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Abstract: Magnetic coupling constantsJPof hydroxo- and alkoxo-bridged copper binuclear compounds have been
evaluated to determine the accuracy of different density functional methods and to study the magnetic behavior of
these compounds. Comparison between the calculated and experimental coupling constants for the complete structures
of five compounds shows that the most successful computational strategy is the combination of the B3LYP method
with the broken-symmetry approach. Calculations for model compounds of both families yield reasonable
approximations to the values of magnetic coupling constants calculated for the full molecular structures. Our
calculations show a correlation between the magnetic coupling constant and-ti@-Qu bridging angle and with

the out-of-plane displacement of the hydroxo or alkoxo groups, in agreement with the experimental data. The
counterions of the hydroxo-bridged complexes, when hydrogen bonded to the bridging hydroxo group, determine
the extent of the out-of-plane displacement of its hydrogen atom and strongly influence the sign and magnitude of
the magnetic interaction. The energy gap between the two singly occupied molecular orbitals is shown to determine
the changes in the value ofl 2or small structural variations.

1. Introduction coupling constant, respectively. In this context, the dependence
of the coupling constant on a structural parameter (bond angle
or torsion angle) within a family of binuclear compounds is
assumed to depend essentially on the one-electron tarm (
€)%, adopting the approximation that the two-electron integrals
are practically insensitive to such structural changes. This
approach has been fruitfully used by several authors to deduce
magnetostructural correlations in families of compounds that
exhibit antiferromagnetic coupliy® However, this method
has two major shortcomings: first, the study of ferromagnetic
systems cannot be undertaken because the first term in eq 1 is
taken as an unknown constant within a family of compounds

experimental work in this field. A theoretical model of general and, second, results for different families of compour_lds cannot
be compared because the two-electron terms, which are not

applicability that would allow researchers to understand and considered. are supposedlv different in each case
predict the magnetic exchange has been much sought after in L PP y N .
the last few decades. An early model aimed at shedding some An alternatl\_/e strategy that overcomes t.hes.e. I.|m|tat|ons Isto
light on the influence of orbital factors in the nature of magnetic a.‘dOpt a quant|tat|vg approgch by performartglnltlp calculg-
coupling was put forward by Hay, Thibeault and Hoffmann. tions of the magnetic coupling constat &here this quantity

For a system with two metal atoms, each bearing one unpairedis the energy differe_nce between the ground and first excit(_ad
electron, they proposed the following expression for the states (singlet and triplet for Cu(ll) binuclear compounds). This
magneti,c coupling constant: approach, however, involves a highly challenging computational

problem because the energy differences between these two states
2 are on the order of 100 cm (~0.3 kcal/mol) or even smaller,
2] = 2K — (€1~ €) 1) and the system size that is of experimental interest is of at least
ab Jaa™ Jab 40 atoms. Given the degree of accuracy required in calculating
the energy of both states, various authors have applied methods
wheree; ande; are the energies of the singly occupied molecular based on configuration interaction (Cl), modeling the structure
orbitals (SOMQOs) an#ap, Jaa andJyy are two-electron integrals.  in order to limit the number of atoms in the calculations. The
The first and second terms in this equation give the ferro- first work in this field was reported by Daudey et al., who used
magnetic and the antiferromagnetic contributions to the overall ab initio Cl calculations with a perturbational scheme to

The magnetic behavior of materials based on molecular
entities is a research area that has been widely explored from
an experimental point of view.® One system that has been
extensively studied is that of the binuclear complexes of
transition metals, due mainly to the variety of their structures
and magnetic propertiedHowever, understanding the relation
between the structure and magnetic properties of known
compounds and predicting the magnetic behavior of new
compounds are hindered by the complex nature of magnetic
interactions. The failure to understand the key factors control-
ling magnetic properties prevents further development of
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calculate the magnetic coupling constant for Cu(ll) binuclear
systems with acetat8,hydroxoi® alkoxo}!! and oxalato bridgés
as well as for a Cu(IB-V(IV) heterodinuclear systedf. The

Ruiz et al.

tem3? Using the same method, Solomon et al. studied the
electronic structure of the hemocyanin and tyrosinase active sites
with a model of a dioxo-bridged Cu(ll) compléX. Stranger et

approach proposed by Daudey was subsequently employed byal., using a similar approach, have devoted several papers to

Haase et al. to study-oxide* hydroxo?® alkoxo/acetat¥ and
terephthalato-bridgédCu(ll) dimers, and hemocyanin modéfs.
More recently, Caballol et al. have proposed a new variational
approach’ to calculate small energy differences called differ-
ence-dedicated configuration interaction (DDCI), employing it
to estimate coupling constants for dihalide-bridged Cu(ll)
dimers?°2! as well as for dichloride and azido-bridged Ni(ll)
binuclear complexe® Stammler et al., employing model

the study of the magnetic interactions in halide-bridged Mo(l11)
binuclear systeni435>and, more recently, to the evaluation of
the ability of the broken symmetry approach to optimize
geometries in cases where the full symmetry method gives poor
results3® There are also examples in which the broken
symmetry method within the unrestricted Hartré®ck frame-
work has been used. Rappeal. used it to study oxo-bridged
Fe(lll) complexe¥ and Ti(lll) binuclear complexe® and

structures for oxo-bridged complexes of Ti(lll), V(lll), and Yamaguchi et al., for £, clusters’® Recently, DFT broken-
Cr(lll),2324have calculated magnetic coupling constants at the symmetry calculations have been performed by several authors
CASSCF level, obtaining improved results using a multi- to study certain especially complicated systems, e{f &d
reference CEPA method. Crp. 4142

Density functional theory (DFT) methods have also been  The present paper has two separate goals. Firstof all, it tests
employed to study magnetic coupling in molecular systems. the performance of modern density functional mettidds
Initially, the X—o method was used in several studfasut the evaluating the magnetic coupling constants with different density
aim was mainly to examine the electronic structure, charges, functionals and basis sets. This should allow us to establish a
spin densities, and metal configurations rather than to calculateCOmputational strategy that meets three predetermined criteria:
directly the magnetic coupling constants. This method provides (&) it should give good quantitative estimates of the valuelof 2
results that correctly describe the sign of the constant but thatfor the full molecular structure of a variety of compounds,
give a poor estimate of its absolute value. The inclusion of the correctly predicting their ferro- or antiferromagnetic character
broken-symmetry approach proposed by Noodle¥&fin the (i.e., t_he_ sign ofd) in all cases; (b) it should pr_owde a correct
study of magnetic interactions in S clusterg82° provided a description of the magnetostructural correlat!ons ]‘or a fam|ly.
new scheme for analyzing the electronic structure and for ©f analogous compounds represented by an idealized model in
obtaining coupling constant values. This approach has beenwhich only a limited set of structural parameters are varied;
extensively analyzéd2° for both Hartree-Fock and density and (c) the _ methoc_i should be easily accessible to o_ther
functional methods, showing that it provides the wave function fésearchers in the field through standard quantum chemistry
with a “valence bond” character. Hence, the broken-symmetry Packages. The second goal of this paper is to provide a
approach is often called the “density functional valence bond” quantitative stgdy of the mag_netlc behavior of several hydroxo-
method when combined with density functional methods, &nd alkoxo-bridged Cu(ll) binuclear complexes and to study
Despite the widely reported ability of DFT methods to handle th€ dependence of the magnetic coupling constant on their

large systems, previous studies have generally used modelmolecular structure through model calcglations.' Thgse com-
structures to perform the calculations. Bencini et al. have usedPounds provide a good case for theoretical studies since only

the X—a. method linked with the broken-symmetry approach ©N€ electron per center participates in the magnetic interaction

to study dihalide€® carbonatd! and oxo-bridged Cu(ll) bi-
nuclear complexes and a CuY(IV) heterodinuclear sys-
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and a large set of experimental data is available. The hydroxo-
bridged binuclear complexes are also of particular interest
because they exhibit either ferromagnetic or antiferromagnetic
character depending on their geometry.

2. Computational Details

The magnetic coupling constant has been evaluated by calculating

the energy difference between the singlet and triplet states:
E(S=1)—ES=0)=-2 (2)

Positive values of the coupling constdrnhdicate a triplet ground state

with parallel spins (i.e., ferromagnetic character). For negative values
of J the singlet state is lower in energy, with opposite spins on each
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Table 1. Magnetic Coupling Constants)Zcm™2) Calculated as the Singlefrriplet Energy Difference Using Four Different DFT Methods
with a Double& Basis Set for the Complete Structure of Three Hydroxo-Bridged Complexes and Two Alkoxo-Bridged Comflounds

2J
compd 0 (deg) 7 (deg) BLYP BP86 BLYP-bs B3LYP-bs Exp.
A [Cu(bipy)OHL(NO3)° 95.6 54.0 +4108 +4091 +57 +107 +172
B [Cu(tmeen)OH]Br,° 104.1 0.0 —309 —392 —1206 —502 —509
C [Cu(eaep)OHJ(CIOy),5* 98.8 44.0 +2565 +2602 —237 —22 —130
99.5 60.0
D [Cu(papen)jt? 103.9 4.1 —-1837 —-1675 —2405 —769 ~ —800
E [Cu(papo)}2H,0% 98.3 27.7 +1619 +1148 =777 —189 —128

2 The values of) andt angles defined 18 are provided to allow the comparison between the calculaledhRies using model and complete
structures. Experimental values from references indicated are given for comp&@sanpilations of 2 values can be found in refs 57 and 58.
¢ bipy, bipyridine; tmeen, tetramethylethylenediamine; eaep, 2-(2-ethylaminoethyl)pyridine; papen, 5-pyrrol-2-yl-4-azapentenolatqipalpayl-
3-amino-1-propoxido.

copper atom giving rise to antiferromagnetic behavior. All the functionals (BLYP and BP86) and the combination of the
calculations have been performed using the Gaussian92/D#id broken-symmetry approach with either the BLYP functional or
Gaussian9® programs. Local spin density calculations have been he hybrid B3LYP method.

carried out using the Slater exchaffgand Vosko, Wilk, Nusaff

(VWN) correlation functionals. Generalized Gradient Corrections have

been introduced using the Becke exchange‘p@B) and either the o, — - —H— 4

Perdew® (P86) or the Lee Yang—Parf° (LYP) correlation parts. The @, _H_ 4 _ 4

adiabatic connection method using three parameters proposed by . .
Becké! (B3LYP), mixing the Hartree Fock contribution for the singlet triplet
exchange, has been also used. The use of the broken symmetry 1

approach in combination with the BLYP and B3LYP functionals will

be indicated by BLYP-bs and B3LYP-bs in what follows. The complete  The results of the estimation of magnetic coupling constants
avoidance of aUX|_I|ary functl_ons_ to fit the elec_tron density and the using a DZ basis set for five different complexes are shown in
exchange-correlation potential in the calculation of Coulomb and top16 1 vajues of 2calculated with the generalized gradient
exchange-correlation terms seems of particular importance in these roximation (BLYP or BP86 functionals) overestimate th
calculations in view of the accuracy needed for the estimation of the approxima 9 ) .0 unctionals) o e. estimate the
magnetic coupling constant. ferr_omagnehc interaction for the ferromqgnenc or weakly
Experimentally, the magnetic susceptibility measurements are ob- antiferromagnetic compound#(C, andE, in Tal_)le 1.)' In
tained from solid samples in which packing forces can produce small Fhese cgses, the calc.ulated.energy for the l.’esultlng S,mglet state
deviations from the structure of the isolated molecule. Hence, in our IS t00 high in comparison with that of the triplet, leading to an
calculations, neither the model nor the complete structures have beenoverestimation of the ferromagnetic coupling. FoPaiduclear
optimized since very small variations in the geometry such as those compound, three different configurations give rise to low lying
induced by the packing forces can produce large changes in the
calculated magnetic constant. (44) GAUSSIAN 92/DFT: Frisch, M. J.; Trucks, G. W.; Head-Gordon,

. . . M.; Gill, P. M. W.; Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel,
Four different basis sets have been tried out. In one of them we B.. Robb, M. A.;gReplogIe, E. S.. Gomperts, R.. Andres, J. gL.;

employed the pseudopotentials proposed by Hay and*\&aNL2DZ) Raghavachari, K.; Binkley, J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.;
while the other three were the all-electron basis sets of daiBiBZz), Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Pople, J. A. Gaussian, Inc.,
double£ with polarization (DZP), and triplé®* (TZ) quality proposed Pittsburgh, PA, 1992. )

by Ahlrichs et al., including an additional p function for Cu'in all cases. _ (45) 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;;
In all calculations, we have employed a pruned @riuf 75 angular Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.:

points with 302 radial points (called finegrid in GAUSSIAN terminol-  zakrzewski, V. G.: Ortiz, J. VV.: Foresman, J. B.: Cioslowski, J.: Stefanov,
ogy). To check the influence of the grid on the accuracy of the results, B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
we performed some test calculations increasing the size up to 99 angulaW.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin,

points. The difference in theJalues was only of some 0.2 cf so R.L.; Fox, D. J.; Binkley, IJ S D_Effeel& D. J.; Baker, J.; Stewart, J. J. Pr-]:
the use of the smaller grid can be considered acceptable in all the casegia%%ardon' M.; Gonzalez, C.; Pople, J. A. Gaussian, Inc., Pittsburgh,
studied. ‘ )

(46) Slater, J. CThe Self-Consistent Field for Molecules and Sqlids
McGraw-Hill: New York, 1974; Vol. 4.
; i (47) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200.
3. Results and Discussion (48) Becke, A. D.Phys. Re. A 1988 38, 3098.

: . N 49) P _FPhys. Re. B 1 22,
In this section, we first discuss the performance of the 2583 perdew. \J(ang W par R?%Sﬁ’fs’?se. B 1988 37, 785.

different DFT methods in estimating the 2alues. For this (51) Becke, A. D.J. Chem. Phys1993 98, 5648.
purpose, we chose five complete structures of hydroxo- and  (52) Hay, P. J.; Wadt, W. RI. Chem. Phys1985 82, 299.

hri - - - : (53) Schaefer, A.; Horn, H.; Ahlrichs, R. Chem. Physl992 97, 2571.
alkoxo-bridged copper complexes, including their counteranions. (54) Schaefer. A: Huber, C.. Ahlrichs, R. Chem. Phys1994 100,

We use the complete structure rather than simplified models to 5829.
enable a straighforward comparison between the calculated and20(5g)og-i||, P. M. W.; Johnson, B. G.; Pople, J. 8hem. Phys. Letl.993
experimental coupling constants. To complete the evaluatlor_l, %56) Gutsev, G. L.: Ziegler, TJ. Phys. Chem1991 95, 7220.

we performed calculations on model structures to check their  (57) rakitin, Y. V. Volkov, V. V. Koord. Khim.1986 12, 1325.
ability to qualitatively reproduce the dependence of the coupling  (58) Volkov, V. V.; Rakitin, Y. V.; Kalinnikov, V. T.Koord. Khim.1983
constant on different structural parameters. The influence of 9 31.

. (59) Majeste, R. J.; Meyers, E. A. Phys. Cheml97Q 74, 3497.
the basis set was also analyzed for the model compounds. (60) Mitchell, T. P.. Bemnard, W. H.; Wasson, J. Reta Crystallogr.,

3.1. Methodological Study. As it has been previously  Sect. B197Q 26, 2096.

reported that local functionals overestimate the relative stabiliza- 11(%)1'68"‘”5' D. L.; Hatfield, W. E.; Hodgson, D. lhorg. Chem1972

tion of the singlet state relative to the triplet stéfeye directly (62) Bertrand, J. A.; Fuijita, E.; Eller, P. Gorg. Chem1974 13, 2067.
evaluated the following four methods: two generalized gradient  (63) Bertrand, J. A.; Kirkwood, C. Bnorg. Chim. Actal972 6, 248.
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singlet states, while only one configuration is involved in the Table 2. Magnetic Coupling Constants)Zcm'*) Calculated as
triplet state, as sketched inwhered®; and®, are the SOMOs the Singlet-Triplet Energy Difference Using Three Different DFT
(2a,b).4 Methods with a Double- Basis set for the Hydroxo- and

v Alkoxo-Bridged Model Structure3) for Six Different Cu-O—Cu
Angles @) andz = 0°

angled hydroxo alkoxo

2 Q

O O (deg) BLYP BLYP-bs B3LYP-bs BLYP BLYP-bs B3LYP-bs

P . 95 +795 —1006 —174 —564 —1702 —408
97  +407 -—1196 —252 —1043 -1875 —494
99 0 —1406 —336 —1415 —2131 —610
101  —405 -1619 —429 —1891 -—2485 —737

2a 2b 103 —828 -—1850 —543 —2292 2774 —858

105 —1245 -—-2047 —651 —2704 —2953 —994

The contribution of these excited configurations to the lowest

singlet state is important, and the noninclusion of these is character, the B3LYP functional is actually the DFT method
responsible for the poor description of that state. For the strongthat provides the best results for calculating several molecular
antiferromagnetic complexes, this problem is minimized because properties.

there is a substantial energy gap between the ground and the The comparison with calculations previously reported by other
excited singlet configurations. Hence, a monodeterminantal gythors is difficult because, even in the case of the same
wave function is closer to the rlght solution for the grOUnd state. Comp|exy those results Correspond to model Compounds’ not to
In an attempt to adequately account for the excited singlet the complete structure. Daudey et4lysing a perturbative
Conﬁgurations, we performed calculations USing the BLYP Cl approach' obtained a value 6392 cnt! for a model of
functional combined with the broken-symmetry method that the complexB{[Cu(tmeen)OH]Br,} while the experimental
provides a multiconfigurational character to the singlet wave ygjue is—509 cnt? and our calculated value is502 cntl.
function2>2" The use of broken symmetry in the singlet state Moreover, we have observed that small changes in the terminal
calculations results in the localization of one SOMO on each |igands or the elimination of counterions causes changes-of 50
metallic center, since the resulting low-spin solution is not a 60 cnt?, making the direct comparison of methods inadequate
pure spin state but represents an averaged antiferromagnetigyith the available results.

aligment of spins, as discussed by Noodler#a. Due to the To check the influence of the basis set on the calculation of
presence of only one relevant configuration for the triplet state the magnetic coupling constant and to corroborate the perfor-
(1), the results are the same for this state regardless of the usqnance of different functionals obtained for the complete
of broken symmetry in the calculation. The coupling constants structures, we carried out calculations using the model str§@ture
obtained USing the BLYP-bs method Correctly reprOdUCG the shown in3 (for the a|kox0-bridged model, the hydrogen is
sign of the experimentalXvalues, but in the five cases, the replaced by a methyl group) by varying the-80—Cu (9) angle
calculated values overestimate the stability of the singlet state whjle maintaining the H or C atom of the bridge in the molecular
(Table 1). plane ¢ = 0°).

In contrast with the local density methods, the unrestricted
Hartree-Fock method provides an overestimation of the
stabilization of the triplet state. This fact suggested us that the
inclusion of the HartreeFock exchange provided by the B3LYP
functional might correct the overestimation of the antiferro-
magnetic character found using the BLYP-bs method. The
B3LYP-bs results (Table 1) confirm this idea, providing an
excellent agreement between the experimental and calculated
data for the five compounds. The largest absolute error is of
ca. 100 cn1! (less than 0.3 kcal/mol) for systems with-400
atoms. In contrast, when used without the broken symmetry .
approach, the B3LYP functional (results not shown) strongly e calculated coupling constants for the hydroxo- and
overestimates the relative stability of the triplet state. We have &/koxo-bridged models with three different methods (BLYP,
also performed a similar study for the oxalato-bridged com- BLYP-bs, and B3LYP-bs) are shown in Table 2. These results
plexess4 for which the errors using the B3LYP-bs method are confirm the general trends found for the pqmplete structurgs:
still smaller than those obtained for the hydroxo-bridged the BLYP method provides a poor description of weak anti-
systems. The discrepancies with the experimental results forferromagnetic systems (see, for example, hydroxo compounds
the hydroxo-bridged complexes could be associated to theWith 95° < 6 < 99°), and both BLYP and BLYP-bs methods

uncertainty in the position of the hydrogen of the bridging ligand overe;timate the stabilization of the §ing|et state, giving too Iarge
obtained using X-ray diffraction. As we will show later, this coupling constants for complexes with strong antiferromagnetic

parameter is a crucial factor for the magnetic behavior of the
hydroxo-bridged complexes. The B3LYP-bs method gives
significantly improved results for the magnetic coupling con-
stants compared with the BLYP or BLYP-bs methods, thus
corroborating the overall impression given by different
author§5-%8 that, in spite of its nonpure density functional

(64) Ruiz, E.; Alemany, P.; Alvarez, S.; Cano, J., Verdaguer, M. To be
submitted.

(65) Kozlowsli, P. M.; Rauhut, G.; Pulay, B. Chem. Phys1995 103
5650.

(66) Bauschlicher, C. W., JChem. Phys. Lettl995 246, 40.

character (see, for example, hydroxo compounds @ith103

and alkoxo compounds witth> 97°). The B3LYP-bs method
gives results within the range of experimental values for both
families of compounds and all values 6f Moreover, the

(67) Holthausen, M. C.; Mohr, M.; Koch, WChem. Phys. Lett1995
240, 245.

(68) Adamo, C.; Barone, V.; Fortunelli, Al. Chem. Phys1995 102,
384.

(69) The following structural parameters were used for the model
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Figure 1. Magnetic coupling constantsJ@for Cu(ll) hydroxo-bridged
complexes calculated with the B3LYP-bs method for m@&ielith =
= 0° as a function of bridging angl@ using five different basis sets.

models with the calculated values fér~ 104° (Table 2) are
in fair agreement with the experimental ones for compouds
(hydroxo-bridged) and (alkoxo-bridged), which have values
of 7 close to 0 (as assumed in our model).

In Figure 1, we show the variation of)2vith the Cu-O—
Cu angle, calculated using the B3LYP-bs method with five

J. Am. Chem. Soc., Vol. 119, No. 6, 139

Comparison of the results obtained with the DZ and DZP
basis sets indicates that the polarization functions do not induce
important changes in the calculated magnetic coupling constant.
However, the use of a TZ basis set shifts thker@sults by
approximately 90 cmt! to antiferromagnetic values relative to
the results obtained with the DZ and DZP basis sets. When
using a TZ basis set only for the copper atoms and a DZ set for
the other atoms (DZ-CuTZ), the results are very close to those
obtained with the TZ basis set for all atoms. This shows that
for the calculation of magnetic coupling constants it is the quality
of the basis set on the copper atoms which is most important.
The results obtained using pseudopotentials are very close to
those provided by the TZ basis set, but the SCF convergence
of the calculations is considerably poorer than for the all electron
basis set. Similar results (included in the Supporting Informa-
tion) have been obtained for model calculations on alkoxo
complexes. As a further test of the basis set dependence, we
have repeated the calculation of the coupling constant for
[Cu(bipy)OHL(NOs), and [Cu(tmeen)OHBr, using the DZ-
CuTZ basis set. The newly calculated values &%24 and
—555 cn1l, respectively, while the results with the DZ basis
set were+107 and—502 cntl. These values indicate a
considerably smaller influence of the basis set for the complete
structures (less than 50 cA) than for the model structures,
probably due to the large number of functions included in the
whole molecule that can complement the copper basis set. In
summary, the DZ basis set seems to be a good compromise

different basis sets (see the Computational Details for a petween the accuracy and computational requirements for this
description of the basis sets employed) for the hydroxo-bridged ing of calculations, although DZ-CuTZ would be preferred for

model. In all cases, a linear variation of @ith 6 is obtained

in agreement with the correlation found for the experimental
data by Hatfield and Hodgsdf. This behavior is analyzed in
more detail in the next section.
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smaller systems or as larger computing resources become
available.

3.2. Dependence of the Magnetic Behavior on the Mo-
lecular Structure. Since the computational strategy proposed
in this paper might adequately account for the coupling constants
of several compounds, we decided to analyze its ability to
provide a good qualitative description of the dependencelof 2
on the structural parameters within a large family of compounds
through model calculations. The calculated values bfd2
the hydroxo-bridged model compouBdre presented in Figure
2 as a function of the anglé® for two different sets of
calculations. The experimental values are also represented as
solid circles with the corresponding valuemdinnotated besides.

In the first set of calculations (dashed lin@)vas varied keeping

the hydrogen groups coplanar with the Ou ring (z = 0°).

The calculated values for the model compounds are in good
agreement, with the experimental values in those complexes
with small values ofr (complexesB andD in Table 1).

In another set of calculations (solid line) we optimized the
angle 6 for fixed values ofz, and the singlet-triplet splitting
for each 0, 1) pair was represented as a functionéf The
calculations for the planar model predict an antiferromagnetic
behavior for the whole range &f values, whereas the out-of-
plane displacement of the hydrogen atoms results in weaker
antiferromagnetic and eventually ferromagnetic couplings. It
becomes clear that a good theoretical description of the magnetic
behavior of these compounds cannot be achieved if the position
of the hydrogen atomr(angle) is not taken into account. Since
the analysis of the molecular structures reveals that the out-of-
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Figure 2. Magnetic coupling constantsJ@for Cu(ll) hydroxo-bridged Fi . - :

" ) - gure 3. Magnetic coupling constantsJpfor Cu(ll) alkoxo-bridged
complexes calculated W'th.the BSLYP'.bS method using a dd-“t_’m's complexes calculated with the B3LYP-bs method using a dagiblesis
set for model3 as a f“'?C“O” of brldgl?gganglé. The black. cwclgs set for modeB changing the bridging hydroxo group for a methyl group
correspond to the experlmental valdgs; and the dashed llne IVeS  as a function of bridging angle. The black circles correspond to the
the calculated values (triangles) for the planar mo¢e4=(0 )- _The experimental value%;37%9% and the solid lines give the calculated
squares rep_resent the values calculat_ed for the op_tlrm_lmch fixed values (triangles) for the planar model= 0°) and the squares for the
value ofz (circled numbers). The uncircled labels indicate the value model witht = 40°. The uncircled labels indicate the value ofor
of 7 for each experimental structure. each experimentallstructure

plane position of the hydrogen atoms is determined in most cases 100
by hydrogen bonding with the counteranions, the choice of
counterions can be of the utmost importance in determining the
sign and magnitude of the magnetic coupling. The differences
between the experimental and calculated valuesJdb@ the

complete structures should not be attributed only to limitations ~ —~ -3007
of the computational approach. It should be borne in mind that £
the calculations are performed for the molecular structures £ -400
usually refined at high temperature. It would be desirable to - ]
have the low-temperature structure available so as to evaluate ™ o,
the energy of the ground electronic state better. Furthermore,
the inaccuracies in the localization of the hydrogen atoms of

-200 7

the hydroxo bridges induce uncertainty in the calculated value 6007
of 2J.
Both the theoretical results and the experimental data show '7001 ' T —
a correlation between the out-of-plane displacement of the 0 12 1.4 16
- . 2
hydrogen atoms and the bridging andle a larget value is (gl _82) (eV2)

associated with a sma#l, which also favors a more positive
value of 2. The existence of such correlation may be the reason Figure 4. Singlet-triplet energy separation,J2 calculated for the
why the importance of has not been discussed previously. nYdroxo-bridged model compour@iwith 7 = 0° (B3LYP-bs method
When the correlation between the two structural parameters is2"d @ doublésbasis set) as a function of the square of the split between
. s the two SOMOs in the triplet state.
taken into account (squares in Figure 2), the agreement between
the coupling constants calculated for the model complex and is that all of the alkoxo-bridged complexes are predicted to be
the experimental data is remarkable. The approximations antiferromagnetic forr values smaller than 40 in good
implicit in the use of modeB give errors of 26-30% in the agreement with the available experimental data, although
value of 2 while correctly predicting the sign of the exchange ferromagnetic behavior might be expected for larger values of
interaction. We have also studied mo@esubstituting H for T.
CHain the bridge, to analyze the magnetostructural correlations  The assumption of Hay, Thibeault, and Hoffmann, that small
found for the alkoxo-bridged complexes. The calculated values changes in structural parameters affect only the one-electron
of 2J for the alkoxo-bridged model compound are presented in contribution to the coupling constant, has been checked by
Figure 3 as a function of the anglefor two different values of plotting the calculated Pvalues as a function ok{ — €5)2 ¢;
7 (0° and 40, triangles and squares, respectively, in Figure 3). ande, are the orbital energies of the two SOMOs in the triplet
The experimental values are also represented as solid circlesstate for the model compourglwhen 6 is varied for a fixed
with the value ofr indicated besides. A good agreement is value ofr (see Figure 4). The linear dependence expected from
found: almost all experimental values are placed inside the eq 1 is found for both the hydroxo- and alkoxo-bridged (included
region delimited by the two lines correspondingrtes 0° and as Supporting Information) complexes. A similar behavior has
7 = 40°. Roughly the same features discussed above for the been found for the out-of-plane hydrogen shift (not shown in
hydroxo-bridged complexes were found. A correlation between the figure). In this case, the value ef (— ¢,)? decreases when
both angles emerges, showing that small value® appear the hydrogen atoms are separated from theQzuplane,
combined with the largest valuesgfand these structures have resulting in a reduction of the antiferromagnetic character. From
the weakest antiferromagnetic character. The main differenceour calculations, it is seen that the energy of SOM®is
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practically unaffected by the distortion whereas the energy of experimental results, which show that the experimental com-
SOMO2b increases with. The analysis of the wave function  plexes with ferromagnetic character have value® simaller

2b indicates that the oxygen 2p contribution increases with  than 98 andr values larger than 30 The influence on the
(going from an sp to an 3phybridization of the oxygen orbital ~ magnetic behavior of the counterions present in the structures

contribution), resulting in a stronger antibonding-&n char- can be explained, since these counterions normally interact
acter because of the better energy match of oxygen 2p orbitalthrough hydrogen bonds with the hydroxo group, hence
than oxygen 2s orbital with the metal 3d orbital. determining the extent of the out-of-plane displacement of the

Our calculations suggest that there is a sound theoretical basidiydrogen in the bridging hydroxo group.
for the analysis of magnetic correlations based on the study of The approach proposed by Hay, Thibeault, and Hoffmann
the variations of the HOMOGLUMO gap with geometry. They  was investigated. We found a linear correlation between the
are consistent with the results of Broer and Maaskant on a calculated 2 value and the square of the energy gap between
fluoro-bridged model, for which the calculated two-electron the two singly occupied molecular orbitals for structural

integrals were seen to be approximately constant. variations in the whole range éfvalues. A similar correlation
. is found for the out-of-plane displacement of the hydrogen
4. Conclusions atoms. These findings suggest that the two-electron terms

In the present paper, modern density functional methods werePresent in eq 1 remain approximately constant for small
used to calculate magnetic coupling constants in hydroxo- and 9¢ometry changes, and therefore, the energy gap between the
alkoxo-bridged Cu(ll) binuclear complexes. Analysis of the WO singly occupied molecular orbitals (Ijet.ermlnes the changes
computational results for five complete structures showed that in the 2 values for small structural variations. o
the functionals based on the generalized gradient approximation The present conclusions seem to provide an affirmative
(BLYP and BP86) provide poor results for ferromagnetic or answer to the qUeStion of whether DFT methods can pI’OVide
weak antiferromagnetic compounds due to an inaccurate de-an accurate description of the magnetic coupling constants in
scription of the singlet state. The inclusion of the broken- binuclear transition metal systems. In this respect the B3LYP-
symmetry approach combined with the BLYP functional bs method fuffills the three requirements that we have pro-
partially solved this problem but overestimates the relative Posed: (a) a good quantitative estimation of the magnetic
stability of the singlet state for strong antiferromagnetic coupling constants for the complete structures, (b) a correct
complexes. A method combining the B3LYP functional with ~qualitative description of the magnetostructural correlations, and
the broken-symmetry approach is the most successful one and€) @ method available in standard quantum chemistry packages
provides results which are in good agreement with the easily accessible to other researchers in the field.
experimental data. The study of the influence of the basis set )
on the model calculations using the B3LYP-bs method indicates = Acknowledgment. The computing resources of the Centre
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The study of the dependence of the magnetic coupling
constant for the hydroxo-bridged complexes with the molecular
geometry using model structure calculations showed a correla-
tion with the Cu-O—Cu angle as previously proposed by
Hatfield and Hodgson from experimental data, but also with
the out-of-plane displacement of the hydrogen atom in the
hydroxo group. The ferromagnetic character is favored when
6 diminishes and the out-of-plane displacement of the hydrogen
atom increases. These results are in agreement with theJA961199B

Supporting Information Available: Two figures, one
comparing the magnetic coupling constant for the alkoxo model
using four different basis sets and the other showing the
correlation between the calculated alues and the square of
the energy gap between the two singly occupied molecular
orbitals for the alkoxo model (3 pages). See any current
masthead page for ordering and Internet access instructions.



