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The magnetic couplings between a Ni(ll) center in an octahedral environment and two nitroxides in its coordination
sphere are calculated lay initio methods. The system is well described by a Heisenberg model. Fully variational
calculations (DDCI2) give results similar to those of combined variational/perturbative calculations (CASPT2),
and some DFT results are obtained. The effect of some structural parameters is studgslartiganspositions

and the angles and the distances of the nitroxides with respect to the nickel center. We show that the magnetic
couplings are almost the same in tisand in thetranscomplexes; thus, the only relevant geometric parameters

for ferromagnetic or antiferromagnetic couplings are the orientations and the distances of the nitroxide ligands
with respect to the Ni(ll) center. Direct exchange between the magnetic centers is calculated: it depends neither
on the angles nor on thas or trans conformations, showing that the superexchange contribution is the only
angle-dependent one.

I. Introduction Table 1. Geometrical Parameters and Experimental Value$ fof

One of the challengi hes to synthesi fico oz andFNL 2

ne of the challenging approaches to synthesize magnetic —

molecular materials is the orgariorganic one depending on compound R(A) 6 (deg) ¢° (deg) v (deg) J(cm™)

the nature of the magnetic centers. In such materials, one or o-NiL, 2206 2238 97.0¢83) 40.2 —138.8

several paramagnetic ligands are coordinated to a paramagnetic B-NiL2 g'ggg gg'g —_128 52'2 _231% 6

transition metal or lanthanide idnThe two magnetic centers ' ' ’ '

in such complexes are very close to one another, and this should *From ref 2. The definition of angles is given in Figure®3n

enhance the magnitude of the magnetic couplings. a-NiL o, go_d{epends on which N atom qf the chelating ring is chosen to

. . be the origin. Ing-NiL, the origin is different from that in ref 2, as

Recently, Ovcharenket al? synthesized a complex of Ni(ll) defined in section I1.1.

with two nitroxide radicals in the coordination sphere (BiL

this complex crystallizes in two phases. In the first one, the

two nitroxide ligands are in equivaleirians positions, while

in the second one, the two nitroxides are in ¢theeposition and

nonequivalent; the most striking feature is that, in the first case

the coupling between the nitroxides and the nickel is antifer-

romagnetic, whereas in the second, there are both antiferro-

magnetic and ferromagnetic couplings. However, the positions

of the nitroxides are different in each case (distance and

\?Vrr'gt];itrlotﬂ)er(:?s ;la?;itggh:gﬁgclf grO;[f ?ﬁessdlit;lfgrgceevsa:ﬁate monodeterminantal, and the correlation effects are taken into
v : account by the means of an adequate functional. DDCI2 is

the valqes of the coup.hngs are on!y dl_Je_to the structural Changes'considered to be the most accurate of these methods and permits
In this paper, we intend to discriminate between the two

o . . a calibration of the other two which have the advantage of being
effects throu_ghab initio calculations. Thg complex is modeledz able to handle larger molecular systems. Second, with the
and calculations are then performed, independently Chang'ngdihydronitroxide model. the CASSCE. CASCI. and CASPT2
the geometrical parameters of the nitroxides_ with respect to the methods are used to ev:aluate the magﬁetic cou,plings in different
nlclke:. thrthe(rjm?red the dvalue of the d'tr?Ctd ezfxcharj[ge IS structures, independently changing the angles, the distances, and
gfhglije(aje » and 1ts dependency oh geometric deformations IStheci_s or transpositions of t_he nitroxides. For a given distance,

) the direct exchange value is also evaluated for all sets of angles

th We ulsefdtﬁ grfaély .simpz[li':‘ied m036| fotrhthe Niquplttaxl:d t and conformations. Third, the accuracy of the dihydronitroxide
bei?oa orthis stu ydlsln? tho reprlo u?e h?‘ ixperll(mena atamodel is checked. CASSCF and CASCI calculations are
ut to propose a model of the molecule which makes aCcur"’leperformed on an oxyl-3-imidazoline model, closer to the

calculations possible and which allows us to qualitatively experimental nitroxide.
understand the experimental data.

The three main features of this work are as follows. First,
with a dihydronitroxide model for the nitroxide, within a given
geometry, three differerab initio methods are used. The first

"two begin with a good multiconfigurational wave function
believed to describe the main physical features of the molecule
(CASSCF and CASCI) and take into account dynamic correla-
tion either variationally (DDCI2) or perturbatively (CASPT2).
The third method used, the DFT method, is intrinsically

(1) Caneschi, A.; Gatteschi, D.; Rey, Prog. Inorg. Chem1991, 39, Il. Modeling the Complex

331. . .
(2) Ovcharenko, V. I.; Romanenko, G. V.; Ikorskii, V. N.; Musin, R. N.; 1-_ Ch?m'cal M_od_ellng _Of th? C(_)mp_lex. The molecule
Sagdeev, R. Zlnorg. Chem.1994 33, 3370. studied is the 3-imidazoline nitroxideis[(1-(2,2,5,5-tetra-

10.1021/ic990014+ CCC: $18.00 © 1999 American Chemical Society
Published on Web 12/09/1999



6090 Inorganic Chemistry, Vol. 38, No. 26, 1999
N
CI)‘
L
e \C/CH3
/ CHs

HsC
™
Hic-C

LK

F4C.
e
N
HC N| CH
\ / ‘?'\ /
C N N O‘C\
H3C\C/ - CFs
e’ \N/ C};Hs 3
riuz*

Figure 1. NiL, complex in theo-phase.
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Figure 2. Structural parameters used in thie initio calculations for
the bidentate chain, the dihydronitroxide, and the oxyl-3-imidazoline.
Distances are in angstroms.

methyl-1-oxyl-3-imidazolin-4-yl)-33,3-trifluoro-1'-propenyl)-
2'-oxy-O',N3)]nickel(ll) called NiL, (cf. Figure 1). The ligand
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Figure 3. Angles defining the relative positions of the nickel and of
the nitroxides# is the angle between the-ON bond of the nitroxide
and the Ni-O (nitroxide) bondy is the rotation angle of the Nhplane

of the nitroxide around the ©N bond of the nitroxidey = 0° when
NH; and Ni—O(nitroxide)-N(nitroxide) define the same plane.is
the angle between the projection of the-N(nitroxide) bond in the
plane of the chelate ligand and a-N\Nl(chelate) direction. In thgans
conformation (a, top), the two chelate ligands define the same plane
and both choices of origin (NiN(chelate) bonds) give equivalent
angles. In thecis conformation (b, bottom), the projection is onto the
chelate ligand perpendicular to the considered @{nitroxide) bond
and the Ni-N(chelate) bond reference is of this chelate liggnek 0°
means that the nodal plane of thesystem of the nitroxide contains
the Ni—O axis.

whereas in theis position, there are both antiferromagnetic (
~ —230 cnT?) and ferromagnetic)(~ 19.6 cnt?) couplings.
While the coupling through the bridging ligand is by far too
weak to allow 3D magnetic ordering, it makes modeling the
magnetic properties of the crystal much easier. The crystal is a
paramagnetic system whose magnetic domains result from the
coupling among three centers: one Ni(ll) ion and two nitroxides.
The magnetic behavior of the nickel ion is that of a local triplet
with the two unpaired electrons in the pseud@#bitals, while
the magnetic behavior of the nitroxides is that of local doublets
with one electron in ar* orbital.
To be as close as possible to the real structure, one must
preserve a ligand field of the same chemical nature as the real

is tridentate: one part is chelating, consisting of five atoms, gystem. In our models, the nickel ion is bonded to two chelating

and the other is bridging, ending in a nitroxide function which

NH(CH)3O chains and to two nitroxides. The NH(G9) is

connects to another metal center. The magnetic portion of theaken planar because the experimental bidentate chelating chain

ligand is well localized, and the system disconnects the

is very close to planarity. The nitroxides are first modeled by

magnetic parts _of the whole molecule. In each c_oordinat_ion dihydronitroxides (ONH), and then by oxyl-3-imidazolines.
sphere of the Ni(ll) ion, there are two nonmagnetic chelating structural parameters of the latter model are those of the real
ligands and two nitroxide groups which form a quasi-octahedral ¢hain. In all the calculations, the ND(nitroxide) axis is kept

environment. This compound crystallizes in two different
structures. In thet-NiL » phase, the nitroxide groups are in the
trans position with respect to the Ni(ll) ion, and in theNiL »
phase, the two nitroxide groups are in itis position and are

perpendicular to the plane of the chelating ligand. The structural

parameters used in the calculations are shown in Figure 2.
The aim of this study is to emphasize the role of the different

geometrical parameters on the magnetic coupling. There are four

not equivalent. In both cases, there is no magnetic coupling geometrical parameters defining the position of the nitroxide:

through the ligand. In therans position, the fit of the

the Ni—O distance and three angles defined in Figure 3.

experimental susceptibility gives an antiferromagnetic coupling Experimental geometries exhibit three different sets of param-

between the nitroxides and the Ni(ll) iod & —138.4 cnr!
assuming an Heisenberg spin Hamiltonien= —JSs-Sg),

eters, one in thex-phase for which the two nitroxides are
equivalent and two sets in thephase (see Table 1).
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Figure 4. The six geometries used in thaeb initio calculations

(definitions of angles are those of Figure 3), presented for the

dihydronitroxide radical.

We define six geometries, different from the experimental

ones, to emphasize the effects of each structural parameter o

the coupling.

Geometryla is the most symmetrical one and transforms
according to theCy, group with the dihydronitroxide moiety
and according to the inversion group with the imidazoline
moiety (see Figure 4): the two nitroxides are in ttnans

position. The nickel atom and the oxygen and nitrogen atoms

of the nitroxides are aligned & 0°, ¢ = 30°). In this geometry,

Inorganic Chemistry, Vol. 38, No. 26, 1998091

the ONHR; nitroxides have been rotated around the NO axis,

thus changing the overlap between the magnetic orbitals. The
two nitroxides are in thdérans conformation in geometrga

and in thecis conformation in geometrgb. In contrast with

the previous geometries, the magnetic orbitals of the nitroxides
overlap with those of the Ni(ll) ion, and thus a decrease of the

magnetic coupling is expected.

In all the previous cases, the NO distance is kept constant
at 2.21 A. Finally, we have also studied the effect of varying
the Ni—O distance in geometrya and of changing the nature
of the nitroxide radical in geometriels, 1b, 3a, and3b.

2. Heisenberg Hamiltonian for the SystemThe Heisenberg
Hamiltonian couples the spia= 1 (§Ni) of the nickel ion and
the two spinsS = 1/2 of the nitroxide radicals:%\.oA and

_éNOB):

H= _J(SNi'SNoA + SNi'SNoB) - jSNOA.SNOB

J is the coupling constant between a given nitroxide and the
nickel ion. In all the proposed geometries, the nitroxides are
geometrically equivalent, so there is only one magnetic coupling
J characterizing the two NiNO interactionsj is the coupling
constant between the two nitroxides.

Let us call_éNo the total spin of the two nitroxides aré[ot
the total spin of the system. The states are completely defined
by the following set of quantum numbergsyi; Svo; Sotld One
obtains four states, a singlé§0= |1; 1; O] two triplets,|ToO
=|1; 0; 10and |T,0= |1; 1; 1) and a quintet|Q= |1; 1; 21
The energy gaps are

Er,~Eq=J+]
Er, —Er,=J—]
Es—E =1J

1

For each geometry, the calculated energy levels have been fitted
to this Hamiltonian. There are three energy gaps fitted with two

rParameters The quality of the fit can then be evaluated by the

variance defined as

[ _ 9 ]l/2

var=
N

the magnetic orbitals localized on the nickel are of symmetries whereE and Ehe'S are theith energy gaps, calculated by the

different from those on the nitroxides.

Geometrylb presents the same angles as geomégrybut
the nitroxides are in theis conformation; it transforms &S,.
Comparison of geometrieka and 1b will permit us to study
thecis—transeffect in the case of orthogonal magnetic orbitals.

In geometries2a and 2b, 6 is close to its value in the
experimental systems, is close to that of thet-structure, and
y is close to that of the nitroxide ferromagnetically coupled to
the nickel in thes-structure: 0 = 24°, ¢ = 97°, y = 0°. 2ahas
thetrans conformation, an@b has thecis conformation. Asy
= 0°, the overlap between the magnetic orbitals is tiny, even
though they are of the same symmetry.

Geometries3a and 3b have they angle of thea-structure:

0 =24°, ¢ =97,y =40°. 6 andg are kept constant compared
to those of geometriea and 2b, and the hydrogen atoms of

ab initio method and evaluated with the Heisenberg Hamilto-
nian, respectively, antll is the number of gaps.

[ll. Computational Details

1. CASSCF/CASCI Methods.The basis set used is the generally
contracted ANO (atomic natural orbital) type. The starting set of
primitives (17s12p9d4f) is contracted to [5s4p3d2f] for the nickel, while
a (10s6p) set of primitives contracted to [3s2p] is employed for the C
and N atoms and a (7s) set of primitives contracted to’[2s]the H
atoms.

In the CASSCF and CASCI calculations, performed with the
MOLCAS4 packagé,a multiconfigurational wave function is con-
structed for a given state, comprising all configurations obtained by
distributing a given number of electrons (called active electrons) in a
given number of orbitals (the active orbitals): this generates the
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complete active space (CAS). In this case, the four unpaired electrons

are distributed in the four “magnetic” orbitals. In the CASSCF method,
configurational and orbital variational parameters are optimized in a
single step, giving the minimal energy and the associated set of
optimized molecular orbitals for each state required (state-specific
molecular orbitals, MO1). These orbitals are symmetry-adapted. In
CASCI calculations, only configurational variational parameters are
optimized for a given set of orbitals, namely, the orbitals optimized
for the quintet state (MO2 orbitals).

This step gives a good zeroth-order wave function which contains
the main physical features but which lacks spin polarization and
dynamic correlation effects. These two effects, or at least their influence

Suaud et al.

Only the first determinant is a spin eigenfunction. As proposed by
Dovesiet al* the Ising Hamiltonian can be used as a simplification
of the Heisenberg Hamiltonian:

_J(ézwi.gzNoA + gZNi.gzmoB) N ngNoA.ézwoB

The three determinants mentioned above are eigenfunctions of this
Hamiltonian with the eigenvaluesJ — j/4, j/4, andJ — j/4, which
permits an evaluation af andj. It has been shown that a better result
should take into account the overlap between the magnetic orbitals.
A crucial problem in DFT calculations is the choice of the functional.
There exist different opinions for the best choice for the calculation of

A

on the energy differences between states with a large projection in the yagnetic couplings. In some cases, the B3LYP functional has been

active space, are taken into account either variationally or perturbatively.
2. DDCI2 Method. The variational DDCI2 method (difference
dedicated configuration interactiény is implemented in the CASDI
program? Starting with a common set of molecular orbitals, namely,
MO2, the CAS and the additional space formed by all the single and
the following double excitations out of the CAS are considered. If S1

shown to give results very close to experimental ¥diar magnetic
couplings. This functional is built with Becke's three-parameter
exchange function&land the Lee-Yang—Parr correlation functionaf

In other cases, the so-called half-and-half functitigaves better results
than the B3LYP functional for magnetic couplintfsThis functional
mixes 50% Slater and 50% HartreEock exchange and does not

(S3) is the space of the orbitals which are doubly occupied (unoccupied) include any correlation. Finally, another stdéighows that either the

in the CASSCEF calculation andh (n,) the number of allowed holes
(particles) in S1 (S3), the DDCI2 space contains all the configurations
satisfyingn, + n, < 2. It can be shown that at the level of second-

noncorrelated ¥ functional or the VWN functional gave the best
agreement with experiment. The VWN approximation to the exchange
correlation potential includes the local potential of Vosko, Wilk, and

order perturbation theory, the determinants of the DDCI2 space are Nusair?:

the only ones contributing to the energy difference between two states

differing only in their spin states (magnetic states). In geoméay
with dihydronitroxide, the DDCI2 space comprises 136 046 determi-

nants for the quintet state and 207 190 determinants for the singlet state.

The 1s orbital of the C, N, and O atoms and the 1s, 2s, and 2p
orbitals of the Ni atom are kept frozen in these calculations.

3. CASPT2 Method. After the CASSCEF step, the correlation can
be taken into account in second-order perturbation theory, with the
CASPT2 method through the MOLCAS4 packdde The original
definition of the Fock matrix is used,and an iterative procedure is
chosen. We apply this method to the two sets of orbitals: the state-
specific MO1 and the orbitals optimized for the quintet state, MO2,
which should permit a better cancellation of errors.

The 1s orbital of the C, N, and O atoms and the 1s, 2s, and 2p
orbitals of the Ni atom are kept frozen in these calculations.

4. DFT Method. Calculations have been carried out using the
Gaussian-9% package for the DFT, making use of the broken symmetry
approach?

Ab initio UHF wave functions are not spin eigenstates, but are
eigenfunctions of the spin projection operat8g, To determine the
two parameterd andj, the energies of three levels are necessary. We
use the three following determinants, in termgMg,; Mson Msyosl
whereMs is the projection of the spin on theaxis: the quintet state,
|FO= |+1; +1/2; +1/20) a broken symmetry determinaf8S[= |+1;
—1/2; +1/20] and an antiferromagnetic determinafyF= |+1;
—1/2; —1/20

(3) Pierloot, K.; Dumez, B.; Widmark, P.-O.; Roos, B. Theor. Chim.
Acta 1995 90, 87.

(4) Andersson, K.; Ascher, M. P.; Karlstim, G.; Lindh, R.; Malqvist,
P.-A.; Olsen, J.; Roos, B. O.; Sadlej, A. J.; Blomberg, M. R. A;;
Siegbahn, P. E. M.; Kello, V.; Noga, J.; Urban, M.; Widmark, P.-O.
MOLCAS Version ADepartment of Theoretical Chemistry, Chemical
Center, University of Lund, P.O. Box 124, S-221 00 Lund, Sweden,
1994.

(5) Miralles, J.; Daudey, J. P.; Caballol, Bhem. Phys. Letl992 198
555.

(6) de Loth, P.; Cassoux P.; Daudey J. P.; Malrieu, J.FAm. Chem.
Soc.1981, 103 4007.

(7) Malrieu, J. PJ. Chem. Physl1967, 47, 4555.

(8) Ben Amor, N.; Maynau, DChem. Phys. Lettl99§ 286, 211.

(9) Andersson, K.; Malgvist, P.-ARoos, B. O.; Sadlej, A. J.; Wolinski,
K. J. Phys. Chem199Q 94, 5483.

(10) Andersson, K.; Roos, B. O. IModern electron structure theary
Yarkony, R., Ed.; Advanced Series in Physical Chemistry; World
Scientific Publishing Co. Pte. Itd.: Singapore, 1995; Vol. 2, Part |:55.

(11) Andersson, K.; Malqgvist, P.-ARoos, B. O.J. Chem. Phys1992
96, 1218.

In our work, only the half-and-half and the B3LYP functionals have
been applied. For practical reasons, other basis sets have been used
than in the previous methods, namely, the 6-311G for all atoms.

5. Direct Exchange versus Other Contributions.Analysis of the
magnetic couplings is important to understand their origin and clearly
assign their variations to geometrical or chemical characteristics of the
compounds.

In the case of two electrons in two orbitals, the use of perturbation
theory gives a straightforward decomposition. This was done for a series
of Cu(ll) dimers some years ago by De Loth al® Following the
classification proposed by Anders&hthese authors have expressed
the magnetic couplings corresponding to different levels of perturbation
theory. At zeroth order, direct exchange is obtained as the direct
interaction between electrons localized in the magnetic orbitals.
Superexchange is due to correlation effects, at second order, inside the
valence space. Additional contributions correspond to dynamical
correlation. This decomposition is not straightforward in terms of
configuration interaction (Cl) because the different contributions do
not appear as a sum, in contrast to perturbation theory. We wish to
obtain a similar decomposition by comparing the results of Cls acquired
in different determinantal spaces. The equivalence of direct exchange
contributions shall be obtained by a CI restricted to the space of all
covalent determinants built with one electron in each magnetic orbital.
Direct exchange plus superexchange contributions correspond to
complete CI restricted to the complete valence space, that is, the

(12) GAUSSIAN 94 Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill,
P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.
A.; Petersoon, G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham,
M. A.; Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski,
J.; Stefanov, B. B.; Nanayarkkara, A.; Challacombe, M.; Peng, C. Y.;
Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.;
Baker, J.; Steward, J. J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J.
A., Gaussian, Inc., Pittsburgh, PA, 1994.

(13) Noodleman, L.; Peng, C. Y.; Case, D. A.; Mouesca, J&dord.
Chem. Re. 1995 144, 199.

(14) Dovesi, R.; Ricart, J. M.; Saunders, V. R.; Orlando, JR.Phys.
Condens. Mattefl995 7, 7997.

(15) Caballol, R.; Castell, O.; lllas, F.; Moreira, I. de P. R.; Malrieu, J. P.
J. Phys. Chem. A997 101, 7860.

(16) Ruiz, E.; Alemany, P.; Alvarez, S.; CanoJJAm. Chem. Sod.997,
119 1297.

(17) Becke, A. D.J. Chem. Phys1993 98, 5648.

(18) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1998 37, 785.

(19) Martin, R. L.; lllas, F.Phys. Re. Lett. 1997, 79, 1539.

(20) Bencini, A.; Totti, F.; Daul, C. A.; Doklo, K.; Fantucci, P.; Barone,
V. Inorg. Chem.1997 5022 5030.

(21) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.

(22) Anderson, P. WSolid State Physl963 14, 99.
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Figure 5. Magnetic orbitals with dihydronitroxide in geometiy.

Table 2. Values ofJ and of the Variance (cm}) Estimated with
Different ab Initio Methods

c=localized on one

d=localized én the

nitroxide radical other nitroxide

Figure 6. Magnetic orbitals with imidazoline in geometfya.

Table 3. Total Coupling and Direct Exchange in Different
Geometries (cmt)

geometryla geometry3a nitroxide geometry K J(CASCIp  J(CASPT2}
method J var J var imidazoline la 146.4 145.9

CASSCF MO? 138.0 5.3 47.3 9.6 ONH; 1a 1615 1615 145.4

ONH; 1b 153.9 151.9 128.1
CASCI MO2 161.5 0.6 83.5 16.8

ONH; 2a 162.9 162.9 147.0
CASPT2 MO1 229.3 7.7 50.6 0.1

ONH; 2b 159.6 150.7 124.4
CASPT2 MO2 145.4 3.7 9.1 2.7

ONH; 3a 165.7 83.5 9.1
DDCI MO2 188.2 1.1 39.4 1.2 ONH 3b 165.9 900 6.7
DDCI MO3* 183.3 2 : : )
UHF 201.3 117.5 2MO2 = molecular orbitals optimized for the quintet state.
DFTde 253.2 98.5

Table 4. Values ofJ (cm™) in Geometryla, for Different

aMO1 = state-specific molecular orbitalsMO2 = molecular Distances Ni-NO

orbitals optimized for the quintet stateMO3 = molecular orbitals

optimized for the singlet statéCalculated with only two states. distance (A) J(CASSCF) J(CASPT2)

¢ Calculated with the half-and-half functional. 291 1615 145.4
2.3 116.8 105.7

CASSCF or CASCI results as defined in section 111.1. Dynamical effects 2.5 55.2 53.6

on the couplings are directly added by a CASPT2 or DDCI2 step. Table 5. Values ofJ (cm?) for the Two Models of Nitroxide

There are three steps involved in the computation of the direct Radicals at the CASSCF/CASCI Calculation Level

exchange. First, because the space generated by the determinants with

; S : . ; ONH; imidazoline
one electron in one orbital is not invariant under rotation, the four
symmetry-adapted magnetic orbitals must be localized. Second, the CASSCF  CASCl  CASSCF  CASCI
Hamiltonian matrix is written in this space and diagonalized. Finally, = geometryla +138.0 +161.5 +126.4 +145.9
the magnetic coupling extracted from the energy gaps gives the direct geometrylb +129.3 +151.9 +116.7 +135.1
exchange Couphng geometry3a +47.3 +83.5 —-4.1 +30.6
geometry3b +59.0 +90.0 —18.7 +12.4

In the first step, the four magnetic molecular orbitals obtained from
CASSCEF calculation (namely, the MO2 set, optimized from the quintet
state) are localized. In geometty with dihydronitroxides, the two 3d
magnetic orbitals of nickel belong to the;j Aymmetry group (O

aMO2 = molecular orbitals optimized for the quintet state.

ion, c= (g + u)/v/2 and d= (g — u)//2 are localized on the two

and O orbitals) and the magnetic molecular orbitals of the nitroxides nitroxides. The magnetic orbitals a, b, ¢, and d are displayed in Figures

belong to the B and B, symmetry groups (g and u orbitals). As the 5 and 6.

first two orbitals are already localized on the nickel, it is easy, in this

In the other geometries, as there are only two symmetry groups

case, to obtain the matrix for the transformation from delocalized generated, orbitals have to be localized by numerical procedures. A

CASSCEF orbitals (O3, OZ2i, g, and u) to localized orbitals (a, b, c,
and d): a= Oly and b= O2; are 3d magnetic orbitals of the nickel

procedure based on Boys’ metiddomputed with the PSHF package
has been used, which while not adapted to cases with two orbitals
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Chart 1
labcd O
labcd|0 O
|chaD Koo —Kag Kap T Keg = Koo = Kig
|ab_CdI] “Kog —Kae —Keg Kap T Keg = Kag = Kie
laba] —Kae —Kog —Kap 0 Kab t Keg = Kag = Kpe
lalcd] ~Kag —Koe 0 —Kap —Keg Kabt Keg = Kae = Kpg

localized on the same center, did converge in most cases. Anothercould be obtained with the B3LYP functional. An evaluation
procedure, tailored for this situation on the basis of a projection of J was possible at the UHF level and with the half-and-half
principle?* was carried out and gave exactly the same results. functional.
The seconq stepis the calculqtion of the exchange integrals between \nhen three levels are obtainggthe coupling between the
localized orbitals. For instance, in geometry two nitroxides, can be extracted. However, the extracted value
is very small (smaller than 10 crH, smaller than the error bar

Kac = Kaa= (Koyg 1+ Ko1)/2 of our calculations. When this coupling is completely neglected,
Koo = Koy = (Koza + Koa))/2 the same values farare obtained and the variance of the fit is
g 02 . ape .
not significantly enhanced. Theb initio results compare very
Kea = (Kgg T Ky — 2K 9)/2 well with the proposed model Hamiltonian.
K. =K 2. Structural Effects. TheJ values for the geometries defined
ab ™ 0102 in section Il are summarized in Table 3. In all geometries, the
coupling between the nitroxides is very small and not significant.
whereKj; is the exchange integral between the orbitaisid]. In geometries3a and 3b, ferromagnetism is weaker than in

T:‘e ﬁ?mgtoniaﬂ ma_trli(x Iis_ W”Herr]‘_las prezegted "} Ch?rt é' a and ?1 geometriesla, 1b, 2a, and 2b, as expected from overlap
‘;’]‘;tem;’i(cji'ze on the nickel fon, while ¢ and d are localized on each 5.4, ments. Rotating thesystem along the NO axis by rotating
: the H atoms tunes the overlap between the magnétarbitals

The energies of the quintet, the two triplet, and the singlet states are . . . . .
calculated from diagonalization of this matrix and fitted with those of the nitroxides and the magnetic 3d orbitals of the nickel.

obtained from the Heisenberg Hamiltonian as previously. Here] the F(_)r ‘_3” geometries, theis—transeffect is small (about 10 cm),
value corresponds to the direct exchange between the nitroxides andWithin the range of error of the results.

the nickel ion. The value of the direct exchange does not depend on the
relative positions of the nickel and the nitroxides (angles and
IV. Results the cis or trans conformation). When the overlap between the

magnetic orbitals is small, superexchange vanishes, so that only
direct exchange contributes to the total coupling. In the case of
strong overlap (geometri€da and3b), superexchange contrib-
Ates to—80 cntl.

Results for the different experimental distances between the
metal ion and the nitroxides are given in TableJ4ecreases
exponentially with the distance.

3. Effect of the Nature of the Nitroxides.All the results
are summarized in Table 5. Changing the nature of the nitroxides
has a large influence on thkevalue when the overlap is large
(geometries3a and3b). TheK value depends only slightly on
the nature of the nitroxides in geometiyn. From previous
results, one can assume &alue is independent of geometry.
Thus, the superexchange is abettl5 cnt! with imidazolines
. . . in geometry3a, larger than with dihydronitroxides.

DDCI2 performed with two different sets of orbitals gave | 5c4jized magnetic orbitals are shown in Figures 5 and 6.
the same result. Delocalization of ther* magnetic orbital onto the imidazoline

‘We have applied the DFT procedure to a model compound |g\ers the energy of the metaigand charge-transfer states
with anS= 1 system (diradical CH2) coupled to tvi&= 1/2 (only singlet and triplet states). Thus, the interactions with lower-

systems (radical H), H-CH2:+-H. The results were very close  ying states are increased, stabilizing the lowest singlet and triplet
to the full Cl ones, and thus we applied this procedure to the giates.

Ni compound, but the results were less satisfactory in this case.
At the UHF level, only the so-callegrJand |AFC(see section V. Discussion and Conclusions
111.4) have been obtained. Different attempts to obtain|B&

failed: theS, = 1 states obtained were much higher in energy
and had a large contribution of the spin density delocalized on
the & system of the chelating ligand. The same states were
obtained with the half-and-half functional, but only tt&state

1. Comparison of Methods All the methods described above
have been applied to geometriés and 3a, the first one
presenting a strict orthogonality of the magnetic orbitals and
the second one presenting the largest overlap between thes
orbitals in this study. All the results are summarized in Table
2. DDCI2 will be considered as our reference.

The range of the differences between the methods58
cm1, whether or not they include dynamical correlation. This
shows that it does not play a major role, as already noticed in
ref 13.

For the CASCI calculations, the MO2 set of orbitals not being
optimal for the triplet and singlet states, their energies are higher
than in a CASSCF calculation. This choice systematically
enhances ferromagnetism.

Starting from a complex of nickel(Il) containing two nitrox-
ides in its coordination sphere, we have proposed a model
molecule to better understand the role of te-trans effect.

Six geometries have been taken into account, to compare the
influence of the angles and of thes—trans effect indepen-

) dently.
#) ngy.smifgﬁﬁggdpahz%%?q 32295, Foster, J. M.; Boys, S. - Different methods have been compared, a variational one,
(24) Suaud, N.; Malrieu, J. P. Unpublished results. DDCI2, a variational-perturbative one, CASSCF/CASPT2, and
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DFT methods. Differences in the values obtained by these and the role of the local singlet of the nickel will be made in a
methods lie within a range a£50 cnt?. forthcoming work.

The angle which has the greatest influence on the coupling The comparison with experiment is quite difficult. It is clear
is the so-calledy, which is the rotation of the nitroxides along ~ that the antiferromagnetic couplings éaNiL and in-NiL
the N—-O axis: actually, this angle has a great influence on the arise from a strong overlap between magnetic orbiais bout
overlap between the magnetic orbitals localized on the nickel 40~60°) thatinduces a strong superexchange. In the same way,
and on the nitroxides. Direct exchange is unchanged and the ferromagnetic coupling i-NiL; results from a very weak

superexchange increases strongly wirevaries from zero to overla}p, bl_Jt the relat_|onsh|p between the wo anﬂ_ferr_omagnetlc
60°. couplings is not obvious. In thé-phase, the coupling is much

. . . . larger, although the distance is 0.28 A longer than in the
In all the studied geomgtnes, thes—trans effect is very o-phase, and all the angles are in the same range: with the

small, being almost negligible. results of our calculation, the coupling should decrease by a
All the ab initio results are well fitted with a Heisenberg factor of 3.

Hamiltonian assuming a triplet state on the nickel. The coupling
between the two nitroxides is always very small and when
neglected does not significantly change the values found for
the couplingd. The excited singlet state of the nickel has been
taken into account, and the values obtainedJare however

exactly the same. A more precise study on both the definition 1C990014+
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