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Abstract: The performance of density functional theory in estimating the magnetic coupling
constant in a series of Cu(ll) binuclear complexes is investigated by making use of two open
shell formalisms: the broken symmetry and the spin-restricted ensemble-referenced Kohn—
Sham methods. The strong dependence of the calculated magnetic coupling constants with
respect to the exchange-correlation functional is confirmed and found to be independent of
whether spin symmetry is imposed or not. The use of a method which guarantees the spin
state does not improve the correlation with the experiment and indeed shows some worsening
due to an overestimation of the ferromagnetic interactions. However, with the present exchange-
correlation functionals, a rather systematic deviation is found. Therefore, it would be possible to
develop improved density functionals which will allow for a rigorous treatment of open shell
systems in density functional theory.

1. Introduction matter and surface scienteThe prediction of crystal

The Kohn-Sham (KS) implementatidrof density functional ~ Structures, the reconstruction of complex surfaces, the
theory (DFTY has no doubt become the standard electronic Structure of chemisorbed molecules, and the reaction mech-
structure method in computational chemistry as well as @nisms of chemical reactions mediated by surfaces can be
computational materials scien&e. Successful applications ~Mentioned in this respect along with the broad field of
of DFT in chemistry are very broad covering, among others, aPplications emerging from coupling of DFT with molecular
molecular structure, thermochemistry, reactivity in organic, dynamics which in itself generated a new field usually termed
inorganic and organometallic chemistry, interpretation of @b initio simulations:

infrared spectra, prediction of nuclear magnetic resonance The basis of the KohnSham method is the existence of
shielding, core level binding energiés,and, more recently, @ reference system of noninteracting electrons with the
interpretation of optical spectfLikewise, there are numer- ~ density identical to that of the real physical system. The

ous examples of successful applications of DFT in condensedexistence of such a reference system is usually taken for
granted although there is a large body of literature dealing

with this important problem. In the original KS formulation,
the density of the reference system is written as a Slater
determinant with identical spatial part for the alpha and beta
t Departament de Qmica Fsica & CeRQT, Universitat de  SPIN orbitals and for an even number of electrons resulting
Barcelona i Parc Ciefftc de Barcelona. in a closed shell electronic structure. For stable molecules
§ Departament de Qmica Inorgaica & CeRQT, Universitat de ~ and nonmagnetic solids having precisely a closed shell
Barcelona i Parc Cieffic de Barcelona. electronic structure this is a very reasonable choice which
' University of Groningen. indeed imposes spin symmetry. In the case of radicals and
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other magnetic systems the closed shalsatzcannot be in the framework of UHF and of SCF«& methods. An
used and different alternatives have been proposed, with theindependent, closely related, method was also proposed by
spin-unrestricted or spin-polarized version of the KS imple- Yamaguchi in the framework of UHP. These practical
mentation (UKS) being almost universally used in this approaches are all based on the use of broken symmetry (BS)
casel>13 solutions which do not necessarily represent the desired state
The UKS implementation is very similar to the Unre- but the energy of which can be related to the desired spin
stricted Hartree Fock (UHF) method proposed earlier by state through spin symmetry considerations, such as the Slater
Pople and Nesb®&tand by Berthiets For many years, the ~ sum rule as applied by Ziegler, Rauk, and Baeréfids,
UHF method was the most common approach to the openthrough projection techniques, such as the methods of
shell problem in quantum chemistry, and in the late 1970s Noodlemaf*#and Yamaguchi? or through the appropriate
and early 1980s it was implemented in almost all semiem- Mmapping approact:**In this context it is also worth pointing
pirical and ab initio Hartree Fock computational codes. The ~ out the pioneering calculations of Bagus and Befinet
periodic formulation of the UHF method was also developed the energies of atomic multiplets in the framework of SCF-
and later coded into the CRYSTAL suite of prograths. Xa.
However, many numerical applications of UHF to different ~ The broken symmetry approaches provide a way to bypass
systems soon encountered certain problems, mainly relatedhe problem of dealing with low spin states in the UKS
to the so-called spin contamination arising from the fact that calculations; however, the problem itself still remains. The
the corresponding UHF wave function is not an eigen origin of the problem is in the neglect of spin symmetry
function of the square of the total spin operator. These requirement in the wave function of the noninteracting
difficulties led quantum chemists to seek for alternatives to reference system employed in the KS self-consistent ap-
UHF within the different orbitals for different spins scheme; proach. This problem has attracted the attention of many
we mention here extended Hartreleock'’1° and similar theoretical groups, and a number of well-defined procedures
formalisms. However, these methods appeared to be veryhave been proposed. Thus, new Ket8ham procedures
complex and not very accurate because of the lack of thewithin strict spin-restricted formalism have been proposed
dynamic electron correlation. Hence, the UHF approacheswhich result in a proper description of open shell states where
were almost abandoned, and the problems encountered byhe total spin quantum numbers (S anji&e well defined,
these methods were solved by making use of the moreforinstance, the spin-Restricted Ensemble-referenced Kohn
advanced wave function theory (WFT) methods of electronic Sham (REKS) method of Filatov and Sha#?which is, in
structure such as the multiconfigurational self-consistent field its spirit, similar to the well-known CASSCF approach. The
(MCSCF), the configuration interaction (Cl) methods, or the CAS-DFT approact has been also formulated where the
coupled cluster (CC) approach@sNotice, however, that  nondynamic electron correlation effects and the proper spin
these methods demand a huge increase in the computationadymmetry are introduced through the CASSCF wave function
complexity and an enormous computational cost. In principle, and the dynamic electron correlation is taken over by a
numerical accuracy up to a predefined threshold can besuitable correlation functional. The problem of CAS-DFT
achieved by these sophisticated wave function based methdies, however, in the double counting of correlation effects,
ods. In practice, however, even with the present day availablewhich are implicitly incorporated via the density functional
supercomputers, very accurate calculations can be carriecand are explicitly treated by the WFT method. The time
out in systems containing a rather limited¥0—20) number dependent DFT formalisth 32 does also treat spin symmetry
of atoms. Clearly, density functional methods do not face correctly, but its current implementation cannot be applied
these limitations, because the electron correlation is implicitly to the problem of magnetic coupling where the low spin
introduced through the exchange-correlation functional. ground state possesses strong multireference character and
However, one must be aware of the possible artifacts arisingrequires the inclusion of doubly excited configurations for
from the fact that, while the real system of interacting its proper description. Hence, the REKS approach seems to
electrons possesses the well-defined spin symmetries, thée the most appropriate spin restricted KS method which
UKS noninteracting reference system does not. can be applied to the study of magnetic coupling in this kind

In the case of radicals or open shell systems with a high Of systems.
spin open shell ground state, the UKS approach is almost In the present work, we extend our previous studies about
free of problems, at least judged from the numerical successthe REKS description of magnetic systéf#to a new series
evidenced in many applications. The problems remain, of large Cu binuclear complexes, which cover a broad range
however, when the system of interest exhibits a low spin of physical situations, from strongly antiferromagnetic
ground state or when the property of interest concerns energycoupling to ferromagnetic interactions. In doing so one must
differences involving both high and low spin states. This is be aware of the strong dependence of the magnitude of the
the case of biradicals and, also, of a broad class of systemsalculated magnetic interaction on the exchange-correlation
such as di- or polinuclear complexes with open shell functional employed in the calculations. In particular, we
transition-metal atoms; the same problem appears whenrecall the dramatic effect of the amount of the Fock exchange
computing various spectral terms of a given atomic or inthe HF/DFT hybrid functional& 38 Indeed, by tuning this
molecular multiplet state. A practical solution to the problem parameter one can obtain almost any a priori desired result.
of computing the energy of low spin states for transition- This criticism does not, by any means, pretend to invalidate
metal dinuclear complexes has been given by Noodléan  the high quality research in this field and the meaningful
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magneto-structural correlations derived from these calcula- eigenstates of the exact Hamiltonian are also a sifg@getd
tions. We just want to stress the weakness of the presenta triplet T. The one-to-one correspondence between the
approaches and, hence, stimulate further research work ineigenfunctions of the HDVV and those of the exact Hamil-
the development of new and improved density functionals. tonian follows from the fact that both Hamiltonians commute
In any case, this discussion makes it clear that the predictivewith the total spin operators.
capability of DFT approaches with regard to the quantitative  In practice, however, the eigenfunctions of the exact
prediction of magnetic coupling in this type of systems is Hamiltonian are not known, and a suitable approximation is
limited. Therefore, the aim of the present work is not to generally used. Within the spin-restricted description of the
reproduce the experimental values but to examine therelevant electronic states, the one-to-one correspondence
performance of the REKS approach and, for a series of mentioned above is imposed by construction. In the simplest
density functionals, compare the results predicted by this case of two electrons in two atomic orbitals &ndjg), one
more physically grounded formalism with those obtained by can choose a delocalized description and construct two
means of a more pragmatic broken symmetry approach. molecular orbitals ofy (even) andu (odd) symmetry. The
lowest singlet state is multireference in nature and involves

2. Density Functional Description of Open a variable mixing of the two resulting closed shell determi-
Shell Electronic States in Magnetic Systems nants which, for a given set gfandu molecular orbitals, is
Many magnetic systems exhibit localized magnetic moments optimal for the variational two by two configuration interac-
ata given atonror group of atoms-with unpaired electrons. tion Ansatz Alternatively, one can choose to continue using
Hence, an effective magnetic mome8t, which depends  the localized description, and, in this case, several single
on the actual electronic configuration of the magnetic center, Slater determinants can be constructed. Thus, one has the
can be associated with this center to rationalize the magneticferromagnetic solutionFM>,
properties of these systems. Various interactions between ) i

( _ _ : - IFM > = |...i\jg > 3
these localized magnetic moments are possible which give

rise to an interesting magnetic behavior and define the \hich corresponds to thels = 1 (or Ms=—1) component

observed magnetic properties. These interactions are usuallyyf the triplet stateT, and two broken symmetry solutions
described with the help of the phenomenological Heisen-

berg-Dirac—van Vleck (HDVV) Hamiltonian which pro- IBS1> = |""iAJ:3 > (4)
vides the simplest physical model for the description of

magnetic coupling (or exchange coupling) in a broad class and

of chemical compounds including organic biradicals, inor- _

ganic complexes, and ionic solids. This Hamiltonian de- IBS2> = |...i5g > (5)
scribes the isotropic interaction between localized magnetic

momentsS; andS as which can be combined to yield thds = 0 component of

the tripletT or the singletS thus preserving the space and
[HowW — _ ZJ”S.% (1) spin symmetry. In practice, one can choose to work with

=] only one of the two broken symmetry solutions and
variationally optimize the orbitals with respect to it. The
resulting wave function does not have spin and space
symmetry and does not represent any electronic state of the
exact Hamiltonian. Nevertheless, one can relate the expecta-
tion energy of the broken symmetry solution to that of the
singlet state by an appropriate mapping. This is the basis of
the broken symmetry approach proposed by Noodléktan
and Yamaguchi et & Hence, it is easy to show that

where theJ; constant controls the magnitude and type of
interaction betweef$ andS localized spin moments. In eq
1, a positive value of}; corresponds to a ferromagnetic
interaction. The HDVV Hamiltonian can be rigorously
derived from the effective Hamiltonain theory. This is an
effective Hamiltonian which describes the low-energy spec-
trum arising from the interactions betwe8nandS;. These
interactions are of quantum mechanical nature, and, in
general, they are much stronger than the classical interactions 2(E(BS) — E(FM))
between magnetic dipoles. J=EO - EM= 14 <i =2

For the simplest problem of two electrons in two atomic Al'e
orbitals, such as in a Cu dinuclear complex, it follows that here ',” and “i's" stand for the self-consistent localized
the lowest energy electronic states are a sin@egnd a orbitals on magnetic centers A and B, andi'a |j's >
triplet, T. These states are the eigenstates of the HDVV corresponds to the overlap integral between these magnetic
Hamiltonian, and the magnetic coupling constant can be orpitals. It has been shown that this overlap integral is usually
obtained as in eq 2. less than 0.25 and, therefore, the denominator in eq 6 does

_ _ not significantly deviate from unity.
J=ES -~ EM ) In the standard KohaSham implementation of density

Assuming that the HDVV Hamiltonian effectively describes functional theory, the reference state is a single determinant
the low-energy spectrum of these systems, a one-to-onestate, and, hence, the only way to get an estimate of the
correspondence between the eigenstates of the HDVVmagnetic coupling constant is the computation of | >
Hamiltonian and those of the exact nonrelativistic Hamil- and |[BS> single determinant state through eq 6 and
tonian must exist. In particular, notice that the lowest neglecting the overlap term. On the other hand, in the spin-

(6)



DFT: Magnetic Coupling in Cu Binuclear Complexes J. Chem. Theory Comput., Vol. 3, No. 3, 200/67

restricted ensemble-referenced Ket8ham (REKS) method, REKS core , ) )
employed in the present study, a completely different strategy pAr) = (Zzldm(f)l ) T e (NI + nder)” (9)
is used which is based on the ensemble approach to density

functional theory. Within the standard KohSham proce-  The total ground state energy for a state with two fractionally
dure to DFT, it is tacitly assumed thany physical density  occupied KS orbitals is represented as a weighted sum of
can be represented by a single Slater determinant constructeghe ks energies of the individual Configuratioﬁrés(___¢r2___)

from the N lowest eigenfunctions of a certain Hamiltonian g4 EKS(”¢§”_) and a coupling term which is expressed as
which describes a system of noninteracting particles moving g linear combination of the KS energies of the singly excited

in potential Vs (pure stateV-representability). However,  configurations generated within the same (2,2) active space,
already in the early works on KokrSham DFT, it was see eq 10.

realized that such a representation can not be the most general

one, and it was suggested to employ the ensemble density, REKS(2,2) _ EEKS(...qﬁrZ...) 4 %SEKS("%ZM) n

(weighted sum of the densities of several states) to represen 2

the physical density (density of a system of interacting f(n.n) ES(.¢ o) —

particles)3®4° The rigorous proof that any physical density " s

can be represented by an ensemble of densities, as in eq 7, QEKS(---WPS---) - EEKS(---¢r¢s---) (10)

has been provided by Liéband Englisch and Englisch.

Thus, the energy of the ensemble state is represented as an
p(r) = wipi(r) @) ensemble of the energies of individual states (microstates)
' where each microstate is assumed to be pure state V-
representable. Each of the microstates can be viewed as a
weighted sum of a number of the real physical states, in the
same way that a broken spin-symmetry state can be viewed
as a sum of the true singlet and triplet states. Therefore, eq
2 10 is based on model considerations similar to those used in
p(r) = anWk(r)' (®) the works of Ziegler et &*and von Barti2 Note, however,
that the total energy in eq 10 is minimized with respect to
where the occupation numbengvary between 0 and 2. In _the KS orbitals and their fractional occupation r_1ur_nbers. As
spite of its formal exactness, the ensemble representation wadl Nas been demonstrated by Staroverov et°akithin the
considered to be of a purely academic interest until its finite basis set, the opt|m|z§t|on of the total_ energy Wl.th
practical validity was demonstrated in the first principles respect to the orbitals |s.eqU|vaIent to thg opt|m|zat|op V.V'th
. . . I, respect to the KS potential. Therefore, this orbital optimiza-
numeric Kohn-Sham simulations of the exact densities for . ) L :
) tion procedure is a valid implementation of the KS scheme
a number of strongly correlated systems carried out by

. : for an orbital-dependent density functional.
4
Baerequ et 4 and Ullrich et ak* Together W'th the The factorf(n;,ns) in front of the last term in eq 10 can be
theoretical arguments, these results show unambiguously thaHerived from the following considerations. In the case of
the ensemble representation is of immediate practical rel-

- s ) (near) degenerate active orbitglgr) and ¢4r), where the
evance and that it is the ontigorousrepresentation for the occupation numbers am ~ ns ~ 1, the factorf(n,,ny) is

density of a strongly correlated system of electrons. given by eq 11, which is the same as in the CASSCF(2,2)
The practical implementation of the ensemble approach energy functional.

to DFT was hindered by the absence of approximate density

functionals conforming to the ensemble densities. The REKS f(n,.n) = (n,n)*? (11)
method® was designed to fill this gap in computational DFT.

The method combines the ensemble representation for thdn such a case, nearly all the correlation energy taken into
density with certain ideas from wave function theory (WFT) account via the functional form (10) corresponds to the
for constructing the energy functional for ensemble densities. "ondynamic correlation energy. In the situation where there
Therefore, the method shares some features of the multiref-IS & Substantial energy gap betwef(r) and¢(r) and one
erence approaches in WFT, and the nomenclature develope®’ e occupation ”nu_mbers is nearly zero and another is
for the complete active space (CAS)SCF methods is ap-n€arly wo (‘normal” single reference case), the fadfayr)

plicable to REKS as well. Thus, in the REKS(2,2) (two active should satisfy q 12 WhiCh can_be obtainegl from analys?s of
electrons in two active orbitals) method, the density is the energy functional in DFT with the fractional occupation

" h numbers (DFT-FON) methat.
represented as an average over densities of two configura-

tions: one with doubly occupied KS orbitgl(r) and another f(n.n) = (n,n) (12)
with doubly occupied orbitab«(r), where¢:(r) and ¢s(r)

can be the HOMO and the LUMO in the conventional single In this regime, the energy functional (10) with the factor
determinant KS calculation. The inactive core KS orbitals (12), no extra correlation energy is taken into account
are occupied with 2 electrons each, and the ground stateexplicitly, via the functional form (10), and the double
density is given as in eq 9. counting of the correlation energy is suppressed.

Within the Kohn—Sham approach, the ensemble representa-
tion translates to the fractional occupation numbers of the
Kohn—Sham orbitals, that is
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In the first implementation of the REKS method, a to the class of spin-restricted methods, it does not experience
geometric average of the two asymptotes (11) and (12) wasdifficulties with the spurious spin-contamination which

taken for the factof(n;,ns) in eq 10; see eq 13 plagues spin-unrestricted (DFT or not) calculations. This
REKS s however implies that, in the calculation of singtétiplet
f 7 (nLng = (nng (13) energy separations, the triplet state energy should be

. ) ] _calculated with the use of the spin-restricted method as well.
This choice provides a reasonable account of the nondynamicrhys, the spin-restricted open-shell KS (ROKS) method is
electron correlation combined with the sufficient suppression employed in the present work for the calculation of these

of the double counting of the dynamic correlation, as was {ifferences in connection with the REKS method.
confirmed in comparisons of the REKS results for “normal”

single-reference states with the results from the conventional3_ Computational Details
single-reference KS method.

Recently, another algebraic expression for the factor
f(nr,ns), which interpolates between the asymptotic regimes
(11) and (12), was suggested. This expression, eq 14,

For each one of the different systems described in the next
section, we have computed the magnetic coupling constant
with the use of both, the broken symmetry UKS and the
REKS/ROKS, approaches discussed above. The extended
REKS(e _ 1-12nnetoll+o). s basis sets are employed which consist of the 6-313 basis

FrESE™n,ng = [nnd i 0=04 (14 set on Cu and the 6-31G* basis set on the remaining atoms.
Several exchange-correlation functionals are examined which
gttart from quite opposite extremes. At one extreme, we have
the Hartree-Fock method which uses the exact nonlocal
exchange and neglects the electron correlation effects (except
for a part of nondynamical correlation introduced through
the spin polarization). At the other extreme, there lies the
Local Density Approximation (LDA) which employs local
exchange and correlation functionals. However, because this

the planar ethylene) with the standard closed-shell single- 2PProach fails to describe most magnetic systems, it is not

reference KS approach (RKS). Calculations employing the considered here. Hence, the pure DFT methqd choser) in this
6-311(d,p) basis set together with the B3LYP density WO'K is the gradient-corrected BLYP density functional
functional and the geometries optimized with the RkS Obtained by using the Becke (B) exchaffgend the Lee
method for the planar ethylene and with the old REKS Yang—Parr (LYP) correlation function& which is based

method for the twisted ethylene give total energieEdfE= on the original work of Colle and Salvetti on the correlation
—78.6139345 alEREXS = —78.6145855 au, angREKS(new= factor#9°0 Next, we explore a couple of hybrid HF/DFT

—78.6139726 au for the planar geometry. Thus the new functionals which incorporate a certain amount of the Fock

formula (14) provides considerably better elimination of the €Xchange. These are the BH&HL¥Pand B3LYP func-
double counting of the dynamic electron correlation in the fionaP? which both use the Becke gradient corrected
“normal” state. The old REKS formula (eq 13) “overshoots” exchange and the LYP correlation funct|onal§ and mix in
the total energy by 0.408 kcal/mol, whereas with the new 20% and 21% of the Fock exchange, respectively.
formula as in eq 14 the REKS energy differs from the RKS ~ The broken symmetry UKS and ROKS computations have
one by 0.024 kcal/mol only. This implies that the effect of Peen carried out using the GaussiattQ@ackage, and the
the double counting of the dynamic correlation should not REKS calculations have been carried out with the CO-
be observed in practical calculations. For the orbitally LOGNE2005 codé?
degenerate state of 99wisted ethylene, both formulations
of REKS, the old and the new one, yield total energies of 4. Selected Reference Systems: Structure
—78.5064634 au aned 78.5064635 au, respectively, which and Exchange Constants
are practically identical. The advantage of the new formula In order to investigate the effect of spin symmetry require-
(14) will become obvious later on when discussing the ments on the predicted magnetic coupling constants of real
singlet-triplet separations in binuclear metal complexes. systems as well as to further analyze the performance of the
The fractional occupation numbers in REKS are analogous different exchange-correlation functionals, a set of binuclear
to the natural orbital occupation numbers in conventional Cu complexes covering a broad rangeJofalues, ranging
wave function multireference methods. Thus, one can analyzefrom strong ferro- to strong antiferromagnetic couplings, has
the REKS density and energy in similar terms as in been chosen. This set of molecules has been selected
conventional WFT. Because of the variational nature of the according to the following criteria: (i) In order to minimize
REKS energy functional, the one-electron properties, includ- the zero field splitting effects which can be problematic in
ing the energy gradient, can be straightforwardly obtained a nonrelativistic approach, as the one used here, we have
from its density matrix. The feasibility of the REKS method exclusively considered binuclear copper(ll) complexes; (ii)
makes it an attractive alternative to conventional multiref- The simplicity of the molecular structure with a moderate
erence methods in WFT, in particular, when large molecular number of atoms (in some systems, the large innocent groups
systems, such as those studied in the present work, aréhave been substituted by simpler groups); (iii) A wide
considered. Moreover, because the REKS method belongdiversity of bridging ligands; (iv) The crystalline structure

satisfies the condition (11) in the vicinity of the orbitally
(near) degenerate state and provides a better suppression
the double counting of the dynamic electron correlation in
the “normal” state; a detailed description of this new formula
and the choice of the parameters in it will be given elsewhere.
This is evidenced by the results of the calculations for the
planar and the 98twisted ethylene carried out with the use
of the old formula (13), with the new formula (14) and (for



DFT: Magnetic Coupling in Cu Binuclear Complexes J. Chem. Theory Comput., Vol. 3, No. 3, 200/69

Table 1. Cambridge Structural Database Notation, Chemical Formula, Magnetic Coupling Constant, and References for
Experimental Structure and/or Magnetic Data of the Six Compounds Studied in the Present Work

CCDC refcode chemical formula J(cm™) ref
YAFZOU [{ Cu(phen)}2(u-AcO) (u-OH)](NOz)2-H0 111 56
XAMBUI [{ Cu(dpt)} o{ u-O2C-(175-CsHa)Fe(n°-CsHs)} 2] (ClO4)2 2 57
PATFIA [{Cu(dmen)}2(u-OMe){ﬂ-OZC-(n5-CsH4)Fe(;75-C5H5)}] (C|O4)2 —-11 58
CAVXUS [{ Cu(petdien)} 2(u-C204)](PFs)2 -19 59, 60
CUAQAC02 [{ Cu(H20)} 2(u-AcO)4] —286 61
BISDOW [{ Cu(bpy)(H20)(NO3)} 2(u-C204)] —382 62

is well characterized experimentally, even with the positions The coordination environment is completed by a tridentate
of H atoms well determined. The resulting set of structures, N,N,N',N"",N"-pentaethyldiethylenetriamine (petdien) ligand
together with the corresponding standard abbreviations asresulting in a pronounced trigonal bipyramidal (pentacoor-
in the Cambridge Structural Datab&8eyhich will be used dinated) character. The deviation from the square planar to
henceforth, is listed in Table 1. The relevant experimental the trigonal bipyramidal geometry results in a reduction of
data has been taken from refs-5&2, and the compounds the antiferromagnetic coupling, as shown by Kahn and co-
are sorted in the order of decreasihgalues. workers®®

In order to avoid mixing structural and electronic effects, =~ The CUAQACO02 complex is the well-known copper(ll)
the crystallographic structures for which the magnetic acetate which consists of two copper ions bridged by four
parameters have been measured have been used withouicetate groups in a paddle-wheel core. The coordination
further optimization. In BISDOW we excluded the nitrate environment of the metal ions is square-planar pyramid, with
ligands since it has been found that these do not significantly & water molecule in the apical position. This system has been
affect the calculated coupling constant values. Following the studied by many groups either experimentally or theoretically
previous work, all ferrocenecarboxylate ligands in XAMBUI and is one of the best known models for fundamental
and PATFIA complexes have been replaced by formiate magnetic studie®

groupsy’>8 BISDOW consists of a centrosymmetric binuclear neutral
In the following we provide a short description of the more mMolecule where the two copper ions are bridged by an
salient features of each of these compounds. oxalato bis-chelating anion. Coplanar to the bridge there are

YAFZOU shows a triplet ground state, and its structure two.terminal 2,2—bipyridin.e chelating ligands, providing a
contains a dimeric Cu(ll) cation where the metal ions are P&SiC square planar environment for the copper atoms. In
bridged by a hydroxo and a carboxylato ligands. Two addition, a nitrate anion and a water molecule coordinate
terminal 1,10-phenantroline ligands configure an essentially 82ch metal center at longer distances, thus completing a 4
square planar coordination geometry for each copper atom. T 111 coordination mode. The influence of these groups
The resulting core geometry leads to a strong ferromagnetic®" the magnetic coupling is negl]&I\|g|bIe, especially for the
coupling which agrees with the well studied magnetostruc- Weakest nitrate ligands, at 2.75 A bond distance.
tural correlation for this kind of heterobridged com- g5 Results and Discussion

plexes?®6365 The results for the six compounds described above, and
XAMBUI contains a centrosymmetric dicopper(ll) cation  symmarized in Table 2, confirm previous findiRg¥-38
which consists of two [Cu(dpt)] fragments (dptdimeth-  yeviewed at length recenf§ but also add some new,
ylpropilenetriamine) bridged by two ferrocenecarboxylato interesting and somehow unexpected features. First, let us
ligands insyn,antibinding, which form a core consisting of  concentrate on the predictions of the broken symmetry
a six-membered ring in a chair conformation. Copper atoms gpproach for the different methods described in section 3.
are in a square-pyramidal coordination, with parallel basal The most evident trend is that HF largely underestimates
planes, where each carboxylate group is bonded to a basathe magnitude of the magnetic coupling constant, whereas a
position of one copper and one apical position of the other. pyre DFT method such as the gradient corrected BLYP
This disposition makes the magnetic orbitals parallel, which |argely overestimates it. The prediction of the two hybrid
obscures the superexchange pathways, thus resulting in a veryethods represents a general improvement although some
weak ferromagnetic coupling. necessary remarks will be raised in the forthcoming discus-
PATFIA consists of two Cu(ll) ions bridged by one sion. Except for the very weakly antiferromagnetic PATFIA
methoxo and one ferrocenecarboxylato group. The coordina-compound, all methods correctly predict the ferro- or
tion sphere of each copper ion is completed by one bidentateantiferromagnetic character. This is quite an unexpected
chelating ligand (dmer= N,N-dimethylethylenediamine),  conclusion, especially for the HF method since, at first sight,
resulting in a slightly distorted square planar environment. one would expect the nature and the extent of electronic
In this compound the methyl group of the bridge is close to correlation effects to be different for the different compounds.
the Cu-O(CHs)—Cu core plane, leading to an antiferromag- However, previous analyses of the electronic correlation
netic coupling. effects based on accurate configuration interaction wave
CAVXUS contains a binuclear cation where the copper functions reveal a common origin of the most important
atoms are bridged through an oxalato bis-chelating ligand. terms®7:68 confirming earlier analysis based on perturbation
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Table 2. JValues (in cm~1) Using Spin Unrestricted and
Restricted Formalisms for the Different Binuclear Copper
Complexes Studied in This Work

broken REKS/ROKS
symmetry J= Abst
compound J=2(E(BS) — REKS
[J exptl] method E(T)) REKS (new)
YAFZOU HF +37 +18 +18
[+111 cm™] BH&HLYP +91 +89 +87
B3LYP +194 +269 +264
BLYP +261 +462 +447
XAMBUI HF +0.1 +0.1 +0.04
[+2.5cm™] BH&HLYP +0.7 +1.0 +0.75
B3LYP +3.9 +7.0 +6.2
BLYP +24 +32 +31
PATFIA HF +16 +11 -0.2
[-11cm™Y BH&HLYP +9.0 +78 +32
B3LYP -61 +247 +139
BLYP —493 +105 —55
CAVXUS HF -1.0 -0.5 -1.1
[-19cm™1 BH&HLYP —-5.3 0.3 —-3.4
B3LYP —21.2 19.6 +3.3
BLYP —83.3 +83.1 +27.4
CUAQACO02 HF -39 -12 -20
[-286 cm™1] BH&HLYP —-132 —47 -91
B3LYP —429 —158 —285
BLYP —1121 —595 =774
BISDOW HF —49 -17 -30
[-382cm™] BH&HLYP —160 —68 —135
B3LYP —634 —224 —429
BLYP —2299 —1164 —1361

theory®® Therefore, one can conclude that for strongly ferro-
or antiferromagnetic compounds, even the HF method will
predict a qualitatively correct magnetic description although
it is not clear that this simple approach will be able to make

Moreira et al.
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Figure 1. Experimental versus HF, BH&HLYP, and B3LYP
calculated broken symmetry values of the magnetic coupling
constant of the six compounds studied in the present work.
The experimental versus experimental plot is also drawn for
reference. Values for the corresponding correlation factors are
given in egs 15—17.

corrected method such as BLYP leads to a global description
which is even worse than the one obtained with the HF
method. Moreover, the independent term in eqs-18
provides a measure of the limitations of each method. Thus,
within the broken symmetry approach, HF and BH&HLYP
should not be applied to compounds where the magnetic
coupling is antiferromagnetic and of the order of-115 cnt!
because they will predict a ferromagnetic behavior. The fact
that HF and BH&HLYP underestimate the magnitude of the
magnetic coupling constant is also clear from the values of
the slope of the straight lines in eqs 15 and 16 which is
significantly smaller than 1. Notice also that the correlation
improves with decreasing the amount of Fock exchange, the
21% included in the B3LYP functional being close to an
optimum value, at least for the list of compounds studied in

good predictions about the magneto-structural correlations.the present work. This can be deduced from the small value
For weakly antiferromagnetic compounds such as PATFIA of intersect with thel.c axis. However, the slope of the

it is likely that HF will make a wrong prediction. Notice,
however, that the situation for weakly ferromagnetic com-

linear regression suggests that the broken symmetry B3LYP
predicts] values which are clearly too large. Assuming, with

pounds is different since HF predicts the right ferromagnetic no theoretical justificatiod$3*35that the energy of the broken

character of XAMBUI. This is because direct exchange,
explicitly accounted for in the HF method, makes a very
important contribution to ferromagnetic interactions.

A more quantitative picture can be found by inspecting

symmetry solution is an estimate of the energy of the open
shell singlet state will lead to a slope 60.8, closer to the
desired value but still with an average 20% error. Therefore,
the good correlation found for hydroxo- and alkoxo-bridged

the correlation between the experimental and calculatedCu(ll) binuclear complexé® and some other binuclear

values (Figure 1) which, for each exchange-correlation
potential, is given below

Joe=0.165J,,,+10.108 withRP=0.94  (15)
Jonet = 0.489J,,,+ 14.896  withR® = 0.98  (16)
Jo5e” = 1.608),,— 1.193 withRP =0.99 (17)
e, =4.757J,,,— 155.08 withR=0.91 (18)

Equations 16-18 show that all methods including a part of

complexes does not seem to hold when the magnetic coupling
spans a wide range of values and when the nature of the
bridging ligands is also of increased complexityHere, it
is worth pointing out recent studies on magnetic solids
evidencing that the proper choice of Fock exchange is less
universal than desired and therefore is dependent on the type
of system. In fact, previous calculations have shown that at
least for NiO* and cuprate$"?the best percentage of Fock
exchange is~35%.

The results obtained from the broken symmetry approach
evidence once again the strong dependence of the magnetic
coupling constant on the exchange-correlation functigh.

Fock exchange are able to reproduce the experimental trendOne can, of course, still argue that the good correlation for
in a semiquantitative way and, also, that a pure gradientthe B3LYP results is indicative of the suitability of this



DFT: Magnetic Coupling in Cu Binuclear Complexes J. Chem. Theory Comput., Vol. 3, No. 3, 200771

Jicale) 400 1 JBH&H — 5 4157

calc

+22.204 withR*=0.96 (19)

exp

Jose " =1.328J,,,+ 79.087 withR® = 0.95 (20)
Jexp.) From results in Table 2 and the correlation in eqs 19 and
200 20 it is clear that the use of a formalism which is rigorously
spin restricted does not largely improve the results. This is
contrary to what is expected and to what is commonly found
when using wave function formalism. The direct conclusion
is therefore that the exchange-correlation functionals inves-
tigated are not capable of correctly describing open shell

=60

=+ exp

: BHaHLY systems. This is confirmed by the analysis of the results
600 obtained using the HF exchange potential (and no correlation
Figure 2. Experimental versus BH&HLYP and B3LYP cal- potential) in the RO'_(S/REK_S formulas. The predicteq
culated ROKS/REKS(new) (cf. eq 14) values of the magnetic ROHF/REHF magnetic coupling constants are smaller in
coupling constant of the six compounds studied in the present absolute value than those predicted using the broken sym-
work. The experimental versus experimental plot is also drawn metry approach. This is because the broken symmetry
for reference. Values for the corresponding correlation factors approach introduces an uncontrolled amount of dynamic
are given in eqgs 19 and 20. electron correlation through spin polarizatitrand, hence,

the UHF broken symmetry results are usually very similar

functional to describe magnetic interactions in these systems.to those obtained through a Complete Active Space Con-
This is even more the case if one decides to neglect spinfiguration Interaction wave function. However, in the ROKS/
symmetry considerations and take the broken symmetry REKS formalism the amount of dynamical correlation is
energy as that of the singlet state and computeing eq 2 minimized to avoid a double counting since this has to be
instead of eq 6. This line of reasoning is only based on introduced by the correlation functional. Using the REKS
numerical argumerft3’®and lacks fundamental theoretical formula as in eq 13 or 14 leads to a similar qualitative
support*35 A better assessment of the reliability of the description (Table 2). A somewnhat better correlation between
existing exchange-correlation functionals in the description the experimental and the calculated results is obtained using
of the magnetic coupling can be made by using a method the new REKS formula as in eq 14. Since the BLYP results
which does not rely on the broken symmetry approach and, are always grossly overestimated (by a factor-8) we will
therefore, does allow one to avoid referring to the expectation focus in the results corresponding to the BH&HLYP and
value of the square of the total spin operator which is not B3LYP hybrid functionals which are summarized in Figure
really defined within the framework of DFT since it is a 2. This plot is qualitatively similar to Figure 1, and the slope
two-electron operator. This is because in DFT, the density, of the straight lines (0.415 and 1.328) is very similar to the
and not the N-electron wave function, is the main math- values in eqs 16 and 17 for the broken symmetry calculations.
ematical object, and one can claim that the Kelam However, the linear regression lines appear to be somewhat
determinant is just a construct to get the density. However, displaced to the left with a concomitant increase in the
in such a case one can only use DFT to get the energy ofintercept to thel.,c axis. This is a clear indication that when
the ground state without any information about its spin state. used in rigorous spin restricted formalism the BH&HLYP
This point of view will, of course, restrict the use of DFT to  and B3LYP exchange-correlation functionals tend to grossly
ground state properties only, and prediction of magnetic overestimate the ferromagnetic component of the magnetic
coupling constants will not be possible. The spin-Restricted coupling.
Ensemble-referenced KohiBham (REKS) method de- A clear conclusion of the above discussion is that, for a
scribed in section 2 offers a theoretically well-grounded given exchange-correlation functional, the scale factor
alternative since it ensures that the final density for the petween experimental and either broken symmetry or ROKS/
antiferromagnetic state arises from a singlet state. Using theReks values is almost the same, provided the latter are
ROKS procedure for the triplet state permits one to compute displaced to the origin of coordinates. A corollary of the
Jasineq 2, that is using exactly the same mapping that oneconclusion above is that eq 6 must be used when employing
would use when aiming to compuddrom a wave function  the broken symmetry approach, otherwise the scale factor
approach. between experimental and calculated values corresponding

Now, let us focus on the results for the magnetic coupling to a given functional will be method dependent. To sum-
of the compounds in Table 1 as predicted from the ROKS/ marize, broken symmetry and ROKS/REKS lead to similar
REKS formalism and using different correlation functionals. descriptions although with the present functionals the latter
As in the case of the broken symmetry results, a more exhibits a trend to overestimate the ferromagnetic interac-
guantitative picture can be found by inspecting the correlation tions. However, the fact that the deviation is rather systematic
between the experimental and calculated values (Figure 2)opens the possibility for the development of improved
which, for the two hybrid exchange correlation potentials, functionals which will allow for a rigorous treatment of open
is given by eqgs 19 and 20 below. shell systems in density functional theory.



772 J. Chem. Theory Comput., Vol. 3, No. 3, 2007 Moreira et al.

6. Conclusions de Catalunyaprojects 2005SGR-00697, 2005 PEIR 0051/

In this work we have investigated the performance of two 69, and Distincioper a la Promociale la Recerca Univer-

different formalisms to describe open shell systems in density Sitaria de la Generalitat de Catalunya granted to F.I. Part of
functional theory by analyzing the calculated magnitude of the computer time was provided by the Centre de Super-
the magnetic coupling constant in a series of Cu(ll) binuclear computaciade Catalunya (CESCA) through generous grants

complexes. The two open shell formalisms are the broken from Universitat de Barcelona, Fundadiatalana per a la
symmetry approach, where the spin symmetry requirementsRecerca and BSC.

are neglected, and the restricted ensemble Kd@mam
method, where the spin symmetry is fully taken into account.
The series of compounds includes both ferro- and antifer-
romagnetic compounds and cover a broad range of values.

The present study confirms the strong dependence of the
calculated magnetic coupling constant with respect to the
exchange-correlation functional. This is found to be a general
conclusion which does not depend on whether spin symmetry
is imposed or not. All methods, including HF and gradient
corrected functionals, are capable of properly describing the
main trends, especially for compounds with large values of
the magnetic coupling constants. However, the HF method
largely underestimates this property, whereas pure density
functional largely overestimates it. The use of hybrid
functionals improves both the correlation between calculated
and experimental values and the quantitative agreement with
the experiment. However, even the hybrid B3LYP functional
is shown to be unable to accurately predict magnetic coupling
constant in different families of compounds.

The use of a method which guarantees the correct spin
state does not improve the correlation with respect to
experiment and indeed shows some worsening due to an
overestimation of the ferromagnetic interactions. However,
for a given exchange-correlation functional, the scale factor
between experimental and either broken symmetry or ROKS/
REKS values is nearly the same although only if a displace-
ment of the coordinate origin is carried out for the latter.
This fact provides further support to the argument about the
use of proper mapping to obtain meaningful values of the
magnetic coupling constant even if the final results may not
be in numerical agreement with experiment due to the above-
mentioned dependence of the calculated value on the
exchange-correlation functional.

To conclude, the spin unrestricted broken symmetry and
spin restricted ROKS/REKS approaches lead to similar
descriptions of the magnetic coupling constants. However,
in the latter case and with the present exchange-correlation
functionals, a rather systematic deviation is found. Therefore,
it would be possible to develop improved functionals which
will allow for a rigorous treatment of open shell systems in
density functional theory. In this sense, a particularly

promising approach could be the use of the recently proposed

local hybrid functionals which for the prediction of
thermodynamic data have very recently proven to be
competitive with other hybrid functional such as B3LYP.
Clearly, the performance of such new functionals in the
description of magnetic coupling needs to be explored.
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