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Magnetic exchange interactions have been calculated in the framework of the density functional (DF) theory
for the quite rare exchange coupled binuclear compounds in which the magnetic centers belong to the 4d
series: {MoVY(O)(Tp*)Cl}2(u-X)], (where X is one of the dihydroxybenzene bridging ligands [1,4D0]>~

or [1,3-OGH40]> and Tp* is tris(3,5-dimethylpyrazolyl)hydroborate. The exchange coupling condtant

has been nicely reproduced with the use of the broken symmetry (BS) approach to avoid the multideterminant
structure of the singlet state. Several local and gradient-corrected functionals have been tested. In order to
determine relevant magneto-structural correlations between structural parameters and exchange coupling
constants, we also performed calculations on model systems in which the relative orientations of the two
molybdenum moieties with respect to the aromatic ring were varied. These calculations showed that the
actual value of the magnetic coupling constauig influenced not only by the topology, 1,3 or 1,4, of X, but

a correlation with the relative orientation of the two branches containing the two Mo atoms exists. This
magneto-structural correlation is bound to superexchange pathways, which are, therefore, also important in
transmitting magnetic interactions through dihydroxybenzene ligands.

Introduction Binuclear metal complexes in which the metals are bridged
by an unsaturated ligand are of great interest for modeling
The theoretical investigation of the magnetic interactions in electron transfer processes and magnetic exchange mechnisms.
polynuclear compounds has rapidly developed in the last few Recently the complexeg MoV (O)(Tp*)Cl} 2(u-X)], (Where X
years thanks to the availability of efficient protocols for the s one of the dihydroxybenzene bridging ligands [1,4840]2~
calculation of the magnetic coupling between metal ions from or [1,3-OGH4O]>~ and Tp* is tris(3,5-dimethylpyrazolyl)-
first principles! The understanding of the electronic origin of hydroborate) were synthesized and structurally characterized.
the magnetic interactions between metal centers, in fact, is of Despite the large size of the diamagnetic bridging ligand, X,
great importance in many fields, such as biand solid-state  both of the complexesl(4) and @,3) showed measurable
inorganic chemistry, and is a necessary prerequisite for magnetic exchange interactions between the paramagnetic metal
developing efficient synthetic strategies for designing new (d, § = %,) centerd
magnetic materials.

The study of the properties of binuclear species is a good Mo©O)(TrC!
starting point for the understanding of more complex systems, 0 O
such as molecular compounds with a three-dimensional magnetic Ci(Tp)(OMo @
structure. In fact, the HDVV spin Hamiltonian, the usual
approach to the interpretation of the magnetic properties of large (1 3)

sized clusters, assumes that the interactions in large clusters can

be calculated as a sum of two-center interactforidp until CITPHOMe_

now detailed magneto-structural correlations have been estab- °©’ \Mo(O)(Tp"CI

lished mainly for first-row transition metal complexesSecond-

and third-row systems have been much less investigated, (1,4)

although they are present in a number of biolodicahd

inorganic system$. Furthermore, much attention has been The magnetic behavior of each of the complexigd)(and (,3)
devoted to the exchange interactions mediated by rather smallremarkably differs: complex1(4) has a ground state corre-
molecules, while long-range interactions have been generallysponding to anS = 0 total spin state, arising from an
less well studied theoretically. antiferromagnetic coupling between the t&o= 1/, spins of
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the molybdenum atoms, while id,8) a triplet was found to be  or can occur via ligand centered orbitalsuperexchange

the ground state (ferromagnetic interaction). The observed interactior). Qualitatively, the exchange interactions can be
triplet—singlet separations are 80 an®.78 cn! for (1,4) and understood in term of exchange pathways, which connect the
(1,3), respectively. The energy difference between the singlet magnetic and ligand orbitals interacting by symmetry and can
and the triplet states is generally measured by fitting the be regarded as the highways for the propagation of the

temperature dependence of the magnetic susceptibility of thecorrelation between the magnetic electrons.

molecule to the energies of the eigenstates of the spin Hamil-
tonian
H =SS, (1)

where§ is the spin operator of centéf In this formalismJ
is called the exchange coupling constant, drel E(S= 1) —
E(S= 0).

ZINDO calculation8 of the electronic structure df,3 and
1,4 which have shown that the magnetic orbitals are, in both

Due to the complexity of the molecules at hand, HF theory
cannot be applied with sufficient accuracy to compute their
electronic structure, since an accurate description of the multiplet
structure requires extensive post-Hartree-Fock correctibive
therefore applied the density functional (DF) formalirto
calculate the exchange coupling constantnaking use of the
broken symmetry (BS) approaéito avoid the multideterminant
structure of the singlet state. In order to determine relevant
correlations between structural parameters and exchange cou-
pling constants, we also performed calculations on model

cases, localized onto the metals and a spin-polarization mech-systems in which the relative orientations of the two molybde-
anism, which correlates the unpaired electrons on the remotenum moieties with respect to the aromatic ring were varied.

centers through polarization of thebonding electrons, were
proposed to account for their different magnetic behaviors. For
the present compounds, in fact, the spin polarization of the
bonding electrons leads to the pathway:

- -1
Jexp =80 cm’ Jexp =-9.36 cm

which follows the principle that electrons lying in overlapping
atomic orbitals should be aligned antiparallel to each other.
In restricted HartreeFock theory (RHF), spin polarization
is a direct consequence of the mixing of excited configurations,
with the same symmetry, into the ground state (CI mixing). In
unrestricted HartreeFock theory (UHF), which allows the
orbitals to be different for different spins, spin polarization arises
also from the different spatial distribution of the spirandf

caused by the fact that only electrons with the same spins have

exchange integrals different from zero. The effect of the spin
polarization is that the overall spin distribution can differ from
what is expected from a charge delocalization mechanism, which
is in turn bound to the symmetry of the molecule. For example,
in the allyl radical, CHCHCH,*, the unpaired electron is in a
molecular orbital which has a node on the central carbon, while
a negative spin density is experimentally found on that céfiter.
Spin polarization is therefore always an effect which adds up

To the best of our knowledge this is the first time that
magneto-structural correlations based on ab initio calculations
have been established for the quite rare exchange coupled
binuclear compounds in which the magnetic centers belong to
the 4d series.

Computational Details

The Amsterdam Density Functional (ADF) program package
was used for all the calculatioA. The standard bases provided
with the program were used. DoullesTO bases were applied
to the valence electrons of all atoms. The shells up to 4p for
Mo and 1s for all the other non-hydrogen atoms were treated
as frozen core. Different local (€ LDA[Stoll]) and nonlocal
(BPW91c, B) functionals were used in order to estimate the
dependence of the results on the actual forms of the functionals.
The LDA[Stoll] approximation includes the local excharge
correlation potential of Vosko, Wilk, and Nuskiwith added
the Stoll's correlatiof? correction term. A value oft = 0.7
was taken in the X functional. B and BPW9lc both
incorporate the gradient corrections to the exchdfigehile
BPW91c includes also the more recent gradient corrections to
correlation of Perdew and Wanr§. Quasi-relativistic effects
have been also used. Overall calculations have been performed
using the default values for single point runs: integration
4.0 and scf-convergence 1le—6. These criteria are generally
used for computing magnetic observabligs.

The BS approadh was used for the calculation of the
exchange coupling constaditof eq 1. In this formalism, the

to charge delocalization and is extremely difficult to compute, energy of the singlet state is computed by an approximate spin
particularly in low-symmetry molecules, especially if more than Projection from the energy of a single determinant of broken
one unpaired electron is present. Within the formalism of the SPin and space symmetry built up by localizing spin up and

active electron approximatighcharge delocalization is respon-
sible for the interactions between thragnetic orbitalsorbitals
containing themagnetic electrongunpaired electrons close in

spin down electrons onto the two molybdenum centers. Since
the two Mo(V) ions are weakly interacting, the exchange
coupling constant was computed using the expression:

energy) rather well localized onto single paramagnetic centers,
leading to the onset of the exchange interactions. These are (2)
determined by two main factors: the exchange energy between

electrons of equal spins which favors a parallel alignment of which hold4® when the overlap between the metal orbitals is
the spins between two adjacent centers (the so cpiéehtial much smaller than 1, which is likely to be the case here. In
exchangen the Anderson’s theory) and the overlap between the opposite limit of strong overlap, the energy of the BS state
the magnetic orbitals, which gives rise to a transfer of the approaches the energy of the singlet state &imdthis case is
electron density between the paramagnetic centers and favorgiven directly by the difference in energy between the triplet
the antiparallel alignment of the spins (the so-calkédketic and the BS energies. Since the situations met in general are
exchangen the Anderson theory). The interaction between intermediate between these two limiting cases, use of eq 2 will
magnetic orbitals can be direafifect exchange interactign lead to an overestimation df

J=2(E(S= 1) — E(BS))
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Figure 1. Schematic drawing of the molecular structures ofttend
2. Thea angles and’ the planes are also shown.

Results and Discussion
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TABLE 1: Effect of Different Functionals on the Computed
J Values for Complexes 1 and 2

Jcm™Y)
method of calculation 1 2
Xa 13 —6.06
VWN(Stoll) 41 —6.12
BPW91¢ 17 —5.88
Becke-Stoll? 23 —4.74
(VWN)Stoll*(quasi-relative) 38 —36.00
exptl 80 —9.78(2)

aVWN formula has been used for the LDA part of the functional.

SCHEME 1
(0]
z H N(zyl..,,‘ “
- o.,,....-u"N(s)Hz
‘ )
NiHz

not significantly change when the form of the exchange
functional varies from the & and the VWN expressions to the

(1,4) has a crystallographic inversion center and the overall gocke one. The explicit form of the correlation term has,

symmetry of the molecule i€;, while in (1,3) no symmetry
element is presentCy symmetry)? In order to limit the

computational efforts, the Tp* ligand was modeled with three

NH,~ groups which simulate the* interactions of the pyrazoles
of the real ligand with Mo. These groups, in fact, possess a
orbital perpendicular to the NHplane which mimics the
interaction with ther orbital perpendicular to the pyrazoles of
the Tp* ligands. Ther orbitals of the NH~ groups were in

fact oriented perpendicular to the pyrazole planes seen in the
crystal structures of the real complexes. The model molecules

we used had, therefore, the formu{dMo(O)CI(NHy)3]X-
[Mo(O)CI(NH)3]}4~. In (1,4) the Cl and O atoms are dis-
ordered and, for the model1,4), we have used for both metal

ordered metal centers of,8) (Mo—Cl = 2.340 A, Mc=0 =
1.747 A).

The molybdenum atoms in both complexes are in a distorte
octahedral coordination, Mao®3Cl, where one of the oxygen

however, great importance: nonlocal corrections (BPW91c)
gave the wrong sign of the exchange constant for the ferro-
magnetic comple®. TheJ values computed using thexXand

the LDA[Stoll] approaches better agree with the experimental
data. This result is in line with the fact that the broken
symmetry approach already includes part of the electronic
correlationt? Stoll's correction removes the correlation between
electrons with the same spin so that their contribution to the
exchange-correlation energy is given only by the exchange
part: this seems to properly account for the electron correlation
giving the best agreement with the experimental findings. This
situation has already been met in a number of different exchange

centers the bond distances measured more accurately for th&OUpled systems studied by DF methétisQuasi-relativistic

corrections, too, correctly reproduce the sign, but they seem
not to account the difference in absolute value &r the two

d compounds.

In the binuclear compound% and 2, the two SOMOs,

atoms is doubly bonded to Mo to form the oxomolybdenum- obtained either from calculations on the triplet or on the broken

(V) cation as shown in Figure 1. Calling the MoG, plane

symmetry state, are metal localized and quite well separated

anda the angle between the plane of the aromatic ring and the from the virtual orbitals. Since the singly occupiedand 3
y plane, the structures of the two molecules can be viewed asorbitals coming from the BS calculation result largely localized

follows: in the (,4) model, 1, the twoy planes centered on
the two Mo atoms are parallel to each other ancando., are
fixed at the experimental valuesh7.3 and 57.3, respectively;
in the @,3) model, 2, the dihedral angle between theplanes
is kept to the value of 100 close to the experimental value,
with oy = —38.4 ando, = 61.9.

The dependence of the computkdalues on the actual form

onto the two different magnetic centers, they are generally
considered as a nice description of the natural magnetic orbitals,
and we will describe in more detail their composition. The
magnetic orbitals computed f@rand?2 differ significantly. Both

in 1 and in 2 the magnetic orbitals are mainly 4d metal in
character and localized on the two Mo(V) centers with large
contributions from the atoms of the bridging ligand, butlin

of the functionals used was also checked on the model systemghey also have a significant contribution of the 4d orbitals of

1 and 2; all the other calculations were performed with the
VWN(Stoll) functional. The effect of quasi-relativistic correc-
tions'® on the computed values was also checked for the
and2 cases.

The values of the exchange coupling consthntomputed
on 1 and2, using different functionals, are reported in Table 1

the other metal center. The percent gross 4d atomic orbital
populations (PGAOP4d) for the and3 magnetic orbitals ol

and?2 are reported in Tables 2 and 3, respectively. The metal
composition of the magnetic orbitals is a rather complicated
mixture of 4d orbitals, due to the fact that the reference axes
used are not properly oriented to reflect the idealized symmetry

and compared with the experimental findings. Both the sign of the metal centers. In order to properly label the magnetic
and the magnitude of the exchange coupling constants agreeorbitals in the various geometrical arrangements of the systems,
well with the experimental findings. Local and nonlocal which are referred to different axes, we examined the electronic
approximations to the exchange yield comparable results structure of the model mononuclear moiety shown in Scheme
suggesting that the exchange part of the functional does notl below referred to a more meaningful reference system, where
play a critical role. In other words, the computédalues do the Mo=0 direction is taken as theaxis.
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TABLE 2: Percent Gross Atomic Orbital Populations of the Magnetic Orbitals of 12 Obtained by BS Calculations

Bencini et al.

MO,b |O.D AE, eV ring Q'-vH/ O;L,pZ C)zypy 02,,;.Z Ong 03@ 03,‘;.Z O4px O4py 04‘;.Z
jLuMon 0.59 25 1.6 1.9 24
[HOMOO 0.00 2.0 2.0 1.9 37
MO, |(1|:| MOLZ2 MOl,xzfyz MO]_)(y MO]_,XZ MOl,yZ MOzZ2 MOZ‘XLy2 MOgvxy MOZ,XZ MOzvyz Cll,p( Cll,p), Cllvp( Clz)n( Clg,pZ
[LuMon 0.2 0.4 0.8 0.2 0.1 28.5 19.7 7.3 7.0 6.1 4.1 1.1
[HOMOO 255 17.2 5.9 6.0 4.8 0.1 0.0 0.2 0.0 0.1 4.2 1.1
MO, |all N1 Ni1p Nizp Nizp Nigp \PERS N21p N1 N2z N23p
[LUMODO 1.5 1.1 4.3 4.8
|[HOMOO 2.5 9.1 6.8
MO, |0 AE, eV ring OLp O1p, Oz, Ozp, Oz p, Ogzp, Ospp, Oup, Ou,p, Oupp,
[LUMODO 0.59 25 1.6 1.9 24
[HOMOUO 0.00 2.0 2.0 1.9 3.8
MO, |0 Moz Moy Moy Mo, Moy, Moz Moz Moz MOz, Mozy, Clip  Clip,  Clyp,  Clap,
[Lumono 285 19.7 7.3 7.0 6.1 0.2 0.4 0.3 0.2 0.1 4.2
[HOMOUO 0.1 0.0 0.2 0.0 0.1 255 17.2 5.9 6.1 4.8 4.2 11
MO, |ﬁ|:| Nl,l,p/ Nl,l,;} N1,2,Q, Nl,Z,Q N1,3,g, N2,l,p/ N2,1,Q Nl,l,g, NZ,Z,Q N2,3,g,
[LUMODO 11 4.3 4.8
|[HOMOO 2.5 9.1 6.8
2Ring contains the total carbory prbital populations? Orbital populations<1% are shown only for Mo atoms.
TABLE 3: Percent Gross Atomic Orbital Populations of the Magnetic Orbitals of 22 Obtained by BS Calculations
MO,? |a0 ring O1p, O1p, Ozp, Oap, Cliip Cliap
[LUMOD 9.5 2.2 1.2
[HOMOU 2.2 2.1 1.2 1.3 3.8
MO,b ‘O.D M01,22 Mol,xzfy2 Mol,xy Mol,xz Mol,yz M02,x27y2 Moz,xy Moz,xz MOZ,yz Nl,Z,R, N1,2,pz N1,3,pZ N2,3,Q
jLUumond 0.0 0.0 0.0 0.0 0.0 21.9 15.0 26.5 4.5 9.8
[HOMOO 2.6 6.4 33.7 0.5 9.2 0.0 0.0 0.0 0.0 34 2.7 18.2
MO,b |ﬂD ring 01'9( OZ,PZ 03,9( 04,9(
[LUmon 4.6 2.1 1.2
|[HOMOO 4.8 31 2.0
MO,? |50 Mo 2 Moy ,2-y2 MO xy Moy, Moy,2-y2 MOz xy MOz, Moy, Cliig Claap, Claip,
[LUMOD 11 5.8 46.4 12.4 0.0 0.0 0.0 0.0 4.8
[HOMOU 0.0 0.0 0.0 0.0 21.3 14.0 22.0 3.7 3.8 1.6
MO,° |50 N11p N12p Ni3p N2,15 N21p N2.2p N23p
[LUMOO 15 1.1 9.3
[HOMOO 1.8 1.0 1.6 1.0 12.4

2Ring contains the total carbory prbital populations? Orbital populations>1% are shown only for the Mo atoms.

The energies and composition of the highest occupied and mechanism involves large contribution between nonorthogonal

lowest unoccupied orbitals are reported in Table 4. Becauseorbitals (essentially 4¢g) and can possibly lead to an antifer-

of the short molybdenurmoxygen distance (1.8 A) thezid,,
and d, orbitals are largely destabilized by the antibonding
interactions with the p py, and g orbitals of the O atomd
ands interactions respectively for,jand (g, py)). Among the
other d orbitals, the g2 one is destabilized more than thg d

romagnetic contribution to the overall exchange interaction.

In the literature, the calculation of the distribution of spin
density in paramagnetic molecules is becoming important since
it is often used to interpret polarized neutron diffraction data,
which are employed to deduce experimental evidence for

by ¢ interactions with the equatorial ligands and lies at the exchange pathways and mechanigh3he term spin densities

highest energy. The SOMO is therefore mainly composed by is generally used in a loose sense to indicate gross atomic

the dy orbital, which is destabilized by the* interaction with Mulliken spin populationg! and their use fo
the g orbital of Cl. The complex linear combinations of 4d

orbitals, shown in Table 2, represent the mainly4uetal criticism?22 In particular, when the molecule h

r the fitting of

polarized neutron diffraction data has also received some
as more than one
orbitals of the two molybdenum centers referred to in our unpaired electron, a good description of the low-spin states can

different axis system. The composition of the magnetic orbitals be obtained only using a multiconfiguration wave function which

show that a superexchange mechanism is important in transfer-may require large computational efforts. DF methods cannot
low-spin states.
However, the broken symmetry state, whose energy is a
weighted average of the energies of the various spin multiplets
arising from the exchange interaction, is often used for the

ring the unpaired electron density from one center to the other: give, therefore, a good description of the
in 2 the superexchange pathway occurs only viasthegystem

of the bridging ligand, while inl also a direct delocalization
onto the other metal center is found. 1rthis delocalization
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TABLE 4: Percent Gross Atomic Orbital Populations for the a and # Magnetic Orbitals of the Mononuclear Moiety

MO, |(1D AE, eV Moz MOxz_y2 MOxy Moy, MOyz Cll,px Cll,pl Ol,py OZ,p/ oZsz
[LUMO+20 1.20 2.2 325 1.2
ILUMO+10] 1.03 2.2 20.9 1.2
|lLUMOO 0.59 2.5 56.3 21.2 51
|[somad 0.00 57.4 4.6 1.1 6.1
MO, |(1|:| Nl,py Nl,Pz Nz,p)( Nz,p/ Nz,pZ N3,p/ N3,pz
[LUMO-+200 3.8
[LUMO+10 2.0 2.6 2.2
[LUmMonO 1.3
|SOMQO] 4.1 2.4 8.9 5.8
MO, |80 AE, eV Moz Moy—y2 M0y Moy, Moy, Clip, Clyp, Onp, Oz, Ozp,
[LUMO+-30 1.21 2.7 36.0 15 20.4 15
ILUMO+20 0.75 1.2 2.2 1.0
[LUMO+10 0.56 2.6 58.3 18.1 4.9
|LUMOO 0.00 68.0 4.6 55
MO, |0 Nip, N2,p, N2, Nz,p, N3, N3 p,
ILUMO+30 5.0 2.0 1.7
[LUMO+2001 2.2
ILUMO+10 1.5
[LUMoO 2.1 4.8
N,,¢-0.042 TABLE 5: J Values (cnT?) Calculated for M; A1,3) and
-0.0093 y 0.022 04\ M1 «1,4) for Different oy, o, Values
) 0.0017 wiNp,3 -0.034 :
0035 00073 G5 0 0,——Méb3 _ _ — Mo . _ — o
0.83 o C T w=0= == =0, == =0
el X 00% \ N2 0019 models  0° 45 @=45 90 =90
-0.019Ny g, N 7 0~036/C ()%Ig .0.83
Moy——07~-0.0017 0.0073 0 M1A1,4) 1335 163 618 1 —68
008N e | 0,00 @ 0% 2 Mifl3) 80 27 ~11 -4 16
0.042 Ny,
N, 10.043 From the calculations of the singtetriplet separation orl
0.050 0020 O N 0,034 and 2, it appears that superexchange mechanisms can have
084 %%36 0.043 — % 57—M \“ important effects in the propagation of the_magnetic interacti_on
vots /o d o / N\ TNg-0010 between the two metal centers. In this case the relative
N2 Tor T Ca< 0043 ooms 084 intramolecular orientations of the two [(N}¥DMo(O—R)CI]2~
0.034 Ny, / “04 0,020 0050 2 fragments, and in particular of the planes, can modulate,
0.043N, | together with the spin polarization effects, both the magnitude
and the sign of the exchange coupling consthntn order to
081 9079 081 0.080 establish magneto-structural correlations, we performed calcula-
oo\ M g1 00046 0010 M3 5Ni 1 0.0046 tions by varying the_m angles i_n Ipoth thel(4) and (,3) r_nodel _
Ogepyie” 00 )’lo O, 4.0.0008 complexes. Two kinds of variation were performed: in the first
m)’g\ggz'”m Oto.028 one, we kept the twg planes parallel to each other; in the
0.0048 o0tz 00025 "Cdouss second one we varied the angle between them, while keeping
-0.0009C C1-0016 o017C ﬁgﬁ’w a; = 0°. We label these model systems &b and M,
0011 () 0035 0031((12 /CI 20.035 respectively. We will have, therefor®](1,3), M2(1,3), M-
00820 /- 040,030 G 040.030 (1,4), andM3(1,4) as model systems. IN(1,4) the overall
0015 Mo AN 2 N;s 000 0015\ 7 ‘\ Np,30.094 symmetry of the molecule i&;, while C; was applied to all the
0022 Nof Moo 002N g other cases. Using the LDA[Stoll] functionals, we have

computed the effect of the values of thganda, angles onJ

for the model systemdvl; and M,. The results of the
calculations are shown in Table 5. The compufedalues
dramatically depend on the geometrical arrangement. In
particular both ferro- and antiferromagnetic interactions can be
description of the low-spin staté%. Due to the relevance that  obtained irrespective of the topology (1,3- or 1,4-) of the
spin densities can have, we report in Figure 2a,b the gross atomianetals: it is the relative orientation of the planes which

spin populations ol and2, respectively, computed on tise= appears to determine the sign and magnitude of the interaction.
1 and the BS state. The BS stateslaind?2 show alternating For the geometries; = 0° anda, = 90° for complex 1,4- and

spin densities with a distribution of values and signs, which a; = ap = 0° for complex 1,3-, we have computed a ground
obeys the total symmetry of the complexes and the localization state which has not yet experimentally observed: i

of thea andp electrons onto the different metal centers. This complex has a ferromagnetic behavidr=f —68 cnt!) while
alternation of spins is lost in the triplet state. Inand2 a the 1,3 complex has an antiferromagnetic ode=f 80 cnt?).
significant amount of spin density is computed on the aromatic The magnetic behavior can therefore be explained assuming that
bridging ligand both for the broken symmetry and triplet states. a superexchange mechanism is dominant: this can be better
In 2 the largest spin density on the aromatic ring is computed understood with the aid of Figures“3and 4% where the

on the carbons which form the shorter aromatic spin pathway. isodensity surfaces of the magnetic orbitalshdf »(1,4) and

Figure 2. (a) Gross atomic spin populations computed Idor the
broken symmetry (top) and triplet state (bottom). (b) Gross atomic spin
populations computed fd for the broken symmetry (left) and triplet
state (right).
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a) a)

Figure 3. Isodensity surfacesy(= 0.05 (e/B)*? of the magnetic
orbitals of theM; A(1,4) models for the cases (a) = a, = 0°, (b) a1

= 0° andop = 45°, and (c)ay = 0° ando, = 90°. Figure 4. Isodensity surfacesy(= 0.05 (e/8)"?) of the magnetic
orbitals of theM; A(1,3) models for the cases (a) = a, = 0°, (b) a1

M (1.3) calculated for different values are reported. For = 0°andaz = 45°, and (c)a; = 0° anda, = 90".

the M, case (Figure 2), a decrease of delocalization of the

magnetic orbitals onto both the magnetic centers passing from =0 om0 e

the (@)oy = ap = 0° to (c) oz = 0° anda, = 90° geometric

arrangements is apparent. The magnetic orbitals pass from a

strong overlapping case (a) to one (c) in which they are

orthogonal with no possibility to interact through the bridging

ligand. For theM, complexes, the same trend has been “~ i =0

computed, but in this case the delocalization is limited to the  J=1335 cm- J=1cm J =-68 cm’

aromatic ring. +sp + sg, J>0 +sp - se, J>0 -sp - se, J<0
The difference in the absolute valuesXfobtained for the

different geometric arrangements, can be qualitatively under- =0 = 90"

stood if one considers that the intrinsic nature of the coordination

1,4- vs 1,3- allows, respectively, a large or small delocalization

of the magnetic orbitals onto the bridging ligand and the @=0 ar = 90°

magnetic centers. Considering that the spin-polarization con-

tributions are due, in first approximation, to the magnetic J=80cmt J=-4cm J =16 cm-

orbitals, we propose a qualitative scheme based on the overlap -sp +se, J>0 -sp - se, J<0 +sp - se, J>0

between the magnetic orbitals to describe how the spins can sp = spin polarization (-, ferro- favouring; +,antiferro- favouring)

polarize each other from one magnetic center to another. An se = super-exchange (-, ferro- favouring; +,antiferro- favouring)

antiparallel alignment of the arrows will be achieved when the rigyre 5. Comparison of the superexchange and the spin-polarization
overlap between the magnetic orbitals differs from zero, while mechanisms in determining the absolute values &r different o

a parallel alignment will arise when the overlap is nearly zero values.
(orthogonal magnetic orbitals). These intuitive concepts, which
surely require a more precise operational definition to be oz = o, = 90°, anday = 0° and ap; = 90°. Applying the
developed, are widely used among magneto-chemists to associeoncepts outlined above, when the topology of the fragments
ate concepts to the numbers obtained from quantitative calcula-is such that the 4g orbital of Mo cannot efficiently overlap
tions of the exchange coupling constants or even to qualitatively with the [, orbital of the equatorial oxygen, we have assigned
rationalize magnetic exchange interactiéfs. a parallel distribution of the spin density from the molybdenum
The concepts of superexchange and spin-polarization path-onto the adjacent atom. This spin distribution was also observed
ways can be used to qualitatively interpret the variation of the in the BS calculations, as shown in Figure 2a,b for the
magnitude of the computebivalues. The two mechanisms are experimental geometridsand2. Figure 5 shows that the largest
pictorially compared in Figure 5 for the cases = o, = 0°, |J] values correspond to the situations in which the two
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mechanisms, superexchange and spin polarization, have thes.; Jeannin, Ylnorg. Chem198Q 19, 1410. (d) Melfk, M. Coord. Chem.

same effects either ferro- or antiferromagnetic. Unfortunately, Ref‘(é)gfzg)4&55:;}&25?”3”& -Aéisce:ﬁ?ﬁspgyslv?/iz r?:r' 7|:6-3i3 I
at the present level of approximation, we cannot separate the; ; 'gio|’ Chem1974 24&’65'32_"@) Koppenﬁagén, V. B.: Elsenhans, B..

effects of the two mechanisms at the computational level. This Wagner, F.; Pfiffener, J. J. I&lectron Transfer in Inorganic, Organic,
will be the goal to be achieved for the complete understanding and Biological Systemsolton, J. R., Mataga, N., McLendon, G., Eds.

; ; ; [ e Advances in Chemistry 228; American Chemical Society: Washington, DC,
of the physical mechanism of spin coupling in transition metal 1991; Chapter 12.

compounds. (7) Johnson, M. K., King, R. B., Kurtz, D. M., Jr., Kutal, C., Norton,
M. L., Scott, R. A., EdsElectron Transfer in Biology and the Solid State:
Conclusions Inorganic Compounds with Unusual Propertigsdvances in Chemistry

226; American Chemical Society: Washington, DC, 1990; Chapter 19.

(8) Ung, V. A.; Cargill Thompson, A. M. W.; Bardwell, D. A;
Gatteschi, D.; Jeffrey, J. C.; McCleverty, J. A.; Totti, F.; Ward, MIrg.
Chem.1997, 36, 3447.

Density functional calculations have nicely reproduced the
experimental singlettriplet splitting observed in{MoV(O)-
(Tp*)Cl}2(u-X)] (where X is one of the dihydroxybenzene

I . _ _ 9) Ung, V. A.; Bardwell, D. A.; Jeffery, J. C.; Maher, J. P.;
bridging ligands [1,4-OgH,0]~ or [1,3-0GH.OP~ and Tp* e iherty 3. A Ward, M. B.; Willaimson. Anorg. Chem 1506 35,
is tris(3,5-dimethylpyrazolyl)hydroborate), two unusual com- 5290,
plexes in which the paramagnetic centers are separated by a (10) Wertz, J. E,; Bolton, J. Relectron Spin Resonance; Elementary
large diamagnetic ligand. These calculations have shown thatTh‘(?lOB’ g;?r P;zaCtG'Cfi'Y/;E’]p"C\j‘\/‘gg‘?s"ith;in‘]’c';g'r;a:\‘i‘éVeZ?rkéflizozr{qs o
the actual value of the magnetic coupling consgistinfluenced Molecules Oxford Linivergi'ty Prone New York 1989, y
not only by the topology1,3 or 1,4, of X, but a correlation (12) Noodleman, LJ. Chem. Phys1981, 74, 5737.
with the angleo defined in Figure 1 exists. This magneto- (13) Velde, G. teADF 2.0.1. Theoretical Chemistry; Vrije Urérsiteit
structural correlation is bound to superexchange pathways, (14) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.
which are therefore important in transmitting magnetic interac- 49(112)3 Stoll, H.; Pavlidou, C. M. E.; Preuss, fheoret. Chim. Acta97§
g(c))?asrgljt(i)otgrg#ggtgmydroxybenzene ligands, in addition to spin (16) Becke, A. DPhys. Re. A 1988 38, 3098,

) L (17) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244.

The present rgsults encourage us to extend the characterization (18) Noodleman, L.; Norman, J. G., J.Chem. Phys1979 70, 4093.
of the magnetic exchange pathways to other molybdenum (19) Boerrigter, P. M. Spectroscopy and Bonding of HgaElement
complexes: binuclear and trinuclear compounds are currently CompoundsPh.D. Thesis, Department of Chemistry, Vrije Universiteit,

under investigation. Amsterdam).
(20) McConnell,J. Chem. Phys1963 39, 1910.

(21) Mulliken, R. S.J. Chem. Physl955 23, 1833.
(22) (a) Gillon, B.; Schweizer, J. IMolecules in Physics, Chemistry
and Biology Maruani, J., Ed.; Kluwer Academic: Dordrecht, 1989; Vol.
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