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Abstract: The effect of structural parameters on the exchange coupling constant of the title complexes of
Cu(Il), Ni(l), and Mn(ll) is studied by means of density functional calculations on model compounds. The
studied parameters are the bridging-M—M angle, the M-N bond distance, and the out-of-plane shift of the
azido bridge. The model compounds in their most stable geometry, as well as some full molecules in their
experimental structures, appear in a high-spin ground state showing ferromagnetic coupling in all cases. The
atomic spin density distributions of the model compounds are interpreted as resulting from the interplay between
electron delocalization and spin polarization.

1. Introduction dimensionaP networks. Since ferromagnetism in molecular
. . . complexes is much less frequent than antiferromagnetism, the
The study of the magnetic properties of materials based on : . . .
" ; ferromagnetic end-on azido-bridged transition metal complexes
molecular entities has been one of the research topics that has . . . .
i : . T are specially interesting. An understanding of the factors that
received much attention during the past decddésthis field, o . )
. - favor ferromagnetism in this family of compounds should be
the binuclear complexes of transition metals are one of the more - . .
. - . L . useful for the design of novel ferromagnetic materials.
extensively studied systerAisThe azide anion is a versatile . : . .
- . o . . The theoretical study of the magnetic behavior of binuclear
ligand that can bind to transition metal atoms with different o
L . . transition metal complexes represents a great challenge due to
coordination modes, thus allowing for the assembly of binuclear . :
: ' - . the existence of a manifold of states separated by small energy
complexes with a wide range of magnetic behavior. When the . o
. A . ...~ differences. A qualitative approach that has been employed
azido group acts as a bridging ligand with end-on coordination . )
- - successfully for the interpretation of magnetostructural correla-
(2), the resulting binuclear complexes usually show ferromag- . X .
. . o g . tions is that proposed by Hay, Thibeault, and Hoffm&hizrom
netic behavior. In contrast, when it is coordinated in an end-

to-end fashion 2), antiferromagnetic coupling resufts The Hartree-Fock theory, they deduced an approximate formula for
' 9 pling ' the exchange coupling constaditassociated to the energy

separation between states of different spin multiplicity which,
for the case of two centers with one unpaired electron each,
can be given by

(€, — 62)2
J=2K , ———— 1
2 ‘]aa_ ‘]ab @)
In eq 1,¢; and e, are the energies of the molecular orbitals
associated with the unpaired electrons (SOMO'’s), wHilg
Jaa @andJap are two-electron integrals. The positive term in eq
versatility of this ligand is manifested in the existence of 1 represents a ferromagnetic contribution and the second term
binuclear complexes with one, two, or three bridging azido an antiferromagnetic contribution, so the nature of the exchange
ligands? polynuclear complexes with only azitior with mixed coupling will be ferro- or antiferromagnetic depending on the
bridges? as well as of extendédone-dimension&f or two- relative weight of the two terms. The main application of eq 1
(1) Kahn. O Molecular MagnetismVCH Publishers: New York, 1993 so far _consists of assuming that the two_—electron terms are
2) Kahn’, O..; Pei, Y.; Journaux, Y. Imorganic Méterials Bruc’e, Q. ' approxmately Cant_am for cqmpounds with .the Sam? met.al
W., O'Hare, D., Eds.; John Wiley & Sons: Chichester, U.K., 1997. atoms and bridging ligand, which leads to a direct relationship
(3) Chaudhuri, P.; Weyheritier, T.; Bill, E.; Wieghardt, K.Inorg. Chim. between the coupling constaftand the energy gap between
Acta 1996 252 195. the two SOMO’s. Among the limitations of such model, it is

(4) Corfes, R.; Lezama, L.; Mautner, F. A.; Rojo, T. Molecule-Based .
Magnetic Materials Turnbull, M. M., Sugimoto, T., Thompson, L. K., Eds.; ~ clear that one cannot account for differences between strongly

American Chemical Society: Washington, DC, 1996. ferromagnetic systems (i.e., when the last term in eq 1 is close
gol) Ribas, J.; Monfort, M.; Costa, R.; Solans, Morg. Chem199332 o zero). An advantage of such approximation is that the
(6) Sheppard, C. L.; Tandon, S. S.; Thompson, L. K.; Bridson, J. N.; (9) Escuer, A,; Vicente, R.; Ribas, J.; Salah el Fallah, M.; Solans, X.
Miller, D. O.; Handa, M.; Lloret, Flnorg. Chim. Actal996 250, 227. Inorg. Chem.1993 32, 1033.
(7) Viau, G.; Lombardi, M. G.; De Munno, G.; Julve, M.; Lloret, F.; (10) Ribas, J.; Monfort, M.; Solans, X.; Drillon, Mhorg. Chem1994
Faus, J.; Caneschi, A.; Clemente-Juan, JOem. Commurl997 1196. 33 3, 742.
(8) Vicente, R.; Escuer, A.; Ribas, J.; Solans, IKorg. Chem.1992 (11) Hay, P. J.; Thibeault, J. C.; Hoffmann, R.Am. Chem. Sod.975
31, 1726. 97, 4884.
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variations of the orbital gap with changes in structural param- tions are used. This procedure is in keeping with the proposal of
eters can be reasonably estimated through semiempiricalPerdew, Savin, and co-worke¥s® who suggest that the broken-

calculations, the only ones that were affordable for binuclear symmetry single determinant is the correct solution of the KeBham
complexes a few years ago and, still today, much more equations for the singlet state. Furthermore, such approach has been
affordable than ab initio calculationé ' shown by us to give values for unmodelized molecules in excellent

M . h ical . fth h i agreement with experimental data in the case of Cu(ll) complEx&s.

ore precise t eoretlca t.estlmaFelsl of the exchange Cqup N9 The reader must be aware, however, that other authors have employed
constant can be obtained using ab initio meth’éd@. The main an expression for the coupling constant originally proposed by
drawback of these methods is that, even with the spectacularygodieman that mimics a procedure based on a Harffeek
advances in computational chemistry, they are practically limited determinant/ which would yield absolute values dfup to 2 times

to systems with a relatively small number of atoms. Therefore, larger than those reported here. The choice of either approach has no
an important degree of modelization is required, whose effects major significance for the qualitative description of the magnetostruc-
on the calculated parameters is still not well understood. tural correlations. In particular, the value of a structural parameter for
Recently, we have explored a third way, consisting in the use Which the crossover from ferro- to antiferromagnetic behavior occurs
of hybrid density functional methods (DFtf)combined with is independent of the approximation used to estlmate_ the energy of the
the broken-symmetry approach proposed by Noodlemann, singlet state from that of the broken-symmetry solution.

which has been successfully apolied to the study of the maanetic All calculations were carried out with the help of the Gaussian 94
Yy app y Y prograni* using the hybrid B3LYP method proposed by Beéken

properties of hydroxo-, alkoxd%°and oxalato-bridged Cu- a previous pape¥ after evaluating several functionals, we found that
() binuclear complexes. Given the ability of density functional  the B3LYP method combined with the broken-symmetry approach
methods to handle large systems, such approach allows thgjindicated as B3LYP-bs in what follows) provides the best results for
calculation of the exchange coupling constants for the complete the calculation of coupling constants. For model structures, we have
structures with a good degree of accuracy. On the other hand,carried out the calculations with the all-electron doubleasis set
a large number of such DFT calculations can also be performedproposed by Ahlrichd} while for the complete structures, we have used
for reasonable model compounds at different molecular geom-  triple< basis set for the metal atom orffy.
etries, thus allowing for a semiquantitative study of the 3. Results and Discussion
magnetostructural correlations. Also changes in substituents or™
counterions can be easily carried out, thus allowing for the  3.1. Cu(ll) Complexes. A large number of azido-bridged
evaluation of the effects of chemical substitutions on the Cu(ll) binuclear complexes have been reported, including end-
magnetic behavior. on double-bridged, as well as end-to-end single- and double-
In the present paper, we report our DFT results on end-on bridged complexes. The end-on double-bridged Cu(ll) com-
azido-bridged binuclear complexes of Cu(ll), Ni(ll), and Mn- plexes are all ferromagnetic, and the results of our theoretical
(). The two main goals of such work are (i) to study the study of such compounds will be presented in this section.
influence of their structural parameters on the magnetic coupling Although the ferromagnetic behavior of these compounds was
constant and (ii) to verify the applicability of such methodology formerly attributed to a spin polarization mechani&niKahn
to systems with more than one unpaired electron per metal et al. have recently measured the polarized neutron diffraction
center, since our previous studies focused only on Cu(ll) (pnd) spectra of one such compound and determined the

complexes. distribution of its spin density, showing that the spin at the
) ) bridging nitrogen atom has the same sign as that of the metal
2. Computational Details atoms, thus ruling out the spin polarization mo#felThompson

The exchange Coup”ng constahfor the azido_bridged binuclear et al pl’edIC'[ed the pOSSIbI|Ity Of antlferl’omagnetlc behaVIOI’ fOI’
complexes has been estimated by calculating the energy differencethis family of compounds if a large enough €N—Cu angle
between the high-spin (HS) state and the broken-symmetry singlet (BS) (~108.5) could be obtained, based on the extrapolation of the
solution (assuming the spin Hamiltonian is definedHass —JSS),
according to the following expression:

(22) Perdew, J. P.; Savin, A.; Burke, Rhys. Re. A 1995 51, 4531.
(23) Perdew, J. P.; Ernzerhof, M.; Burke, K.; Savin,lAL J. Quantum
Chem.1997, 61, 197.
1= Egs — Eps @) (24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
SS+1) Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson,
G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,

; Shoani V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B;
whereS corresponds to the total spin of the high-spin state. Note that Nanayakkara, A.: Challacombe, M.: Peng, C. Y.. Ayala, P. Y.. Chen, W':

the energy of the broken-symmetry solution is taken as an approxima- Wong, M. W.; Andres, J. L. Replogle, E. S.; Gomperts, R.; Martin, R. L.:
tion to that of the singlet state. This procedure avoids the overstabi- Fox, D. J.: Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Head-
lization of the singlet statéthat may result from the double inclusion  Gordon, M.; Gonzalez, C.; Pople, J. &aussian 94 Gaussian, Inc.:

of some contributions of the electronic correlation when DFT calcula- Pittsburgh, PA, 1994.
(25) Becke, A. D.J. Chem. Phys1993 98, 5648.

(12) Castell, O.; Caballoll, R.; Gd V. M.; Handrick, K.Inorg. Chem. (26) Schaefer, A.; Horn, H.; Ahlrichs, R. Chem. Physl992 97, 2571.

1996 35, 1609. (27) Schaefer, A.; Huber, C.; Ahlrichs, R. Chem. Phys1994 100,
(13) de Loth, P.; Daudey, J. P.; Astheimer, H.; Walz, L.; HaaseJW. 5829.

Chem. Phys1985 82, 5048. (28) Charlot, M.-F.; Kahn, O.; Chaillet, M.; Larrieu, G. Am. Chem.
(14) Hart, J. R.; Rappé\. K.; Gorun, S. M.; Upton, T. Hlnorg. Chem. Soc.1986 108 2574.

1992 31, 5254. (29) Aebersold, M. A.; Gillon, M.; Plantevin, O.; Pardi, L.; Kahn, O
(15) Fink, K.; Fink, R.; Staemmler, Mnorg. Chem.1994 33, 6219. Bergerat, P.; von Seggern, |.; F., T.h@tran, L.; Grand, A.; Leligre-
(16) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and  Berna, E.J. Am. Chem. S0d.998 120, 5238.

Molecules Oxford University Press: New York, 1989. (30) Tandon, S. S.; Thompson, L. K.; Manuel, M. E.; Bridson, J. N.
(17) Noodleman, L.; Case, D. Adv. Inorg. Chem1992 38, 423. Inorg. Chem.1994 33, 5555.

(18) Ruiz, E.; Alemany, P.; Alvarez, S.; Cano,Jl.Am. Chem. Soc. (31) The following structural parameters were used for the model

1997 119 1297. calculations unless otherwise indicated. MoteNi—N = 2.10 A; Mn—N
(19) Ruiz, E.; Alemany, P.; Alvarez, S.; Cano,ldorg. Chem.1997, =218 A;N1-N2=1.18 A; N2-N3=1.13 A; N—H = 1.0 A. Model3:

36, 3683. Cu—N=2.00 A; NI-N2=1.18 A, N2-N3=1.13 A; C-N = 1.34 A,
(20) Cano, J.; Alemany, P.; Alvarez, S.; Ruiz, E.; VerdaguerClklem. C—-C =158 A; Cu-N—-C = 115°; H—C—N = 123.25; H—N—Cu =

Eur. J. 1998 4, 476. 122.5; Cu—Cu—N = 138.5. Model5: Ni—-N =2.10 A; NI-N2=1.18

(21) Ruiz, E.; Cano, J.; Alvarez, S.; Alemany, P. To be submitted. A;N2-N3 =113 A;N-H=1.0 A
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8 changes withd (Figure 1, bottom) in a way similar to that
experimentally found by Hatfield and Hodggénfor the
hydroxo-bridged complexes: the ferromagnetic coupling de-
6 creases from a maximum at aba@ut= 85° upon increasing,
eventually reaching an antiferromagnetic regimetfar 104°.

It is interesting to note the large value of the crossover angle
compared to that found for the hydroxo-bridged compounds
(98°). In the case of the hydroxo-bridged complexes, it was
29 found that the exchange coupling is strongly dependent on the
out-of-plane shift of the hydrogen atom (measured by the angle
7, 3).1® For the azido-bridged compoundshas been calculated

at two fixed values ot (Figure 1, bottom), but the results are

relative energy (kcal/mol)
N
1

400 seen to be practically independentwof Notice that the least-
300 squares curves fal(0) are in good agreement with the values
determined from magnetic susceptibility measurements (see
o~ 2007 Table 1).
£ 100~ One can reasonably question about the reasons for the
2 dependence of the coupling constant onf@tengle. Since the
= 9 simple explanation originally proposed by Hay, Thibeault, and
Hoffmann'! (eq 1) associates the variationsJmwith changes
-1007 in the energies of the two SOMO’s;( and ¢;), we have
200 . : : represented (Figure J)as a function ofd; — €5)2. Two clear

85 0 95 1(')0 105 conclusions can be drawn from such plot. On one hand, a clear
0 (°) correlation between the gap adds found, indicating that the
_ ] _ ~smaller the gap is, the more is a ferromagnetic coupling favored.
Flgurg 1. Relative energy of the triplet state (top) agd magnetic QO the other hand, the relationship betweleand the gap is
ggﬁqppl'lgg chgsgizfcézﬁttgfmgogrit(:‘gein[g"a'r]'\ggﬁisfi%o (Z‘;gs not strictly linear, as would correspond to the expression in eq
circles) and 15 (empty squares). The black circles correspond to 1, but deviation _from linearity occurs only at those angles that
correspond to high-energy structures.

experimental values. . I . .
Since the variations of the exchange coupling with the

magnetostructural correlation found for the endsmmzido ~ Molecular geometry can be associated to the changes in the
We have performed calculations using the model strugture these orbitals. The two KohfSham SOMO's of our model
3 with different values of the CuN—Cu angle ¢) and the out- calculations are schematically represented.ifThe b4 orbital

of-plane deviation of the azido group)( The minimum energy e 4 o2

has been found fof ~ 100, in excellent agreement with the

experimental values (96< 6 < 104°)30.32-%4that are predicted s markedly Ct-N antibonding and is strongly destabilized upon

to be within 2 kcal/mol of the minimum for the triplet state increasing, as a result of an enhanced metaitrogen overlap.

(Figure 1, top). The value of the calculated coupling constant |n contrast, the f orbital has nonbonding GtN character and
(32) Comarmond, J.; Plumer®.; Lehn, J.-M.; Agnus, Y.; Louis, R.; its energy is practica_lly insensitive to changes@in_ The net

Weiss, R.; Kahn, O.; Morgenstern-BadarauJ..Am. Chem. Sod982 result is that the gap increases, hedakecreases with. The

104, 6330. ) negligible influence of the out-of-plane shift of the azido group
(33) Pickardt, JZ. Naturforsch., Teil BL982 37, 110. on the coupling constant is also consistent with such orbital

(34) Goher, M. A. S.; Mak, T. C. Winorg. Chim. Actal984 85, 117. . . . L .
(35) Matsumoto, K.; Ooi, S.; Nakatsuka, K.; Mori, W.; Suzuki, S.; Picture. Thes character of the azide orbital participating in

Nakahara, A.; Nakao, YJ. Chem. Soc., Dalton Tran$985 2095. b14 (4) makes its overlap with the metal d orbitals independent
(36) Mak, T. C. W.; Goher, M. A. Sinorg. Chim. Actal986 115 17. H i i H
(37) Fenske, D.: Steiner, K. Dehnicke. K. Anorg. Allg. Cherm1087 of 7. This, combined .Wlth the C-UN non bonding nature of
553 57. the by, molecular orbital, results in the energy of the two
(38) Casagrande, O. L.; Klein, S. I.; Mauro, A. E.; Tomita,TKansition SOMO'’s being independent af
Metégc*fnﬁl%g '%A“,I‘}% o ML K| ML Mesa. J. L Roio. T Our results indicate the possibility of antiferromagnetic end-
Pol(yhgdrgflré%? 10 545r{'_aga' - K. Insausti, M.;Mesa, J. L Rojo, T 4y 57ido-bridged Cu(ll) binuclear complexes provided the-Cu
(40) Mautner, F. A.; Goher, M. A. SStruct. Chem1994 5, 171. N—Cu angle is larger than 104in agreement with the
(41) Mautner, F. A.; Goher, M. A. Solyhedron1994 13, 2141. conclusions of Thompson et al. based on experimental®@ata.
(42) Goher, M. A. S.; Mautner, F. APolyhedron1995 14, 1751.
(43) Goher, M. A. S.; Mautner, F. Al. Coord. Chem1995 34, 221. (45) Crawford, V. H.; Richardson, H. W.; Wasson, J. R.; Hodgson, D.

(44) Mautner, F. A.; Goher, M. A. folyhedron1996 15, 1133. J.; Hatfield, W. E.Inorg. Chem.197§ 15, 2107.
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Table 1. Structural Parameter8)(and Exchange Constants for Bisézido) Cu(ll) and Ni(ll) Binuclear Complexgs

compd 0 T M—N Jexpt Jealcd ref
[Cu(u-Na)2(4-Bupy)](ClO.)2 100.5 16.7 1.979  +105+20 +191 (+235F 29, 47
[CUa(u-N3)2(N3)2([24]ane-NOg)] -H,0 101.7; 105.4 6.3;7.5 2.012 +70+ 20 +98 32
[Cu(u-N3)2(N3)2(ptdz)] 104.0; 98.5 10.9; 26.8 1.988  +170+2 +50 30
[CUa(u-N3)2(N3)2(bzm}] 104.6 16.6 2.048 +23 +5 48
[Ni 2(u-N3)2(232-Ny),](ClO4)2 103.8 20.1 2.080 +33.8 +68 56

@ The calculated exchange constants have been calculated for the complete structure using the B3LYP-bs method (see the Computational Details).
All angles are in degrees, distances in A, @id cm™L. ® bzm = bis(2-benzimidazolyl)propane); ptdz 2,5-bis((pyridylmethyl)thio)thiadiazole).
¢ The value in parentheses has been calculated with the neutron diffraction structufdl data.

400
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Figure 2. Calculated coupling constant for [e{u-N3)2(CoN2H4)2]%" ¥ .
as a function of the square of the gap between the two SOMO's. The E 100
black squares correspond to #healues for which the calculated energy ~ °
is at most 3 kcal/mol above the minimum. = 0
However, such geometry requires a too smat@®u—N bond -1007
angle (78), and so far, the large$tangle found in an end-on 200
H H T T T
azido brlqlged C_u compound, as assesed by a struct_L_JraI database 1.850 1.950 2050 5150
search® is that in the compound reported by Reedijk and co- . A
workers, for which a very weak ferromagnetic coupling has been Cu-N distance (A)
found (Table 1). Figure 3. Relative energy of the triplet state (top) and calculated
A third structural parameter whose influence on the exchange value (bottom) as a function of the €N distance for the [Cafu-
coupling has been analyzed in this work is the-Gudistance. N3)2(C2N2Ha)2]*" model3 with 6 = 101° (empty circles). The black

The calculations were performed using the same model as inCircles correspond to experimental values.

the previous caseg], and the results are represe_nted in Figure Table 2. Atomic Spin Densities Obtained from Experimental pnd
3. A clear dependence of the exchange coupling constant onpata and Calculated for a Model Molecule with a BP Functidfal,
the Cu-N distance has been found, with the ferromagnetic Compared to the Values Calculated in the Present Work for the
coupling decreasing as the €N distance increases, eventually ~Complete Structure with the BSLYP Method (Mulliken Population
becoming antiferromagnetic at distances larger than 2.05 A. The/Analysis) for [Cu(u-Na)x(4-Bupy)(ClO4),

experimental results are in excellent agreement with the exptl (pnd® BP2 B3LYP
calculated] values despite the simplifications introduced inthe ¢y +0.783 +0.425 10.60
model structure. Furthermore, it is to be noted that the N1 +0.069 +0.167 +0.14
experimental structures present-€N distances close to that N2 —0.016 —0.005 —0.04
predicted to have the minimum energy, and within 3 kcal/mol N3 +0.057 +0.122 +0.12

of the minimum Nterm +0.067,+0.049 +0.129,+0.120 +0.09,+0.09

To evaluate the ability of the present methodology to provide
guantitative estimates of the exchange coupling constants, we
have performed calculations for several complete molecules
including even the counterions. The results are presented in

Tab(lje 1. For alltcas_tehsiha '_[r|plet gr_ounci slt%tehhas beeTnhfound, """ 1n addition to the exchange coupling constant, it is interesting
good agreement wi €Ir experimental behavior. € quan- study the spin density distribution in such compounds. For
titative agreement between the calculated and experimental o o them [Cu(u-Na)o(4-Bupy)](ClOa), (4-Bupy = p-tert-

\;ﬁufs %f g:fecr?]Uplt'nk%gonit?T?.f dV?r:Ia(?tStggn; Vee?{n%gg?afo glozr’ butylpyridine), Kahn et al. have recently determined the spin
ug us pinmi Xper values density maps from polarized neutron diffraction studfeghe

for ferromagnetic systems usually have a large uncertainty atomic spin densities obtained from such measurements are

Esesvoecrlt?]teelgs? ttﬁs (;'é“régn doe]cn?: OT&genigE S"Lrllsciggggr{t %itilﬁ resented in Table 2, together with the values calculated in the
’ P piing resent study for the triplet state. The theoretical results

(46) Allen, F. H.; Kennard, OChem. Des. Autom. Newi993 8, 31. apparently show a tendency to overemphasize the spin delo-

angle @ is clearly illustrated by those symmetrically bridged
complexes, which show the stronge&t¢ = +191 cntl) and
weakest Jcac = +5 cnl) ferromagnetic coupling with the
smallest and largest angle, respectively (Table 1).
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Figure 4. Relative energy of the quintet state (top) and exchange
coupling constant (bottom) for the [Mii-N3)2(NH3)s]?>" modell as a

function of the bridging angl® (empty circles). The black circles
correspond to the experimental values.
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ferromagnetic coupling coincides with the most stable geometry
and with the structure shown by the experimentally studied
compounds. The available structures show a narrow range of
0 values, and the experimentalalues also vary littld—57 as
predicted by Figure 4. For all of them a quintet ground state
has been deduced from the magnetic susceptibility data, in good
agreement with our calculations. The predicted dependence of
the exchange coupling dhis in good agreement with the results
obtained by Castell et al. using the multiconfigurational DDCI2
method!?58and the preparation of new compounds with quite
different bond angles is highly desirable to check the existence
of the theoretically predicted magnetostructural correlation.

The calculated values are overestimated by almost a factor
of 2 in comparison with the experimental ones. To verify
whether the error is attached to the simplifications assumed in
our model compound or to the uncertainty of the computational
method, we have calculated the exchange constant for the
complete structuf€ of [Nix(u-N3)2(232-Ny),](ClO,), (see Table
1). The calculated value is 68 ¢ to be compared with an
experimental value of33.8 cnt®. That difference cannot be
associated to a failure of the employed methodology when
applied to systems with more than two unpaired electrons since
an excellent agreement between calculated and experimental
data has been obtained for oxalato-bridged Ni(ll) and for
heterobinuclear complexes as w&ll.

As discussed above for the Cu(ll) complexes, we have also
analyzed the influence of the out-of-plane displacement of the
azido group. The effect of that structural parameter (not shown
in Figure 4) on the exchange coupling is very small. Finally,

calization, thus giving smaller spin densities at the copper atom, th€ influence of the NiN distance also has been investigated,
although the B3LYP method used here gives a slightly better @nd the results (Figure 5) are similar to those reported above
agreement with experiment than the BP one reported by Kahn o the copper compounds, indicating a poorer ferromagnetic
et al. The use of the “atoms in molecules” analysis proposed coupling as the bond distance increases. In this case, thpugh,
by Badef? in our model calculations results in a higher spin (he experimental data does not seem to follow the predicted
density (-0.66 electrons) at the copper atom, still smaller than treljd._ At best_, d|_sregard|ng the outl|erW|t_h the Ionges_,t distance,
the experimentally determined value. The spin densities at the@ Similar qualitative trend can be appreciated, but with a much
bridging (N1) and terminal ()l nitrogen atoms have the same smaller slope, consistent with the overestimation of the calcu-
sign as in the copper atoms, both from experiment and from latedJ value by a factor of-2. Notice that the opposite trend
calculations, indicating that spin delocalization toward the donor Was suggested by Christou, based on the experimentaPdata.
atoms predominates over the polarization mechanism for this HOwever, we have detected that the experimental data reported
system®® The sign alternation of the spin density at the N2 by different authors had been fitted to different Hamiltonians.

and N3 atoms of the azido bridge is consistent with spin Hence, the experimental data presented by us are consistent with

polarization by the bridging nitrogen atoms. Again, the

the Hamiltonian [ = —JS§$) used throughout in this paper.

numerical differences between the experimental and calculated The variation of the energies of the SOMO's gf-g- type
values are probably due to the calculations overestimating theWith & show a behavior similar to that discussed above for the

delocalization of the unpaired electrons.

3.2. Bis- and Tris(u-azido) Ni(ll) Complexes. For the bis-
(u-azido) Ni(ll) complexes we have first analyzed the influence

of the structural parameters on the exchange coupling constan

The calculated is seen to vary witl® (Figure 4) in a different

way to that of the Cu(ll) model complex discussed above. The

interaction is predicted to be ferromagnetic for all the range of
6 angles explored, withl increasing upon increasirty yielding
a maximum at) ~ 104°. In this case, the strongest possible

(47) Sirakov, S.; Bkouche-Waksman, |.; Kahn, I@org. Chem.1984
23, 490.

(48) van Albada, G. A.; Lakin, M. T.; Veldman, N.; Spek, A. L.; Reedijk,
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(52) Escuer, A.; Vicente, R.; Ribas, J. Magn. Magn. Mater1992
110 181.

A Quantum Thepry

Cu(ll) complexes, with the energy gap increasing withFor
Ni(ll), though, there are two more SOMO'’s built up from the
metal d2 atomic orbitals, whose energy difference remains

tpractically constant witt®. Thus, the Hay Thibeault-Hoff-

mann model (eq 2) cannot explain the existence of a maximum
in the J(0) curve atd ~ 104°, suggesting that the two-electron

terms in this case are sensitive to changes in the molecular
structure. Furthermore, no correlation could be found between

(53) Escuer, A.; Vicente, R.; Ribas, J.; Solans,lXorg. Chem.1995
34, 1793.

(54) Escuer, A,; Vicente, R.; Sallah el Fallah, M.; Solans, X.; Font-Bardi
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(55) Corfes, R.; Ruiz de Larramendi, J. |.; Lezama, L.; Rojo, T.; Urtiaga,
K.; Arriortua, M. I. J. Chem. Soc., Dalton Tran£992 2723.

(56) Vicente, R.; Escuer, A,; Ribas, J.; Sallah el Fallah, M.; Solans, X;
Font-Barda, M. Inorg. Chem.1993 32, 1920.

(57) Ribas, J.; Monfort, M.; Diaz, C.; Bastos, C.; Solansinérg. Chem.
1994 33, 484.

(58) Castell, O. Ph.D. Thesis, Universitat Rovira i Virgili, Tarragona,
1996.

(59) Halcrow, M. A.; Sun, J.-S.; Huffman, J. C.; Christou, iBorg.
Chem.1995 34, 4167.



End-on Azido-Bridged Transition Metal Complexes

(kcal/mol)
3

IS
o
1

relative energy
ny
o
1

o

140

100

J (em™ )

60

20

T T
1.95 2.05 2.15

Ni-N distance (A)

Figure 5. Relative energy of the quintet state (top) and exchange
coupling constant (bottom) for the [Ni:-N3)2(NHs)g]?" modell as a
function of the Ni-N distance withd = 103 (empty circles). The
black circles correspond to the experimental values.

2.25

Table 3. Spin Density Values Obtained from B3LYP Calculations
Using the Mulliken Population Analysis for the High-Spin State of
Different Model Compounds

cu(l, 3 Ni(Il), 1 Ni(ll), 5 Mn(ll), 1
atom  6=101° 6 =10% 6 =80 6 = 105
metal +0.62 +1.68 +1.66 +4.85
N1 +0.14 +0.04 +0.06 —0.05
N2 ~0.05 -0.02 -0.02 -0.01
N3 +0.13 +0.11 +0.10 +0.14
Nierm +0.09 +0.05 +0.05 +0.01

the calculated values and the square of the gap between the
de-y-type SOMO'’s.

The study of the spin density distribution for the double-
bridged Ni(ll) complexes (Table 3, second column) indicates
two significant differences with the analogous model of copper.
First, a proportionally smaller electron delocalization, clearly
associated with the formal nonbonding nature of thetyppe
orbitals. Furthermore, the spin density at the bridging nitrogen
atom is still positive, indicating a predominant spin delocaliza-
tion mechanism, but has a much smaller value than for copper.
Two different effects might be at work here: on one hand, the
higher energy of the Ni(ll) d orbitals should result in a weaker
orbital interaction with the ligands and a smaller electron
population at the N1 and {&m atoms. Besides, a stronger
polarization effect is expected for the Ni(ll) complexes, since
the amount of spin polarization has been found to be roughly
proportional to the number of unpaired electréhs.

The shape of the calculated(@) curve for the nickel
complexes suggests the possibility of obtaining complexes with
very weak ferromagnetic or even antiferromagnetic behavior
at smalld angles. However, our model calculations (Figure 4,

top) for double-bridged complexes indicate that such structures

are highly unstable and therefore unlikely to be synthesized. It
is in the triple-bridged Ni(Il) complexes that such small angles

J. Am. Chem. Soc., Vol. 120, No. 43,119%9%
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Figure 6. Relative energy of the quintet state (top) and exchange

coupling constant (bottom) for the [Mi-N3)s(NH3)s]* model5 as a
function of the bridging anglé.

75 95 105

can be reached. For instance, a binuclear triple-bridged Ni(ll)
compound has been reported by Beer éf alith 0 = 86° and

J = +17 cnt!, whereas a chain with alternating end-on and
end-to-end azido bridges characterized by Ribas &tsilows

an average angle of 84.2nd weak antiferromagnetisnd €

—7 cnl). Recently, Chaudhuri et al. synthesized a dinuclear
complex [Ni(u-N3)3(L)2]ClO4 (L = 1,4,7-trimethyl-1,4,7-tri-
azacyclononanéwith 6 = 85.9 andJ = +61.4 cmml. We
have calculated the exchange coupling constant as a function
of 6 using modeb and the results are shown in Figure 6. The
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calculated values afare larger than found for the double-bridge
analogues (Figure 4), as expected due to the inclusion of an
additional superexchange pathway. As for the double-bridged
complexes, we obtain a rapid decay of the ferromagnetic
coupling for small values of, but even for angles around 80

a ferromagnetic behavior is predicted in this case, in excellent
agreement with the experimental data obtained for the two
dinuclear complexes. Castell, using the multiconfigurational
DDCI2 method, found a similar dependence with thangle

but with a smaller values for the exchange coupling cons$fant.
However, the experimental values for the dinuclear complexes

(60) Beer, P. D.; Drew, M. G. B.; Leeson, P. B.; Lyssenko, K.; Ogden,
M. I. J. Chem. Soc., Chem. Commad®895 929.

(61) Ribas, J.; Monfort, M.; Kumar Ghosh, B.; SolansA\gew. Chem.,
Int. Ed. Engl.1994 33, 2087.
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S 20 the five pairs of SOMO's, only those built up from metsd-gz
£ atomic orbitals 4) show a gap that is sensitive to the changes
- in 6, increasing in an almost linear fashion with The rest of
& 1507 the orbital gaps are practically constant whénis varied.
Furthermore, no correlation has been found between the
> 100 calculated] values and the energy gaps separating the SOMO’s
E':S when @ is varied.
: The analysis of the spin density distribution for a Mn(ll)
2 501 model complex (Table 3) reveals a larger localization of the
S unpaired electrons at the metal atom than found for the copper
2 0 : and nickel analogues (compare, e.g., the decreasing spin density
at the terminal equatorial donor atoms on going from Cu to
20 Mn). The electron delocalization can be clearly ascribed to the
estype orbitals (spin densities of 0.92 and 0.91 for fhand
10 x?—y? orbitals, respectively), while thegtype electrons are
BN of practically localized at the metal atoms (orbital spin densities
T ol Mne of 0.98). Notice that the delocalization decreases from Cu(ll)
S to Ni(ll) to Mn(ll), a fact that can be associated to the increased
- energy of the metal d orbitals that makes the metdtrogen
107 , interaction less covalent. The same argument has been proposed
by De Munno et al. to explain the stronger ferromagnetic
20 : : coupling of the bis(azido) Fe(lll) complex in comparison with

85 95 105 115 the Mn(ll) complexé® As a result of the small delocalization
6 for the Mn(ll) compound, the spin density at the bridging
nitrogen atom is dominated by the polarization mechanism,
Figure 7. Relative energy of the high-spin stat8 £ 5, top) and resulting in a negative spin. The different behavior of the
exchange coupling constant (bottom) for the H#RN3)>(NHz)g]** terminal nitrogen atoms is related to the fact that they are
model1 as a function of the bridging angle (empty circles). The = 55764 py five unpaired electrons of one manganese atom
(t:)l)ar::]lgl;:)lrecsledsesccorri[)eesdpic:]n(tjhetc:itg:aetuﬁéper|mental Fe(lll) and Mn(ir) only (eql_JatoriaI _and axial nitrogen atoms have practicglly the
same spin density), whereas the bridging atom is polarized by
are intermediate between those predicted by our results and théhe 10 unpaired electrons of the two Mn atoms. It is noteworthy
DDCI2 calculations. Thus, these theoretical results agree well that a large positive spin density is found at the terminal nitrogen
with the dependence of the magnetic character on theNNi of the azido group, which is inconsistent with a spin polarization
Ni angle proposed by Ribas et®l.An interesting feature of ~ mechanism. A possible explanation is that the topology of the
the calculated magnetostructural correlation is the existence ofbig molecular orbital 4) provides the same amount of delocal-
a plateau for the highest values &findicating the possibility ~ ization to N1 and to N3, whereas spin polarization from the
of obtaining a variety of related compounds with the largest small negative density at N1 is almost negligible. Experimental
possible ferromagnetic coupling. Unfortunately, a look at the studies of spin density distribution iff dompounds appear thus
energy of the quintet state as a function@fFigure 6, top) to be interesting in order to advance in our understanding of
shows that such structures are far from the minimum. the interplay between the spin delocalization and spin polariza-
3.3. Mn(ll) Complexes. There are few examples in the tion mechanisms.
literature of end-on azido-bridged complexes with transition It is highly interesting to compare the dependence of the
metals other than copper or nickel. We can mention a Co(ll) exchange coupling constant on the an@gfer the three end-on
compound reported by Drew et &with 6 = 100.5 andJ = bis(azido) model complexes. To facilitate comparison of the
+9 e, an Fe(lll) complex synthesized by De Munno e¥al.  results for compounds with different electron configurations,
having® = 106> andJ = +4.8 cn!, and a Mn(ll) binuclear e represent the exchange coupling constant per eleattdh (
compound reported by Céetet al** with 6 = 104.6 andJ = as a function of) in Figure 8. We have summarized in Table
+2.4 cntt. To widen the perspective obtained from the above 4 the most relevant parameters of such plots: (i) @healue
studies on Cu(ll) and Ni(ll) complexes, we have chosen to study for the minimum energy, (ii) the range of values with energies
a Mn(ll) model compoundl. The calculated) values for  |ess than 3 kcal/mol above the minimum, (iii) the valuefof
different angles are represented in Figure 7. The general patterfor the strongest ferromagnetic coupling, (iv) thevalue for
is apparently a parabollic dependencefbrwith a maximum  the crossover between ferro- and antiferromagnetic behavior,
at¢ = 114. Thus, for the manganese complexes, a crossover and (v) the maximum value df Let us stress that the crossover
from ferro- to antiferromagnetism is predicted @t~ 98°. angle shown in Table 4 for the Cu complex corresponds to the
Nevertheless, the minimum in energy appears in this cade at right branch of the parabolla, whereas for the Ni and Mn
= 106’ and the antiferromagnetic zone appears to be energeti-compounds the crossover of the left branch is indicated, since
cally unattainable. Both the preferrédalue and the calculated  these correspond to the structures predicted to be most stable.
coupling constants are in excellent agreement with the experi- ;rom Figure 8 one can see that the three complexes show the
mental data for the known Mn(ll) and Fe(lll) complexes. Of same theoretical behavior, represented by a parabollic depen-
(62) Drew, M. G. B.; Harding, C. J.; Nelson,liiorg. Chim. Actal996 dence ofJ on @, with the maxima of the parabolla shifted to
246, 73. ' _ larger 6 values from Cu to Ni to Mn. Since the optimuéh
Ch(eﬁrﬁ) Dlr?t MEudnnéﬁ;igg?%réo,lzggvlau’ G.; Julve, M.; Lloret, Angew. value changes much less than t}{¢) parabollas, the part of
(64) Cortes, R.; Pizarro, J. L.; Lezama, L.; Arriortua, M. I.; Rojo, T.  Such curves that can be experimentally found (highlighted in
Inorg. Chem.1994 33, 2697. Figure 8) correspond to the branch with a negative slope for
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indicate that the high-spin state is the ground state for Cu(ll),
Cu Ni Mn Ni(ll), and Mn(ll) complexes similar to those characterized by
X-ray diffraction which are known to show a ferromagnetic
2507 behavior. Calculated exchange coupling constants for several
full structures are in fair agreement with the experimental data.
There is a clear correlation between the calculated exchange
coupling constant and the %¥N—M bridging angle, analogous
to that found for hydroxo-bridged complexes. The bond angle
dependence of the coupling constant can be represented by a
parabola, with its maximum appearing at larger angles in the
-250 order Cu< Ni < Mn. The out-of-plane displacement of the
azido bridge is seen to have a negligible influence on the value
of the coupling constant, in contrast to previous findings for
the hydroxo and alkoxo bridging ligands. The bond distance
-500 T T T L :
80 90 100 110 between the metal and bridging atoms is also seen to have a
8 () strong influence on the coupling constant, with the ferromagnetic
coupling diminishing upon increasing such distance. All the
experimental structures present structural parameters close to

n2J (cm 1)

Figure 8. Total exchange constants?], wheren is the number of
unpaired electrons per metal atom) for piszido) complexes of Cu-

(1, Ni(ll), and Mn(ll) as a function of the bridging anglé. The those for WhiFh the minimum energy has b.een Ca!C.UIated' .
outlined parts of the curves correspond to those geometries within 3  The analysis of the calculated atomic spin densities for this
kcal/mol of the calculated minima. kind of complexes provides some insight into the mechanisms

that determine the spin density distribution throughout the
Table 4. Summary of the Most Relevant Parameters for the P y 9

Calculated Angular Dependence dfn the Model Complexes molecule. Our results are in good qualitative agreement with
(Figures 1, 4, and -68)? the experimental pnd data recently reported for a copper

complex. The delocalization of the unpaired electronszaia

compd Oom _0O1aNge  Omax  Ox  Jmax type orbitals toward the donor atoms decreases along the series
[ﬁF‘?(”',\'\Ih)Z(SﬁNZ"';)Z]T ©) igg ggigg 1?)211 19‘5‘ Jf% Cu > Ni > Mn, while the spin polarization increases in the
{NE&N&%NHZ%E]*(ES)) 78 71-85 0196 72 +125 same direction, due to the increased number of unpaired
[Mna(u-N3)o(NH3)g]2F (1) 107 104-109 114 97 +13 electrons. As a result, the spin density is positive at the terminal

= Gupyis the value for the minimum energyi-range gives the range donor atoms and positive at the bridging atoms for Cu and Ni,
opt a H H H H
of 6 values with energies less than 3 kcal/mol above the minimum, but small and negative for Mn. An interesting resultis that the

Omax is the value off for which the strongest ferromagnetic coupling ~ topology of the ly mplec;ular orbital appears to be responsible
is predicted,0x is the 6 value for the crossover between ferro- and for a large delocalization toward the terminal atom of the

anltiferr?T]agnetiCl. behavior, anbh”ax is tlhe corresponding .maXir_qum bridging azido group, resulting in an almost constant positive
value of the coupling constant. All angles are in degreeslangm 2. spin density for the three metal atoms studied.

Cu, to that with a positive slope for Mn, and to the region around . The Ha_y—ThlbeauIt—Hoffmann model prowde_s a simple
the maximum for Ni. We are currently investigating the interpretation for the magneto-structural correlation betwken

behavior of other families of complexes, to find out whether 2nd? for the copper complexes. However, in the cases with

similar trends can be found when changing the metal atom. SinceMore than one unpaired electron per metal atom, as in thg Ni-
we have seen that the one-electron contribution to the coupling () @nd Mn(ll) complexes, a more accurate analysis including
constant cannot adequately account for the structural dependenci® tWo-electron terms is needed.

of Jin the Ni and Mn model complexes, an explanation for .
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