponding orbitals, i.efaa = 2 [E[(LV2)(an + a)] — E[(1/
Inorg. Chem.1995 34, 688. V2)(a — a)]).

he = X(¢ — 180°) @7)

With these definitions of the transfer integrals the expressions
for Jeaic from Table 4 become identical with the corresponding
expressions from Table 3 fagf = 18C.

As an illustration of the procedure we show with an example
how the expressions faka from Table 4 can be expressed in
terms of the parameters,, e, €, X |, and U. For a
vanadium-chromium dimer &-d® we find the following
theoretical expression faf from Table 4:

The ¢ dependence of thd values for the other electron
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configurations is found similarly. From eq 29 we see that the 12001 —— v
parameters which can be determined are E ALV
1000 | Mndls)Mn(ls)) a (Fe,Fe) a
e -
g =— (30) R N (Mn(ls) Mn(ls))
\/U (T, Ti)
600
e 400 - (Fe Fe)
&= (31) =
JU 200
e 5 0
g == (32) =
-400 - O VVi—___ 0O
X = L (33) T T T T
JuU 120 140 160 180
M-0O-M angle (degrees)
and Figure 3. Comparison of the dependence alcac With Jex, for the
| homonuclear complexes in Tables 1 and 2. All the calculatealues
I'=— (34) (solid lines) were calculated with the parameters from Table 7 (last
u column) as described in section 6.
The parametens,s ande,, occur separately in the expressions ~1 ~1
P s andeyp P y P 10500 cm® < e, < 12 500 cm (39)

for Jeac and can thus be determined separately. This is in
contrast to e-d excitation energies in optical spectroscopy,
where a separation of tleeinteraction into s and p contributions
is not possible.

The five model parameters;, €, € X andl’ are now
extracted from the experimentalalues in Tables 5 and 6 by

In ruby (Ce*-doped AbO3 ) A = 3e, — 4e, is approximately
18 000 cntl. This is in excellent agreement with the above
estimates.

The parameteh;: is proportional tox according to eq 27

i minimizing the f : o). Asi | d and cannot be discussed within the framework of the AOM.
again minimizing the function (eq 24). As input values we use This parameter is essential for the antiferromagnetic coupling

corresponding mean values &, and¢. The Jex, values that of the bent Ti dimer. It also adds an antiferromagnetic

vr\:ere ubse_d a(;e g'VeTI n Tgblei 5land 6|' The fp_?r%:ma?terBVil”escontribution to all the other bent dimers. The contribution of
thus obtained are collected in the last column of Table 7. Before o == interaction pathway to thé value decreases drastically
we compare the experimental and calculatedlues we discuss  ¢.0.-the bent TiTi dimers (. = 500 cnT) to the bent FeFe

the obtained parameter values. di . — 1 ; ;
) . . imers (4::/25= 20 cnm1). We neglected this parameter in a
Ffom Table 7_we find the_ following ratio c_)f_AOM parameters previous analysis of the magnetic properties of oxo-bridged
for oxide coordinated to trivalent 3d transition metals ferric dimers’

e ee ~211.1:1.0 (35) In section 2 we estimated theoretically that the value of the
oprTos parametet’ should not be higher than 1/10. Our values in Table
A very similar ratio, namely 2.5:1.0:1.0, was found in a previous 7 Of 0.25 and 0.29 clearly exceed this limit. This discrepancy
analysis of 32 oxo-bridged iron(lll) dimefs.lt is remarkable may have several causes. The most important in our view is
that our present study, which considers a large number of the following. In the original theory of AnderséhU in eqgs
different metal ions and electron configurations but neglects the 6—9 is the energy required to transfer an electron from metal
r dependence ofl, arrives at about the same result as a A t0 metal B. That is the basis of the estimate= 1/10.
comprehensive study of Fedimers# This clearly shows the However, besides the metal-to-metal charge transfer also the

dominant effect of the bridging angle and the transferability of ©Xygen-to-metal charge transfer can contributeJ®8 As a

the one-electron parameters. consequence, the factor {)/in eq 6 should be replaced by
At this point it is useful to recall some known ligand-field (LU + 1/Ec) whereEq is the oxide-to-metal charge transfer
AOM parameters for oxidé energy?® More complicated, but similar, expressions should
be substituted for (U?) in eqs79.8° Since oxygen-to-metal
e, ~ 4000 cm™* (36) charge-transfer transitions occur at lower energies than metal-

to-metal charge-transfer transitions, the effectivealues will
This rather high value is supported by analysis of single-crystal thus be significantly smaller than the # B electron-transfer
absorption spectra of oxo-coordinated Mind N?* species, in ~ €nergy. This leads to higher effective ratio= I/U (eq 12).
which e, values of 3000 and 3500 Cﬁ‘] respective|y, were A graphical Comparison of the experimental and calculated
determined®50 On the basis of eq 35 we can thus estimate ¢ dependence af for the homonuclear dimers from Tables 1
the e, and e, AOM parameters for oxide coordinated to and 2 is presented in Figure 3. The agreement using the same

trivalent 3d transition metal ions: parameter set for all the examples is excellent. Both the
variation from ferro- to antiferromagnetic interactions and the
7500 cm?® < e,, < 8500 cmt 37) strongly varyingp dependences are well reproduced for all the
electron configurations. The dependence, which we have
and neglected in our model, is obviously a minor factor in this

overall analysis.

=1 =1
< <
3000 cm ™ < e,5 < 4000 cm (38) (59) Zaanen, J.; Sawatzky, G. Ban. J. Phys1987, 65, 1262. Geertsma,

. W. Physica B199Q 164 241.
Sincee, = et €5 We consequently have (60) Weihe, H.; Gdel, H. U. Unpublished results.
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Figure 5. CalculatedJ values for some unknowm-oxo-bridged
dimetal(lll) dimers. All the calculated values (solid lines) were
calculated with the parameters from Table 7 (last column) as described
in section 6.

Figure 4. Comparison of thep dependence 0Jcaic With Jey, for the
heteronuclear complexes in Table 2. All the calculate@lues (solid
lines) were calculated with the parameters from Table 7 (last column)
as described in section 6.

A graphical comparison of the calculatédiependence of and TiF_e dimers will show mod_erately strong ferromagne_tic
with the experimental values for the bent heteronuclear dimers intéractions that become all antiferromagnetic upon bending.
from Table 2 is given in Figure 4. So far, only heteronuclear ©X0-bridged VMn dimers will show the opposite variation,
dimers in the strongly bent geometry have been reported, e.g.,N@mely ferromagnetic interaction in the bent geometry and
as oxobis(carboxylato)-bridged dimers. But Figure 4 clearly antiferromagnetic interaction in the linear geometry. And
tells us what we can expect when the heteronuclear dimers arginally, oxo-bridged VFe dimers are predicted to be antiferro-
straightened out. Tha values of the CrFe and MnFe dimers Magnetic at all angles. o ,
will show only a weak¢ dependence, and they will be In conclu5|on,' we have 'shown Fhat it is possible to account
antiferromagnetic for alip values. The angle variation of the ~for the magnetic properties of linear and bent homo- and
Jvalues of the VCr and CrMn dimers will be more pronounced. he_teronuclear trivalent t_ransmon-metal dimers W|th one oxo
The exchange interaction in these systems is predicted to chang®'idge by use of very simple concepts and formalisms. The
from strongly and weakly ferromagnetic, respectively, to both rece_ntly developed formalisiithat was briefly _summanzed in
strongly antiferromagnetic in going from the bent to the linear S€ction 2 was shown to be a sound basis for the correct
geometry. comparison of ground-state magnetic properties. An important

From the excellent agreement between experimental andStep in our procedure is the connection of the transfer integrals
calculated] values and theip dependence in Figures 3 and 4 Occurring in the formulas fad with the angular overlap model
we conclude that the assumption of transferability of the model Parameters occuring in the ligand-field theory. In addition to
parameters between electron configurations is a good one.@ccounting for the magnetic properties of a large number of
However, this is only valid as long as the metals between which 0X0-bridged transition-metal dimers, our model allows a predic-
parameters are transferred are isovalent. Three of the modefion of the properties of unknown complexes and their depen-
parameters are essentially AOM ligand-field parameters, and it d€nce on the bridging angle.
is well known that these are rather oxidation state dependent.

It is now tempting to take the next obvious step. In Figure . s ;
5 we have calculated thkvalues for six unknown oxo-bridged ?CHHI;J:?Z?Z 4%]?&};1 ;n?jn'gleMS(\)/a!gyN;?ilcl)%vzlfgsiegc?:l:ct)?; dgt%i)n
heteronuclear dimers of trivalent 3d transition-metal ions. From '

Figure 5 we can predict that linear oxo-bridged TiV, TiCr, TiMn, JA973021A
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