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The structural dependence of the coupling constant in a series@ti {k-C,0,4)CuLs]?> complexes is analyzed

by means of ab initio difference-dedicated configuration interaction (DDCI2) calculations on the model (
oxalato)bis[triamminecopper(ll)] cation, [(N)Cu(u-C,O4)]?", in which the nitrogen-coordinated ligands

have been substituted by NH'wo types of geometrical structures have been considered: three diftrent
geometries and four crystallographic centrosymmetric geometries taken frojoi¢{EHC ux(1-C>04)1(BPhy)2

and [(EtdienkCu(u-C,04)](PFs)2 (Etsdien= 1,1,4,7,7-pentaethyldiethylenetriamine), [(tmen,2-Me@o)-
(u-C04)](PFe)2 (tmen = N,NN',N'-tetramethylethylenediamine and 2-Melm 2-methylimidazole), and
[(dien)Cu(u-C:04)](ClO4). (dien= diethylenetriamine). The results show that the antiferromagnetic coupling

is strongly underestimated when pure DDCI2 calculations are performed, but when the Cl space includes the
relaxation of the oxalato-copper charge transfer, quantitative agreement with the experimental results is reached
with an error smaller than 5 cth The role of the external ligands in the model is also discussed by means
of broken symmetry DFT calculations. At this level of theory, a very different influence of the ligands is
predicted by different exchange-correlation functionals. Therefore, the use of DFT to investigate this effect
should be considered with caution.

1. Introduction involves a variety of aminic ligands. Several complexes of this
type have been crystallographically and magnetically charac-
terized? 12

To fit the experimental susceptibility versus temperature data,

Among the large number of transition metal polynuclear
complexes with weak interactions between the metallic centers,
many b”dged copper Cu(l) bmuclefar (;ompouncis with a4W'de the spin interaction is usually described through the phenom-
variety of bridging ligands (chlorbazido? hydroxo? oxalato’ . - A

. enological Heisenberg Hamiltonian:
etc.) have been described that show a strong dependence
between the magnetic behavior and the structural factors such H=-2J55§ 1)
as the copper coordination, the nature of the external ligands,

the geometrical structure of the €bridge—Cu unit, etc. From where § and & are the local spin operators arddis the

the early seventiés$ successful qualitative interpretations of the exchange Coup"ng constant. The energy difference between two
magneto-structural correlations were established for copperstates ofSandS — 1 total spin is given by

dimers. In the eighties, first quantitative approaches to evaluate
the exchange coupling constant also dealt with copper binuclear E(S—1)— E(9=2IS (2)
complexes: a second-order perturbative treatment was proposed ) ) )
by de Loth et af. for biradicals, giving reasonable agreement [N this formulation, a negative value of the coupling constant
with experiment for a number of bridged copper dimers. indicates antiferromagnetic coupling, qsually interpreted through
Noodleman’s broken symmetry appro&etas also applied to Anderson’s’ superexchange mechanism. Other terms such as
this family. biquadratic exchange terms may be added to (1) to obtain better
Among copper dimerg;-oxalato Cu(ll) binuclear complexes ~ data fitting. Only when the contribution of these additional terms
constitute a very rich family since there is a wide variety of Pecomes important may the energy transitions deviate from
compounds with different external ligantis:12 Most frequently, expression (2). o _ _ _
copper is pentacoordinatédi? in complexes with [LCu(u- The theoretical estimation af consists thus in evaluating
C,04)Culs]2* generic formula, where 4_stands for external the energy qllffgrence .betv.veen states qf different multiplicity.
ligands, from three monodentate to a single tridentate ligand, The magnetic interaction in coppercbinuclear complexes
usually coordinated by nitrogen or oxygen centers. In parallel |€@ds to two possible states, a triplet and a singlet, and thus
with the volume of experimental information;oxalato Cu(ll) _ _
binuclear complexes have also been favored by the attention of E(S) — E(T) = 2] )
theoreticians at different levels of thedry”'® A particular ~ yhere S and T stands for the singlet and the triplet states,
subset of the synthesized compounds belonging to this family respectively. The purpose of the present work is to give an
accurate evaluation of the exchange coupling constant versus
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On the basis of the second-order perturbative treatment by

de Loth et al’ in previous paper¥ 22 we presented a
variational method especially conceived to determine energy

transitions in these and more complex magnetic systems, referred

by the acronym DDCI2 since it is the version specifically suited

for magnetic systems of the more general difference-dedicated

configuration interaction method (DDCA}.The method starts
by giving a simple zeroth-order description of the energy
difference. Differential second-order contributions are then
added variationally. DDCI2 has been applied successfully to
organic biradical®?4to transition metal binuclear complexes
with different types of bridging ligand$,2122and to various
families of ionic solids>-27 A summary of the DDCI2 method

is given in section 3.

In this paper, the DDCI2 method has been applied to the
model (-oxalato)bis[triamminecopper(ll)] cation, [(NpCu-
(u-C204)]1%, to analyze the structural dependence of the coupling
constant found in a series of JCu(u-C,04)CuLs]>"complexes,

in which the nitrogen-coordinated ligands have been substituted

by NHs;. Two types of geometrical structures have been
considered: (i) thre€,, geometries that correspond to limit

coordination types of copper as will be discussed in terms of
orbital analysis in section 2 and (ii) four centrosymmetric

geometries for which the structural parameters have been taken =

from the crystallographic data of [ElienyCuy(u-Co04)](BPhy)2
(1)%11 (Etsdien = 1,1,4,7,7-pentaethyldiethylenetriamine),
[(Etsdien)Cux(u-C204)](PFs)2 (2)%11and [(tmen,2-MelnyCup,-
(u-C209)1(PFe)2 (3)12 (tmen= N,N,N',N'-tetramethylethylene-
diamine and 2-Meln¥ 2-methylimidazole), and [(diep(ux(u-
C204)](ClOy)2 (4)1° (dien= diethylenetriamine). The results are
presented in section 4.

Finally, the effect of external ligands has been studied by
unrestricted HartreeFock (UHF) and density functional theory
(DFT) calculations within Noodleman’s broken symmetry
approach on the real [(BidienyCup(u-C204)]>" complex and
on the [(NH3)eCl(u-C204)]%" model in the same geometry. It
is worth pointing out that the use of a single unrestricted Slater
(or Kohn—Sham) determinant does not permit us to obtain pure
spin eigenfunctions, instead symmetry-adapted high spin (HS)
and broken symmetry low spin states (BS) are obtained. The
former is a reasonable approximation to the real triplet state
(T) whereas the later corresponds to a fake state whose energ
is midway between the singlet and tripfé£°In this approach,
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Figure 1. Schematic representation of [(MsCu(1-C;04)]?" structure,
in the three limit coordinations: NNOO, TBP and NNNO.

analysis of the effect of modeling the external ligands is
discussed in section 5.

2. Orbital Analysis of the Magneto—Structural
Dependence

y

The structures of pentacoordinatedoxalato copper(ll)

the coupling constant for a biradical has to be evaluated throughcomplexes described in the literature are intermediate between

the expression
_ E(BS)— E(T)
1458,

with E(BS) andE(T) the energies of the unrestricted spin broken
symmetry low-spin state and of the triplet, respectively, and

J (4)

S the overlap between the magnetic orbitals. Since the alpha.

and beta spin orbitals are nearly orthogonal, the equivalent of
eq4is

E(S)— E(T) =2{E(BS) — E(T)} = 2J (5)
whereE(S) is the energy of the true singlet or
E(BS)— E(T) =J (6)

three limit geometries, depending on the external ligands, as
represented in Figure 1:

(a) a trigonal bipyramid (TBP), in which the trigonal plane
is defined by two nitrogen atoms of the external ligands and
one oxygen atom of the oxalato group, the apical positions being
occupied by the remaining oxygen o$@42~ and the nitrogen
of the third external ligand;

(b) a square basis pyramid (NNOO), in which the basal plane
is defined by both oxygen atoms of the oxalato group and two
nitrogen atoms of the external ligands, the axial position being
occupied by the remaining nitrogen external ligand. Both cis
and trans configurations are possible. Since the trans configu-
ration is frequent with KO ligands in the axial position, this is
the only case considered here.

(c) a square basis pyramid (NNNO), in which the basal plane
is defined by the three nitrogen atoms of the external ligands
and one oxygen atom of the oxalato group, the axial position

The broken symmetry approach has been extensively appliedbeing occupied by the remaining oxalato oxygen.

to magnetic systems with considerable sucEe8salthough the
choice of the exchange-correlation functional is a delicate foint
and results have to be interpreted with cauidhe DFT

Many previous works have shown that changes in the external
ligands and in the counterion lead to changes in the geometry
of the copper coordination affecting the exchange interac-
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tion.10:9-1316 Single electron considerations give a simple difference between two roots through eq 2. The physical effects
rationale to the trend of variation of the exchange interaction: that are considered in the DDCI2 treatment include all the
Figure 1 shows for the three cases (TBP, NNNO, and NNOQO) contributions up to second order as discussed by de Loth et al.:
the metal orbital interacting with the appropriate symmetry- potential exchange, kinetic exchange, dynamic spin polarization
adapted lone-pair orbitals of the oxalato group. and charge transfer. The variational treatment, however, intro-
In the NNOO structure, the magnetic orbitals can be described duces higher-order effects which include the contributions
by de—2 symmetric and antisymmetric combinations interacting enabling the relaxation of the ionic determinafegland |bb0
with the oxalato bridge. The coplanar topology maximizes the (i.e., Cu(d%—Cu(cf) determinants), in the VB terminology, that
overlap between the metal and the oxalato group orbitals. Theappear only at the fourth order. This last effect is important
smallest interaction occurs in the NNNO structure in which the because the magnetic orbitals are well adapted to describe the
magnetic orbitals can also be described Ipyd combinations neutral determinants, in which they are singly occupied, but
parallel between them but perpendicular to oxalato bridge. not the ionic ones, whose energy is largely overestimated.
Finally, in the TBP structure, the magnetic orbitals can be  complementary determinants are added to ensure that the
described by symmetric and antisymmetric combinations?of d - \yave functions are eigenfunctions &and space symmetry is
type orbitals with an intermediate overlap with the oxalato gjsg taken into account. Unitary transformations of the active
bridge. o o _ _ MOs keep the wave function invariant and the magnetic orbitals
With this qualitative description of the magnetic orbitals and  gre only needed for a formal purpose because the selection
their overlap with the appropriate oxalato group orbitals, the criterion is based on a VB formalism. The DDCI2 space thus
magnitude of the exchange coupling constant is expected tojncjydes (1) the CAS generated from theinpaired electrons

decrease following the trend: and then active symmetry-adapted MOs, which are essentially
bonding and antibonding combinations of d atomic orbitals
[Innool > repl > [ nnnol centered on the magnetic center with small contributions of the

neighbor ligands,.¢., a CAS (2,2) in the present system, and
When trying to synthesize the most important variations (2) all singles and doubles on the CAS involving at most two
between the three geometries with a small number of structuralinactive orbitals, either holes or particles. The main character-
parameters, it is easy to see that a single parameter, the angléstics of the DDCI2 method may be summarized in four
between two nitrogen atoms in the plane orthogonal to the points: (i) it is a strictly variational method and for this reason
oxalato bridge, thex angle defined in Figure 1, summarizes (ii) it is an uncontracted method which allows the external
these changes, since= 90° in NNOO, 120 in TBP, and 180 correlation to modify the coefficients of the CAS; (iii) the
in NNNO. Upon increasing., the geometry is induced to change DDCI2 matrix is invariant under rotations of the molecular
from the NNOO square basis pyramid to the TBP structure and orbitals (MOs) in the active, doubly occupied or virtual subsets
finally to the NNNO one. In conclusion, as increases|J| and therefore the method takes advantage of working with
decreases. This trend will be confirmed, for the models as well symmetry adapted MOs; and (iv) the number of determinants
as the real complexes, by the present results as will be shownin the DDCI2 space is proportional to the square of the

in section 4. dimension of the MO set, instead of to the fourth power as it is
in a CAS*SDCI calculation.
3. CI Method To Evaluate the Exchange Constant 3.2. Role of the Relaxation of the Bridge-Ligand to Metal

3.1. DDCI2 Method. The DDCI2 method, the reduced Charge-Transfer Configurations. Recently, Calzado et &t.
version of DDCI specifically designed for magnetic systems, have shown that in systems in which important charge transfer
is based on the early perturbative work by De Loth et ml.  from the bridging ligand (BL) to the metal (M) occurs, DDCI2
was first derived to evaluate singtetiplet gaps in biradical2 systematically underestimates the antiferromagnetic coupling.
and was later generalized for systems with a higher number of As is well-known, in the Anderson mechanism the mixing of
unpaired electron® The DDCI2 method is based on the the ionic formslad_and|bbCwith the singlet state is responsible
definition of a minimal model spacg defined from then singly for the antiferromagnetic coupling. DDCI2 includes this interac-
occupied “magnetic orbitals”. This model space is generated tion as well as the indirect superexchange mechanism through
by the neutral determinants, in the valence bond (VB) terminol- BL — M charge transfer. But these authors also observe that
ogy, i.e., the subspace of the complete active space (CAS)the stability of the singlet increases and the weight of the charge-
generated from the localized orbitals and the electrons transfer configurations is enhanced when increasing the DDCI2
defined with determinants built from different spatial orbitals. list of determinants with their instantaneous repolarization
For biradicals such as Cu(ll) dimers, in which the copper (determinants with two inactive holes and one inactive particle,
configuration is 8, the space would be formally generated by not included in the original list,.&., single excitations on BL
the neutral determinantsbdand |badbuilt from the d singly — M charge transfer, SLMCT, configurations). The interpreta-
occupied orbitals, a and b, i.e., C8dCu(c®) determinants. tion of this effect is given in the VB context, since the inclusion

In the framework of the quasi-degenerate perturbation theory, of SLMCT contributions allows a better instantaneous relaxation
it has been demonstratédthat of all the double excitations  of the ionic forms|a@land|bbL]whose weight is consequently
that contribute to the second-order development of the corre-increased in the singlet state wave function. The energy of the
sponding effective Hamiltonian, only those with at most two singlet is stabilized in this way. The Cl space has to be enlarged
inactive orbitals (occupied or virtual) are significant for the with these determinants and the resulting space will be called
spectrum. The model space and these double excitations thahereafter DDCIZSLMCT. A second alternativé®¢ is to
contribute to the energy differences define the DDCI2 space, perform a complete DDC? calculation, which includes all
which is a subspace of the CAS single double configuration doubles with up to three inactive determinants and among them
interaction (CAS*SDCI). To include higher orders of perturba- the significant contributions here discussed. Calzado &¢al.
tion, the DDCI2 space is then treated variationally and the value have shown the additional determinants of DDCI not to be
of the exchange coupling constant is determined from the significant for the magnetic exchange coupling. Since the price
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TABLE 1: Most Significant Bond Lengths (in Angstrom) TABLE 2: Effect on J (cm™1) of Freezing the MO Set after
Used for the Different Models, NNOO, TBP, and NNNG Localization of the Orbitals of the (NH3)s Fragment at the
del DDCI2 and DDCI2+SLMCT Levels, for Two Models, TBP
moce and NNNO, with a STO-6G Basis Set for the NH Ligands?
bond length NNOO TBP NNNO complete MO set truncated
23:811,1 25f§25 253712 fggg model Jopciz Jopciz+sLmet” Jbbciz Jopciz+simer”
Cu—0;, 2.122 2.074 2.235 TBP —8.2 —49.7 —6.0 —53.2
c—C 1.570 1.527 1.549 NNNO +0.2 +1.4 +1.0 +2.2
Cu:N1 2.163 2011 1.983 aStarting MOs obtained from a CASSCF (10,10) calculation.
Cu—Nz3 2.163 2.139 1.993 b d MO
Cu—N; 2.042 2.139 1.993 terated MOs
@ See Figure 1 for details. TABLE 3: Exchange Coupling Constant,J (cm™1), of TBP,
as a Function of the Starting MOs
of a DDCI calculation is to enlarge the Cl space considerably MOs DDCI2 DDCI2+SLMCT DDCI2+SLMCT (IDDCI)
(the complete DDCI space dimension is proportional to the third casscr (2,2) -6.4 358 —383
power of the basis set dimension), the generation of the chargecasscr (10,10) —6.9 —49.1 -71.8

transfer determinants has been implemented in the DDCI/DDCI2
code. As will be shown below, the difference in the results truncation is to use projection techniques to concentrate the MOs
arising from the repolarization of the charge-transfer contribu- playing a small role in the correlation and then to freeze them
tions with the oxalato bridging ligand is substantial. at the integral transformation level. In the [(MIsCux(u-

3.3. Molecular Orbital Choice. Since the results may be ~ C204)]*" complex, the doubly occupied MOs have been
dependent on the molecular orbitals (MOs) used in the Cl step, Projected onto the occupied MOs of the (Bkifragment as a
an iterative improvement in the active orbitals has been whole obtained from a separate calculation. Several tests have
proposed®*dto avoid this difficulty. In this iterative technique ~ Peen performed on the models with a small basis set (STO-
(IDDCI) an average density matriR is obtained by adding ~ 6G) for the NH groups to analyze the effect on the exchange
the density matrices of the singlé®4) and of the triplet states coupling constant of truncating the MO set after the localization
(R7): R = y(Rs + Ry). Average natural orbitals adapted to procgdure. The results reporteq in Table 2 show that the effect
both states are obtained by diagonaliziRg The method is ~ ©NnJis small, less than 4 cm. Within a comparable accuracy,
completely general and does not depend on the structure of thethe reduction of the two-electron integrals file size and of the
Cl space used in the calculation. We have used this procedureC! spaces dimension are quite significant: the size of the

iterating the natural orbitals obtained after the DDESLMCT integrals file decreases from 300 to 100 Mb and the dimension
calculation. of the Cl space from 21000 (DDCI2) and 100000 (DDETX)

to 13000 and 60000, respectively. This technique makes the
4. DDCI2 Exchange Coupling Constant in calculation feasible vyhen Iarggr bas?s sets are used. .
[(NH 3)6Cu(u-C204)]2* In con_trast to previous studies using DDCI2, the c_h0|ce of
the starting MOs has proven to be crucial for the quality of the

4.1. Computational Details.Two series of calculations have  results, since the oxalato MOs are very sensitive to the CASSCF
been performed on the [(NJRCW(u-C>04)]>" complex, the first  procedure. The MOs implicated in the charge transfer process
one using the limit geometries, corresponding to the highly are the oxygen lone pairs and copper d orbitals. The MOs quality
symmetric NNOO, TBP, and NNNO structures, all belonging when starting the IDDCI optimization is very important for a
to the Czn point group, and the second one using the structural fast convergence. To evaluate the size of the active space at
parameters of four centrosymmetric compounds that have beenthe CASSCF level to get meaningful MOs, several tests have
crystallographically and magnetically characterized. The ge- been performed adding or not the oxalato lone pairs and their
ometries of the NNOO, TPB, and NNNO models have been correlation in the active space. This enlarged CAS (10,10)
generated from the crystallographic data of the characterizedincludes then: the bonding and antibonding d combinations as
complexes, by increasing the symmetry. Table 1 gives the mostdiscussed previously included in the CAS(2,2), the four sym-
relevant parameters. In all DDCI2 calculations, Nkjands metry compatible combinations of the sigma oxalato-lone pairs
have been used to model the external ligands since theand the four oxalato virtual orbitals of the same irreducible
complexes studied have in general saturated amine-type ligandsepresentations. Nevertheless, it must be pointed out that the
and the external ligands have little influence on thealue, DDCI2 space is in all cases selected from two active orbitals
provided that the coordination of the metal and the electro- only, the bonding and antibonding d combinations obtained
negativity are preserved. A discussion of this point is given in when the CASSCF(10,10) triplet is converged. Table 3 shows
section 5. the DDCI2 and DDCIZSLMCT results for the TBP model.

Al electron calculations on [(NBJsClp(u-C204)]%" have been The large increase af suggests that a CAS (10,10) must be
performed by using ANO (atomic natural orbitals) basis sets used at this level.
with a (6s5p3d1f) contraction for Cu and (3s2p) for the second  All the calculations until the transformation to the molecular
row atoms. The external ligands are expected to play a smalltwo-electron integrals have been performed by using the
role in the magnetic coupling because of the local character of MOLCAS 4.1 packagé? The DDCI-SCIEI333*programs have
the interaction. If a DZ basis set is used for Nlfjands, the been used in the CI calculations. In all cases, the lowest triplet
complete DDCI2 calculation is not possible because the size of and singlet have been calculated, andlas been evaluated by
the two electron molecular integrals file exceeds the storageeq 3: E(S) — E(T) = 2J.
capabilities of our equipment. The truncation of the MO setis  4.2. Extraction of the Exchange Coupling ConstantA set
always a delicate problem since in general the energy orderingof calculations on the magneto-structural dependence have been
is not a good criterion to evaluate the role of the orbitals in the performed on the three model structures of the [{NBu(u-
correlation energy. An alternative giving a rational way for the C,04)]>" complex indicated in Figure 1: NNOO, TBP, and
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TABLE 4: Exchange Coupling Constants,J (cm™1), of
Different [Cu »(0x)(NHg)e]?" Structures?

complex

structure  coordination a Jopbciz  Jppciz+simeT Jexp
model NNOO 90 —16.9 —138.6
model TBP 120 —-6.95 —-71.8
model NNNO 180 +0.1 -1.8
M1 ~TBP 130 -9.7 —-38.1 —37.4
M2 intermediate 153 —2.1 —-13.1 —-9.8
M3 intermediate 153 —1.3 —-7.4 —7¢
M4 ~NNNO 160 0.0 -1.7 < |—-0.5/4

aThe original geometry, the type of coordination and th&€N;
bond angleo (deg), are indicated for each structure. The geometries
M1, M2, M3, andM4 of the complex correspond to the crystallographic
data of: [(EtdienyCu(u-C04)](BPh)2 (1), [(EtsdienyCu(u-Co04)](PFs)2
(2), [(tmen,2-Melm)Cu(u-C,04)1(PFe)2 (3), and [(dien)Cup(u-
C204)](ClOy)2 (4), respectively® References 9 and 11 Reference 12.
d Reference 10.

Figure 2. Structure of [(EsdienyCup(u-C;04)]%*.

constant by a factor of around seven. The effecMdn-M4 is

NNNO. All these structures belong t8G,, symmetry point o . o )
groups. According to the above qualitative analysis, the active glso very significant, since the addition of these determinants

MOs are symmetric and antisymmetric combinations of the increases the value of the coupling constant by a similar factor.
appropriate d orbital of the copper centers with contribution of When comparing th_gse results to experiment, the ?‘greeme”t IS
the symmetry adapted oxalato lone pairs. Thus, the active IVIOSexceIIent. The addition of complementary determinants only
belong to the gand k irreducible representations (IR) for TBP enlarges the DDCI2SLMCT spaces by a factor of around 4
and NNNO and to @and & IR for NNOO. The singlet and compared to the DDCI2 ones, so that the method reaches a very

triplet states are théisy and 3B, for the three models. high degree of accuracy but remains economic.
The size of the DDCI2 space is around 20000 determinant55 Role of the External Ligands

in all cases. The results are reported in Table 4. One main feature™ 9

emerges from the table: the calculated exchange coupling The role of the external ligands is a matter of discus&iéh

constant follows the expected trend. According to the definition although it is in general assumed that, if the type of coordination

of o (see Figure 1), the antiferromagnetic coupling decreasesand the electronegativity of the ligands are preserved, they have

with increasing, i.e. from NNOO (@ = 90°) to NNNO (a = minor influence on the exchange coupling constant. From one-
18(°). The last coupling is found to be 0.1 ciat the limit of electron consideratiofsas well as from DFT calculatiori§ jt

the calculation precision, and both states must be consideredhas been concluded that the largedonor character of the
degenerate. ligands gives rise to stronger antiferromagnetic compared with

In a second step, four geometries corresponding to experi-NH3 ligands. Since the external ligands of the complexes
mentally described complexes have been used in the calcula-analyzed here are tertiary amines, and since it is assumed that
tions. The geometrical parameters of the oxalato bridge and thethe o donor character of a tertiary amine is larger than the
position of the external ligands have been taken from the crys- ammonia one, the expected result of the comparison is that the
tallographic data of a structure very close to TBP,4@ienyCu,- calculated] values presented in the precedent section are slightly
(«-C204)](BPhy), (Etsdien= 1,1,4,7,7-pentaethyldiethylenetri-  underestimated. Higher values are expected if the complete
amine) (), with oo = 130, and three intermediate structures calculation was possible at the DDCI level. These calculations

between TBP and NNNO structures, [{#ien)Cuy(u-Cy04)]- are not feasible in the real complexes discussed here, but this
(PFs)2 (2), [(tmen,2-Melm}Cuy(u-C204)](PFs)2 (tmen= N,N, analysis can be carried out by means of DFT based methods
N',N'-tetramethylethylenediamine, 2-Melrs 2-methylimid- within the broken symmetry approach, as discussed above. To
azole) @), both witha. = 153, and [(dien)Cux(u-C204)](ClO4), obtain an estimate of the importance of the error of the DDCI
(dien = diethylenetriamine)4), with o = 16C°. A plot of the values induced by the modeling, DFT calculations have been
[(EtsdienyCuy(u-C204)]?" complex structure in compouridis performed onl chosen as a representative system.
given in Figure 2. The corresponding [(NJ8Cu(u-C204)]%* 5.1. Details of the DFT Calculations.Two sets of DFT
models will be referred hereafter 41, M2, M3, and M4, calculations have been performed. The first set was carried out
respectively. on theM1 model used in the DDCI calculations described in
All the structures are centrosymmetric and belon@;itpoint the preceding section, in which the external ligands are
group. The active orbitals belong to thg and a IR. The substituted by NHl groups. In the second set of calculations

dimension of the'Ay and3A, DDCI2 spaces is around 27000 the real ligands of compourid(see Figure 2) at the experimental
determinants. The results reported in Table 4 show the samegeometry have been considered. For comparison, two different
trend as that of the models: the largest coupling correspondsfunctionals have been used: the commonly used B3€4Rd

to the smallestx angle. When compared with the experimental BF:LYP defined by Martin and 1lla& Both functionals are of
data, the sign and the trend of the coupling are correctly the hybrid type and differ on the amount of Hartrdeock
reproduced, but all the constants are strongly underestimatedexchange introduced but use the same definition of the correla-
As mentioned before, this is the same trend as observed in thetion functional. B3LYP uses-20% Fock exchange whereas BF:
calculated exchange constant in ionic solids with important BL LYP uses a 50% mixture of Fock and Becke’s gradient-corrected
— M charge-transfer contributions to the wave function. The exchange functional. Two basis sets have been used in the DFT
effect of the polarization on the charge transfer determinants calculations depending on whether Nidr real ligands are

on the Cy models is dramatic: as shown in Table 4, considered. The quality of these basis sets differs only in the
DDCI2+SLMCT multiplies the value of the exchange coupling most external atoms. For the complex with Nigjands,M1,
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TABLE 5: Effect of Modeling the External Ligands on the Exchange Coupling ConstantJ (cm™1) of
[(Etsdien),Cu(u-C204)](BPhy), (1) at the DFT Level, Using the Broken Symmetry Approach (BS)

broken symmetry

complex UHF BF:LYP B3LYP Jobciz+sLmeT Jexp
[(NH3)6Cp(u—C,04)]2, M1 53 —28.1 —148.6 -38.1
[(EtsdienyCup(u—C,04)]2F, 1 -47 -216 -89.5 —37.4

aReference 9 and 11.

TABLE 6: Spin Density and Mulliken Charges on [L,Cu,(u-C,04)]%", with L = (NH3);, Etsdien?

spin density Mulliken charges
complex method Cu O 0O, NP Cu O 0, N
[(NH3)eCup(-C204)]12F, M1 UHF 0.93 0.02 0.01 0.06 1.56 -0.85 -0.76 -0.92
BF.LYP 0.84 0.05 0.01 0.12 1.37 -0.71 —0.64 —-0.85
B3LYP 0.70 0.09 0.02 0.18 1.21 -0.61 -0.55 -0.79
[(Etsdien)Cup(u-Co04)]2", 1 UHF 0.93 0.02 0.01 0.07 1.60 —0.84 —-0.76 —-1.07
BF.LYP 0.82 0.04 0.01 0.14 1.37 -0.70 —0.63 -0.87
B3LYP 0.66 0.07 0.01 0.24 1.18 —0.60 —0.55 —-0.75

aThe four oxygen atoms in the oxolato bridge are two by two differeBum over the three N atoms.

we have used a 6-3111 basis augmented with an f function  support this apparently too simple reasoning. The changes in
(exponent= 0.5203) for Cu and 6-31G** for C, N, O and H.  the net charges on copper and the bridging-ligand obtained from
For the complex with the real ligands the basis is the same a Mulliken population analysis do not bring much additional
except on C and H atoms of the most external ligands describedinformation, since no noticeable changes appear between the
by means of a 6-31G basis. All DFT calculations have been model and the real complex. The decreasé when NH; are
carried out with the Gaussian98 package of progréms. substituted by real ligands is accompanied by a decrease in the
5.2. ResultsFrom the summary of results presented in Table spin density of the magnetic centers without any noticeable
5 several points emerge. The first is that the results obtainedchange in the charge distribution within a given choice of

with different exchange-correlation functionaBxc[p], cor- Exclp], as shown in Table 6. Hence, it becomes difficult to
roborate the strong dependence of the magnetic couplingdecide whether the significant effect of the ligands predicted
constant] with respect to the choice &xc[p]. In particular,J by the DFT models has physical significance or responds to

increases monotonically with the increase of DFT exchange in the tendency of these methods to overestimate delocalization
agreement with results reported for a variety of ionic solfds. effects. Since the BF:LYP value on the real complex seems to
This is a well-known effect that arises from the tendency of be in a better coincidence with the experimental one, and since
LDA, and even GGA, to underestimate the HOMOUMO the coupling constant predicted by this method on the model is
gap, thus favoring closed shell metallic systems above the properin reasonable agreement with DDCI results, the magnitude of
biradical character of these compounds. From the comparisonthe effect of the ligands od found by this method, around 6
with full Cl (FCI) calculations on modet8 it has been shown  cm™1, seems to be more reliable. Furthermore, from compari-
that B3LYP overestimates the antiferromagnetic coupling when song84°with exact spin densities on some models shows that
taking into account the small overlap between the magnetic UHF gives the smallest deviation and, among hybrid DFT
orbitals in eq 6. This trend is related to a strong delocalization methods, B3LYP the largest. As shown in Table 5, at the UHF
of the spin density. Polarized neutron diffraction experiments level, the effect is really small. This indicates that the values
on oxamato and oxamido bridged Mn(ll)-Cu(ll) compoutids  calculated at the DDCI level would not be significantly changed
are in line with the observation that DFT predicts too low spin if the effect of the external ligands could be included at this
densities on the metal. According to this evidence, it is expected refined level of theory.

that by increasing the Hartre&ock character ifexc[p], a better .
description of the spin density is obtained. This trend is ©- Conclusions

confirmed by the spin densities reported in Table 6. Since the The results show that the DDCI2 method, which has
spin densities and the Mulliken charges are virtually identical previously been proven to give estimations of the exchange
for both the triplet and the broken symmetry states only the BS coupling constant in good agreement with the experiment on a

ones are reported. variety of systems, systematically underestimates the coupling
A second important feature is the strong dependence of thein u-oxalato-Cu(ll) binuclear complexes. Nevertheless, by
role of the external ligands on the particular choiceegé[ o] enlarging the CI space only with those configurations that

Substituting the real ligands by Ntholecules has a 13% effect  allow the instantaneous relaxation of the configurations con-
on the UHF calculated which becomes 26% for the BF:.LYP  nected to the charge transfer excitations from the bridging ligand
method and reaches 66% for the B3LYP metfbdhis to the metal, excellent results are reached. Not only do the
dependence with respect tBxc[p] can also be related to  DDCI2+SLMCT results show the expected trend for the
delocalization, since Table 6 shows that the difference of the NNOO, TBP, and NNNO models but also the magnitude of
spin density between the model and the real complex increaseghe exchange coupling is quantitatively reproduced for four
from UHF to B3LYP calculations, which induce a larger [(NH3)eClp(u-C204)]2" model complexes reproducing the ex-
delocalization of the spin density toward the external ligands. perimental structure. By introducing only this strictly necessary
The bridge atom spin densities are not significantly changed. part of the correlation in a DDCHESLMCT calculation, the
Not easily understood, however, is the trend induced by the amount of computation requirements is limited since the
ligands. As argued above, the donor character of the real ligandsdimension of the CI space remains small. The localization
suggests an increase &f However, results in Table 5 do not technique used before freezing the molecular orbitals of the
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external ligands allows a considerable reduction of the storage
requirements and is proven to be quite efficient since the
deviation from theJ values obtained in from the full calculation
ones is very small.

The effect of the external ligands is found to depend largely
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