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Two effective computational approaches for the study of magnetic exchange interactions in large molecules are
discussed and tested on a number of model systems, namely, broken-symmetry (BS) and single-determinant (SD)
models. Both methods are based on the density functional theory (DFT) but exploit different approximations to
deal with multiconfigurational problems. Our results show that the BS model provides semiquantitative results
for widely different situations, such as metahdical interactions and metametal interactions mediated by inert
organic bridges. Although more refined (and expensive) methods are needed for truely quantitative work, the
BS/DFT approach provides a very useful tool for the rationalization of magrsttoctural correlations and for

the comparison of different bonding situations in large systems involving transition metal atoms.

Introduction Thibeault, and Hoffmarhand Kahn and Bridtadapted the

. . N . . Anderson model to molecular systems. This latter formalism
The expenme_ntal Investigation of exchan_ge Interactions (orbital model of exchange interactipis still widely applied

betwgen magnetic centers in molecula_r or solid state SYsteMsy, rationalize the magnetic properties of molecules and to derive

constitutes one of thelmam re_search topics in modern ChemIStry'qualitative magnetostructural correlations in bridged binuclear

I.n solid state inorganic chemlstry, magnemrugtural corrgla- transition metal systems using semiempirical quantum chemical

tions are widely use_d to |nterp_ret the ma_lgnet|sm of solids a_nd calculations. In extended systems, the exchange interactions

to develop synthetic strategies affording compounds With o een nearest neighbors are stronger than those between more

expected magnetic propertlllaslzn b|0|n9rgan|c chemistry, the  gigiant magnetic centers and determine the short-range electron
understanding of the magnetic interactions between metal centers. ) alation and the low-dimensional magnetic behavior. The
provides information about the coordination environment and magnetic electronare rather well localized onto single para-

r}nagnetic centers in the so-calledagnetic orbitals The

permits assessments regarding the geometry of active sites i
enzymes. In the last few years, a number of magnetic systems interactions between the magnetic orbitals therefore govern the
nset of the exchange interactions. The latter are determined

containing organic free radicals (such as nitroxide derivatives)

and paramagnetic transition metal lons have b‘?e“ synthesize y two main factors: the exchange energy between electrons

as possible precursors for ferromagnetic matefials. of equal spin, which favors a parallel alignment of the spins
Exchange-coupled systems are characterized by the presencgetyeen two adjacent centers (the so-cafletential exchange

of a manifold of states of different total spins, nearly degenerate i, the Anderson theofy, and the overlap between the magnetic

in the absence of spirorbit coupling and of magnetic fields,  rpitals, which gives rise to a transfer of electron density

populated at room temperature. Understanding the electronicpeqyeen the paramagnetic centers and favors the antiparallel

origin of these spin states has long been a challenge forgjignment of the spins (the so-calléihetic exchangén the

theoretical chemists and physicists. The first theoretical inter- aAnderson theod). The interaction between magnetic orbitals

pretation of the magnetic properties of exchange-coupled can pe direct direct exchange interactigror can occurvia

systems dates back to 1963, when Andetswoposed a model  jigand-centered orbitals(perexchange interactipn Qualita-

for magnetic properties of insulators. In 1975 and 1976, Hay, tjvely, the exchange interactions can be understood in terms of

exchange pathwaysvhich connect the magnetic and ligand
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highways for the propagation of the correlation between the /
magnetic electrons. An example of exchange pathways is
shown in Scheme 1. Examination of the exchange pathways

arising from several different metaligand conformations led  \yhereas the other orbital is localized on the paramagnetic ligand
Goodenough and Kanamori to develop the qualitative fules center, usually a* orbital of a nitroxide group. The interaction
aided experimentalists for many years and were recovered byoccurssia the formation of a bond between the metal and the
the orbital model of the exchange interactfdh.Quantitative  yagical. This situation is opposite to that commonly found for
calculations of the magnetic exchange interactions require anpolynuclear transition metal complexes, where the exchange
accurate description of the multiplet structure of the molecules jnteractions are generally propagated through diamagnetic
for the ground and the lowest excited states. This task can bepyidging ligands, and can be viewed as weak bonding interac-
accomplished by starting from the conventional HartrEeck tions between the metal centers, on which the unpaired electrons
(HF) molecular orbital theory and using extensive configuration are mainly localized. Despite this difference in the electronic
interaction (Cl) to correlate the magnetic electrons. By use of origin, the magnetic effects are always due to the presence of
the pseudopotential approach to incorporate the effect of coregifferent spin multiplets, populated at room temperature.
electrons, rather large molecules can be treated alifisitio Depending on the relative orientation of the radical and the
level. Following the pioneering work of De Lot al.®aseries  transition metal, a strong bonding interaction can result (usually
of papers appeared dealing with the calculation of the singlet yith the oxygen of a nitroxide group of the radical), leading to
triplet splitting in binuclear copper(ll) complexésComplete  the stabilization of a nonmagnetic singlet state. On the other
active-space (CAS) multiconfigurational calculations have been nand, when the magnetic orbitals are nearly orthogonal, a
used to describe the exchange interactions in a series of 0x0magnetic spin state becomes lower in energy than the singlet
bridged complexe¥? According to the increasing complexity  state. Two classical geometric situations leading to different
of the wave functions, a number of exchange pathways have magnetic behaviors are shown in the Chart 1. Only a few
been recognized as important in transmitting the exchange caiculations, based on a limited ClI expansion, have been
interactions, such as double-spin polarization and charge transferperformed on these systems. It has been suggested that the
contributions. In 1979, Noodleman and Norriesuggested a  mechanism of propagation of the magnetic interactions depends
formalism based on a broken spin and space symmetry single-on the value of exchange integrals and on spin polarization
determinant wave function for describing the low-spin state, mechanisms through azcbrbital orthogonal to the magnetic
which accounts for a large part of the electron correlatfon.  metal orbitall?
This formalism has been widely used within density functional |y aimost all the cases considered so far,ahénitio methods
theory (DFT}3and applied to clustetsas large as [R&Ry]™. have been found to correctly describe either weak bonding
A few HF calculations have been also reported. interactions between metal ions or bonding between transition
Until recently, less attention has been devoted to the exchangemetals and organic radicals. The computed energy sequence
interactions between transition metal ions and free organic of the spin multiplets agrees well with the experimental data.
radicald® (nitroxide derivatives in most cases) where the However, calculations involving transition metal ions, even
magnetic orbitals can be described as follows. One orbital is ysing pseudoptentials to account for the core electrons, are
mainly localized on the metal center, usually coming from |engthy and are not, therefore, well suited for comparison
antibonding interactions with surrounding diamagnetic ligands, between different geometric situations to afford magneto
structural correlations. The use of the broken-symmetry (BS)
approach greatly reduces the computational effort. In this
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(9) (a) Miralles, J.; Daudey, J. P.; Caballol, ®hem. Phys. Lett1992
198 555. (b) Miralles, J.; Castell, O.; Caballol, R.; Malrieu, JORem.
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Fink, K.; Fink R.; Staemmler, VInorg. Chem.1994 33, 6219.

(11) (a) Noodleman, L.; Norman, J. G., Jr.Chem. Physl979 70, 4903.
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two systems are very questionable from a chemical viewpoint
but offer the opportunity to be treated at any level of accuracy
and to model weak bonding interactions between 1s electrons
on the H centers mediated by s and p electrons of the He and
F atoms, respectively. The main conclusion of Rappal.l®

was that the HF-BS approach is capable of giving results
surprisingly close to those obtained by large-ClI calculations.

We felt it important to organize the different theoretical

approaches used for the quantitative study of the exchange
interactions by including DFT calculations, which are becoming
very powerful tools in computational quantum chemistry of large

(17) (a) Musin, R. N.; Schastnev, P. V.; Malinovskaya, Slnrg. Chem.
1992 31, 4118. (b) Ovcharenko, V. I.; Romanenko, G. V.; Ikorskii,
V. N.; Musin, R. N.; Sagdeev, R. 2norg. Chem.1994 33, 3370.
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systems. Also we wished to treat in the same framework Broken-Symmetry Formalism. The BS formalism, widely
transition metal clusters and transition metal complexes boundused for quantitative calculations of the exchange-coupling
to organic radical systems with the aim of searching for a constants in polynuclear transition metal complexes, has been
computational model which could account for exchange interac- reviewed several times:** In this formalism, a one-to-one
tions having different electronic origins. The approaches we correspondence is established between the energy of a Slater
will apply and compare are the BS formalism and the direct determinant built up with orbitals localized on different centers
calculation of the multiplet structure using the single-determinant and bearing electrons with opposite spin and the energy of a
(SD) technique. The latter approach was developed by £.D., microstate withMs = 0 computed using the effective Heisen-
using the principles of Zieglegt al.,'° and has been appli&d berg-Dirac—Van Vleck spin Hamiltonian

to the calculation of the multiplet structure of the excited states

of [Ru(bpy)]?". To the best of our knowledge, this is the first H =JS;'S, 1)

time that this approach has been applied to the calculation of

the multiplet structure arising from magnetic exchange interac- WhereJ is related to the multiplet energy splitting according to
tions. Since our aim is to study model systems as near as

possible to real chemical systems, we will focus our attention J= E(S —E(S-1) @
on exploiting the applicability of DFT. Results ab initio CI S

and CAS-SCF calculations will be taken as references in cases ) )
where experimental data are not available. In (2), E(S) represents the energy of a state with total spin

The paper is divided into three main sections. In the first Equation 1 is widely used to reproduce experimental data, and
section, a brief outline of the computational methods, especially J IS known as thenagnetic exchange-coupling constaiftor a
BS and SD formalisms, is given. In the second section, the binuclear system of spi§; = S, the energy of the BS state is
results obtained with the different methods for the simple model @ Weighted average of the energies of pure-spin multiplets and
systems H-He—H and HNO—H are presented and compared. J €an be obtained from the equation
In the third part, the same computational tools are applied to
more realistic systems: different structures of the JClgj%~ = ES +S) —EBS) )
complex and the [(acagJu(ONH)] model system. The 2SS,
systems studied in the second section represent the simplest
models of weak bonding interactions:—le—H and, for long whereE(BS) is the energy of the broken-symmetry determinant.
H—O distances, HONH, models for the interaction between The termbroken-symmetry stateeans that a localized solution
a 1s orbital and ar* orbital orthogonal to it. 3e-z* orbital of the spin states is usually obtained by using an electronic
interactions are considered for the more complex model symmetry lower than the actual geometric symmetry. The use
[(acac}Cu(ONH)], in which the axial nitroxide radical is  of eq 3 reduces the calculation of the multiplet structure in a
approximated with the simplest possible nitroxide, namely binuclear system to the calculation of the total energies of two
ONH,. [CuxCle]2~ complexes can be considered as classical Slater determinants, one representing the state with the highest
examples of exchange interactions between transition metal ionsspin multiplicity and the other a state wits = 0 built from
and have been the object of extensive experimental andwave functions localized onto the different metal centers. Using
theoretical investigation®; therefore, they appear to be a spin projection techniques, it has been shown tB&BS)
challenging test case for any calculation on magnetic exchange.accounts for most of the electronic correlation for the singlet

state, like, for example, ligand spin polarization effeédtsThe

Methods of Calculatior?? actual form of eq 3 has been shown to be valid when the overlap

The calculation of the low-lying energy levels in exchange- [Ntégral, Si», between the magnetic orbitals is smaif <<
coupled systems requires the evaluation of the energies of all1), Which is likely to be the case for weakly bonded paramag-
the spin states resulting from different occupations of a set of Netic moieties. A more general formula has been detived
one-electron levels. This means that a multideterminant wave for any value ofSy,, which shows that eq 3 can lead to an
function in needed. Since, in addition, the energy spacing of Overestimation of thd values as large as 50% whéip = 1.
the multiplets is of the order T, the electron correlation can ~ BY using (3), one is therefore always overestimating the value
play a dramatically important role. Multiconfigurational wave ©f J. In the BS model, the high-spin state is completely
functions can be handled at tab initio level only with large ~ Uncorrelated and its energy is usually taken from spin-
computational costs. Therefore, large molecular systems canUnrestricted calculations. , _
be treated only as single-point runs and magnsteuctural Single-Determinant Formalism. The calculation of the
correlations on real chemical substances are generally prohibi-mumplet splitting using single determlna_nt_s is dlspussed in detail
tive. Much effort has thus been devoted to develop a post-HF elsewheré>19 Following these results, it is possible to replace
computational formalism based on an efficiently truncated C| the energy of a single determinant by the corresponding
expansiorf. Alternatively, use is made of the density functional Statistical energy as obtained in DF theory. In the case of
(DFT) formalism, which is expected to be reliable because the sym_metrlcal mole_cgles with degenerate orblta_ls, thg individual
exchange and the correlation contributions to the electronic Multiplet states arising from an open-shell configuration cannot,
energy are naturally incorporated into the functionals of the in general, be expressed by a single determinant. That is, DF
electron density® Such an approach also offers the advantage calculations do not yield multiplet energies directly. One uses

of drastically reducing the computational costs. then irreducible tensor operators an_d the V\_/lgrﬁtckart
theorem to describe the multiplet manifold. This allows one
(18) Daul, C.Int. J. Quantum Chem994 52, 867. to write the energy of a multiplet arising from a given
(19) Ziegler, T.; Rauk, A.; Baerends, E. Theor. Chim. Actal977, 43, configuration as a weighted sum of single-determinant ener-
261, . ) gies’®1° Following this line of thought, one can exploit
g% Bg;’(';irﬁ; AB_ ?‘gg{;g:&ﬁ E_me_ogﬂlsgl?géggseg] 3354532,3?,538_ symmetry to the largest possible extent in order to simplify the

(22) See the abbreviation paragraph at the end of the paper for the
explanation of the symbols used. (23) Noodleman, L.; Case, D. MAdv. Inorg. Chem.1992 38, 423.
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Moreover, the exchange integridl, can be obtained directly
from the energy difference betweéB and3B according to

o L. el o)

Hence, we obtain the energies of the complete multiplet pattern

m [ by = as

E1 +E4 +\/(E1 —E4)2 +4(Eg —Eg)z

Scheme 3 S 2
|b> | b2> "',—,,,
S —" E4
— 2E2-E3
XRIRERRPEPLPPRR |ab>
da> > la>

&
|la2> Eq

E{+E4 —\/(51 -E4)" +4(E, - E5)

o> . . .
0 The exchange-coupling constaiitis obtained from the energy
relation between the multiplet splitting and single-determinant difference of the two lowest lying multiplets.
energies and thus keep computational effort to a minimum. The orbital situation shown above is typically encountered
The calculation of the exchange-coupling constahtjs in oligonuclear transition metal complexes. When the interac-

essentially an extension of the multiplet calculations to exchange-ion between a transition metal complex and an organic radical
coupled systems. We give next a short description of the IS considered, théA states correspond to charge transfer states

method. in which one unpaired electron is transferred to the organic
Consider the coupling of two magnetic orbitals via a single radical from the metal andice versa. Therefore, these states

bridge atom, like that shown in Scheme 2, and the corresponding@'€ higher in energy than the B states, which become the low-
MO diagram shown in Scheme 3. For only the HOMO and Ying multiplets.

LUMO (or SOMO in the triplet state) orbitals, the following Actual calculations of the single-determinant energies can be
four multiplets arise:|&2 1Al |ab!B[] [ab3BL) |b? 1ALl Assum- performed by using a transition state procedure in which the
ing that |aJand |bd0do not belong to the same irreducible active orbital_s are all equally p_opulateo! or separately converging
representation, the following energy diagram is obtained: each determinant and computing the difference between the total

energiesASCF). The two procedures have been found to yield
comparable results in previous cases, but in the following, we
will apply only the ASCF procedure, which, although more
E(b?) expensive, appears more theoretically sound. Although this
formalism can be used within any single-determinant theory,
lab 1B> — .o — 2E(a*by)- E(a*b*) we have used only the I_DFT approach, as implemente_d in the
Amsterdam density functional (ADF) code.In all cases, triplet
state energies have been computed by an unrestricted approach,
lab3B> — — E(a*b*) sbir';(_i_ezgi’t is well-known that spin contamination is negligible in
E(a?) Multideterminant Formalism. From a formal point of view,
[@21A> e an open-shell singlet must be described by at least a two-
Kab/[E(a%)-E(b)] determinant wave function. Although a closed-shell singlet is
— correctly described by a single Slater determinant, the contribu-
where the superscripts and — label the spin of the electron  tion of the next biexcited singlet state is of fundamental
andE indicates the energy of a single Slater determinant. The importance when weak bonding interactions have to be con-
above considerations are not limited to the orbital interactions sidered. In such circumstances, a CAS(2,2) approach is the
shown in Scheme 3, but are valid in general when we are simplest general-purpose recipe. At the same time, spin
considering two magnetic electrons (active electrons) in two

molecular orbitals (active orbitals)adand [b0 Using the (24 g?;istt_efgg’g‘te'::ggﬂtyl';ggmo”a' (ADHRevision 2.0.1; Vrije Univer-
approach described in ref 15, the energies of the following single (25) Baker, J.. Scheiner, A.: Andzelm, Ghem. Phys. Lett1994 216

determinants are to be evaluated: 380.

| Kap/[E(@?)-E(b2)]
|b2 T1A> v
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contamination is often quite strong in the UHF wave functions

of triplet state€> As a consequence, these have been described

either by an ROHF procedure or by spin projection on the UHF
solution (PUHF). Starting from a converged CAS computation,
dynamic correlation is introduced by multireference MgHer
Plesset perturbation theory (orthogonal valence bond Mgller
Plesset 2, OVB-MP2¥ available in the Gaussian 94 series of
programs’ However, the results obtained for the smallest
model systemsi{de infra) show an oscillatory behavior of the
perturbative contribution to the energy with the number of active
orbitals included in the CAS. Although reliable results are
obtained when all the valence orbitals are used in the CAS,
this approach becomes prohibitive for systems containing

transition metal ions. As a consequence, for the larger systems

the electron correlation was accounted for by a CAS calculation
followed by a second-order ClI calculation including a reduced
number of external orbitals. The orbitals to be included in the
calculations were selected by projecting the most significant
atomic orbitals onto the molecular orbitals issued from the CAS
step. Further details will be given for any particular case. It
was shown in several papers that the QCISD(T) meffod,

although based on a single-reference formalism, is able to

recover a large part of the nondynamic correlation. As a

consequence, we performed some computations also by this

method. Finally, some attempts to reach the full-Cl limit for
small systems were performed by the CIPSI algori#fmin

this method, a multireference space is progressively enlarged

to include all the configurations whose interaction with those

already present in the variational space is larger than a given
threshold. In a second step, dynamic correlation is computed

by a second-order barycentric MghePlesset treatment. Re-
ducing the threshold for inclusion in the variational space, it is
possible to monitor the convergence of the computations. All
the configurations were taken into account variationally in the
case of H-He—H, whereas the threshold was reduced up to
convergence of the results in the case gNB—H, where core
electrons of N and O were not introduced into the correlation
treatment.

The H—He—H and H,NO—H Models

The one-electron orbital scheme describing theH&—H
system is shown in Figure 1. The multiplet structure arises from
the distribution of four electrons in three orbitals. The low-
lying singlet is'=", and the triplet iSZ,". The singlet-triplet
separations (ST) computed for three-He distances usingb
initio and DFT methods are reported in Table 1.

Ab initio calculations on the HHe—H system were per-
formed with the programs GAMES®S, Gaussian 947 and
HONDO-CIPS#! using a 6-311G** basis set. DFT calculations
were performed using the ADF program packdgeith Slater

(26) Mc Douall, J. J. W.; Peasley, K.; Robb, M. 8hem. Phys. LetfLl988
148 183.

(27) 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.; Petersson, G. A,;
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,
W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.;
Martin, R. L.; Fox, D. J.; Binkley, J. S.; DeFrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, Gaussian
94, Revision B.2; Gaussian Inc.: Pittsburgh, PA, 1995.

(28) Pople, J. A.; Head-Gordon, M.; Raghavachari) KChem. Physl987,

87, 5968.

(29) Huron, B.; Rancurel, P.; Malrieu, J. P.Chem. Physl973 73, 5745.

(30) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon,
M. S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su,
S. J.; Windus, T. L.; Dupuis, M.; Montgomery, J. A.Comput. Chem.
1993 14, 1347.
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Figure 1. One-electron orbital scheme for the-Hle—H model system.

Table 1. Singlet-Triplet Separations (cn)2 Computed for
H—He—H at Different H-He Distances

H—He distances (A)

method of calcn 1.25 1.625 2.00
Ab Initio
CAS(2,2) 4204 476 48
OVB-MP2(2,2) 4358 420 26
CAS(4,3) 4294 484 46
OVB-MP2(4,3) 4530 492 48
QCISD(T) 4928 790 202
RU-BS 4298 526 60
PU-BS 4580 554 60
full Cl 4860 544 50
DFT

Xa-BS 6004 646 58
LDA-BS 12432 760 158
BP-BS 10529 1268 134
Xa-SD 5631 745 64
LDA-SD 9050 1553 183
BP-SD 7799 1170 123

2The reported values af€(*z,) — E(*Z,). Positive values indicate
that the singlet is the ground state. The abbreviations are explained in
the text.

triple-¢ functions to represent the s orbitals of the hydrogen
and helium atoms. The exponents of the functions are those
given in the ADF database. The full-Cl calculations compare
well with the values reportéé by Hart et al.: 4782, 530, and

52 cnr! for H—He distances of 1.25, 1.625, and 2.00 A,
respectively. The slight discrepancy between our values and
those of Hart et al.{2%) is probably due to the difference
between the basis functions used. The BS calculations at the
HF level give results which nicely compare with the full-Cl
ones. As already notéfP the difference between the two
methods more severely affects the singleiplet splitting at

long distances. This is indicative of a larger influence of the
correlation on these values. Reasonably good agreement with
the full-Cl results is obtained also with the CAS(2,2) calcula-
tions, showing that this relatively simple approach is still able
to include the largest part of the electron correlation. The
second-order perturbation corrections (OVB-MP2) do not cor-
rectly take into account the dynamic correlation except when
the full-valence active space (CAS(4,3)) is used. As mentioned
above, this procedure becomes prohibitive for larger systems
and has, therefore, been replaced by a reduced second-order
configuration interaction (SOCI) on the computed CAS wave

(31) Daudey, J. P.; Malrieu, J. P.; Maynan, D.; Pelissier, M.; Spiegelman,
F.; Caballol, R.; Evangelisti, S.; lllas, F.; Rubio, BSHF-CIPSI
Program Package
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Figure 2. Schematic drawing of the frontier orbitals for theND—H
model system.

functions. From another point of view, the QCISD(T) single-
reference approach gives very good results at ahieldistance

of 1.25 A, but its performance strongly degrades at longer
distances. Although this is probably connected to the onset of
strong spin contamination in the UHF reference function, we
refrain from applying approximate spin projection procedfres
to post-HF computations due to the lack of generality and to

their questionable theoretical foundation. As a consequence,

no further QCISD(T) computations were performed.
DFT calculations were performed by the BS and the SD
approaches using several different functionals. It is worth noting

that the two approaches are equal when the magnetic orbitals

are orthogonal to each other and localized onto different
magnetic centers, as in the case of th&lB—H model. Xo is

the local functiona® which approximates the exchange energy
and does not contain any correlation correction. The results
reported in Table 1 show thdEy" is the ground state, in
agreement with thab initio results, and also that the singtet
triplet energy gap (ST) has the correct order of magnitude.
Including correlation at both the lod4(WVN) and nonloca®
(Becke-Perdew) levels of approximation leads to a much larger
stabilization of the singlet state toward the triplet state.

For the H-He—H model, we can conclude that the BS
approach, at either the HF or the DFT:Xevel, yields results
in fair agreement with those of full-Cl calculations.

Ab initio calculations on bENO—H were performed with a
6-311G basis set. DFT calculations were done with Slater
triple-¢ functions for the valence orbitals. The 1s core orbitals
of N and O were kept frozen. When the—® distance is
sufficiently large that the overlap between the 1s orbital of H
and the appropriate 2p orbital of O is negligible, HOMO and
LUMO orbitals are shown schematically in Figure 2. The
calculations were performed @, symmetry on the geometry
optimized in the triplet state, keeping the-@ distance fixed
atdoy = 1.9 A and the N-O—H angle fixed atowon = 180°.

The optimized geometric parameters g = 0.98 A, dyo =
1.38 A, andayno = 114.2.

In the triplet state, the HOMO and LUMO orbitals are singly
occupied. The borbital can be clearly assigned to an-®
a* orbital. The g orbital is mainly localized on the 1s orbital
of H, with a small contribution from an sp hybrid of O. This
view of the magnetic orbitals indicates that the exchange
interaction is propagated through the exchange pathwdy 1s
spOx*. This pathway is expected to be ferromagnetic as long
as the sp and* orbitals are orthogonal. Placing two electrons
in the a and h orbitals gives rise to four state€4, sym-
metry): 3B4, 1By, and twolA;. The twolA; states represent,

(32) Yamaguchi, K.; Toyoda, Y.; Fueno, Them. Phys. Letl989 159,
459,

(33) Slater, J. CQuantum Theory of Molecules and SojitcGraw-Hill:
New York, 1974; Vol. 4: Self-Consistent Field for Molecules and
Solids.

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

(35) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Perdew, J. Phys.
Rev. B 1986 33, 8822.
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Figure 3. Dependence of the total energies of the three lowest
electronic states of #lO—H on the G-H distance. The insert shows
the corresponding variation df(see text).

Table 2. Singlet-Triplet Separations (cm)® Computed for
H2NO—H with an O—H Distance of 1.9 A

method method
of calcn E(B1) — E(*By) ofcalcn  E(®B1) — E(*By)
Ab Initio

CAS(2,2)/ROHF —884 SOCI(6,4,8) —970

2 —2149 full Cl —962
CAS(6,12) —972

DFT

Xa-SD —931 BP-SD —668
LDA-SD —840

2The following abbreviations are used here: RMRPZE(®B;) and
E(*B,) obtained from restricted open-shell MP2 calculations; SOCI-
(n,a,e) = second-order CI calculation on an active spaca aftive
orbitals ande empty orbitals withn active electrons (this corresponds
to a CAS6,a) calculation followed by a CISD calculation includirg
virtual orbitals).

at large distances, charge transfer states in which the electrons
are localized on the H atom or in the@* orbital and are,
therefore, expected to be at higher energy as comparés to
and'B;. The variation of the relative energies of the three lower
lying multiplets, obtained by CAS(2,2)/ROHF calculations, as
a function of the O-H distance is shown in Figure 3. At
distances longer than 1.3 A, tRB; state becomes the ground
state with!B; as the next excited state. The computed variation
of the singlet-triplet splitting, J = E(3B1) — E(*By), is shown

in the inset of Figure 3. At 1.9 A, the two levels are close in
energy, and this geometric conformation was used to more
accurately investigate the influence of the computational model
on the singlettriplet energy gap. The results ab initio and

DFT calculations are collected in Table 2. All the models agree
on placing the’B; state lowest in energy. Electron correlation
was included in the HF formalism by using second-order ClI
calculations on triplet and singlet ROHF references. Also, we
chose a subspace of the entire electronic space which includes
the 1s orbital of H and the 2p orbitals of O (12 basis functions
from the contraction of 20 Gaussian primitives). Using this
space as the complete active space, we performed a CAS(6,12)
calculation and further a second-order CI calculation taking as
reference states those coming from a minimum CAS(6,4)
calculation (SOCI(6,4,8)). The results of all the calculations
compare well with the CIPSI result, which should be very close
to a full-Cl valence computation. Also, the uncorrelated ROHF
calculations differ only by 8% from the CIPSI result, showing
that, in the present case, the electronic correlation gives only
small corrections to the ST splitting. These contributions can,
however, become important when smaller ST splittings are to
be computed.
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Table 3. Singlet-Triplet Separations (cnt) Computed for
[CU2C|5]27

method @ (deg)
of calcn (o) 45° 70°
Ab Initio
LOC2 36 —58 87
DELOC? 6 —47 79
BS 1620 1331 1901
DFT

XaSW-BS 198 —-210 113
Xo-BS 122 —309 72
LDA-BS 362 —246 191
BP-BS 256 —200 109
Xa-SD —41 —-437 —106
LDA-SD 160 —374 45
BP-SD —-35 —402 —145
experiment 0to 40 —80t0o—90°

a Reference 92 Computed fokp = 90°. ¢ Reference 219 Reference
38. ¢ Reference 39.

DFT calculations, performed using the SD model, also agree
well with the CIPSI value. The best agreement is obtained by
using the X functional. Inclusion of correlation reduces the
ST gap, indicating that the singlet state is more influenced than
the triplet.

The [CuxClg]%~ and [(acacyCu—ONH,] Cases

[CuxClg]>~ complexes have long been used as test examples

for magneto-structural correlations. Several correlations be-

parameters have been established experimerifalijhe first

Bencini et al.

Figure 4. Schematic drawing and main geometric parameters of
[Cu,Clg]?>~ complexes.

tions are also reported. These calculations were performed with
the Gaussian 94 packa&jesing the Hay-Wadt optimized basis
set for coppers and terminal chlorine atothsThe core orbitals
were treated by using the appropriate pseudopoterftialhe
bridging chlorines were treated using a 6-311G all-electron basis
set. A p polarization function with an exponent = 0.06
was applied to all the chlorines. In order to obtain a better
localization of the molecular orbitals into the magnetic orbitals
of the broken-symmetry state, it was necessary to reduce the
covalency of the copperchlorine bond by removing part of
the electronic charge from the chlorines. This was achieved
by adding two N4 ions at a distance of 3.0 A from each copper
along the Cu-Cu direction. An STO-3G basis was applied to
each Na atom. Test calculations were performeg at 0°
without the Na atoms and showed a variation smaller than 5%
fn the computed ST splitting.

The referenceab initio results? shown in Table 3, were

tween the measured exchange-coupling constants and geometri

quantitative calculations of the exchange-coupling constants as,piained using a Cl expansion on the reference determinants

a function of geometric parameters date back to 1986 and were

based on the X-SW formalism?® In these calculations, the
effect of the tetrahedral distortion of the CyQilane on the
magnetic properties was reproduced. More recently,

structural parametefs.These calculations, based on a varia-
tional CI calculation of the ST splitting at trab initio level of
approximation, give figures in very good agreement with the
experimental data. The essential features of the mélzod

the direct calculations of the ST energy gap through a pertur-
bative expression which avoids the calculation of a small number
from large total energies and the use of the so-called ST splitting
observable-dedicated molecular orbitals in the CI proce®ure.
The results of these calculations, relevant for the present work
are collected in Table 3, and we will use these results as
results” to compare with other calculations. The effects of the
core orbitals of copper and chlorine on the valence electrons

were approximated by pseudopotentials. In Table 3, two series
of results are presented corresponding to the use of localized

(LOC) or delocalized (DELOC) molecular orbitals. The ST
splittings computed in the two cases differ significantly,
especially for the planar conformatiop,= 0°.

The model complex and the relevant geometric parameters

are shown in Figure 4. DFT calculations were performed using
the ADF program package with doublefunctions for the

obtained from an active space built up from the HOMO and
LUMO. These calculations agree well with the experimental
data. In particular, the observed change of coupling from anti-

a Seriesy, ferromagnetic on varying the angle from 0 to 45 is
of papers appeared dealing with the calculation of the depen- J S et

dence of the exchange-coupling constants on a larger series ofpiained.

reproduced and the order of magnitude of the ST splitting is
It is be relevant to remark at this point that the
geometric parameters which influence the ST splitting are
numerous and in any calculations one always uses some
idealization in the geometry of the model molecule. One cannot
therefore expect a full quantitative agreement with the experi-
mental data. In the present case, for examplexthedge angle
was held fixed at 95(which corresponds to an average value
of the angles seen in the crystal structuf@®irrespective of

the value ofgp. In order to verify if a simple model can be

; applied to [CuClg]2~, we performed HF calculations using the
exactgg approach, which succeeded in reproducing the ST splitting

in the model H-He—H case. The computed values of the ST
splitting are very different from the experimental data even
qualitatively (see Table 3), since they do not reproduce the
observed variation of sign, the singlet state always being much
more stabilized than the triplet state. These results are rather
surprising, since the HF-BS approach has been successfully
applied to monobridged oxygen complexes to reproduce the
antiferromagnetic ground state. The CAS(2,2) approach,
which was found to underestimate the ST splitting in the

copper and chlorine atoms. The core orbitals up to 2p for copper 37y (a) Hay, P. J.; Wadt, W. R. Chem. Phy<1985 82, 270. (b) Hay, P.

and chlorine were kept frozen. The ST splittings computed

using the SD and BS approaches are collected in Table 3. In

the same table, BS calculations at the HF level of approxima-

(36) Willett, R. D. InMagneto Structural Correlations in Exchange Coupled
Systems Willett, R. D., Gatteschi, D., Kahn, O., Eds.; NATO
Advanced Studies, Series C, Vol. 140; Reidel: Dordrecht, The
Netherlands, 1985.

J.; Wadt, W. RJ. Chem. Phys1985 82, 284. (c) Hay, P. J.; Wadt,
W. R.J. Chem. Physl1985 82, 299.

(38) (a) Abraham, S. C.; Williams, H. J. Chem. Phys1963 39, 2923.
(b) Vesses, P. H.; Fitzwater, D. R.; Rundle, R.A¢ta Crystallogr.
1963 16, 1045. (c) Maass, G.; Gerstein, B.; Willett, R. D.Chem.
Phys.1967, 46, 401.

(39) (a) Chow, C.; Willett, R. DJ. Chem. Physl973 59, 5903. (b) Willett,
R. D.; Chow, CActa Crystallogr., Sect. B974 B30, 207. (c) Bencini,
A.; Gatteschi, D.; Zanchini, Anorg. Chem.1985 24, 704.
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Figure 5. Isodensity surfaces)(= 0.07 (e bohr®)'?) of the magnetic

3ATY _ (1AM SAT _ (1AM
orbitals of [CuClg]>~ obtained from Xt-BS calculations at different of calen ECA™) — BCA")  ofcalen ECA") — ECA")

@ values (see Figure 4). Left: separate magnetic orbitals. Right: a Ab Initio
representative view of the overlap between the magnetic orbitals. CAS(2,2)/ROHF —52.4 SOCI(8,2,9) —50.3
SOCI(0,2,94) —485
H—He—H model, gives degenerate singlet and triplet states for DFT
[CuClg]2~. Forg = 0°, inclusion of correlation by single and ~ Xa-SD —180 BP-SD —169
double excitations from the CAS wave functions into the virtual -PA-SD -171
experimertft —10to—70

orbitals gave an ST splitting of 14 cnt!. These results are
in agreement with the calculations of Fink ef&bn a number a4 = 90° was used in all the calculationsThe 18 orbitals included
of model complexes. These authors found that CASSCF or in the SOCI calculations are the valence 3d orbitals on copper and the
valence CI calculations are not able to reproduce the magnitudeValence 2p orbitals on the oxygen atom of the radicRleference 16.
of the magnetic exchange-coupling constants, which requires
the use of more time-consuming multireference CEPA calcula-
tions20

DFT calculations (see Table 3) performed in the BS formal-
ism reproduce the correct ordering of the singlet and triplet . L .
states. The absolute value of the ST splitting is larger than the 1© overlap. Forp = 45, the bndg!ng orbltal_s are nearly or-
experimental values and the refererate initio results. The thogonal and favor a ferromagnetl_c interaction. ]
scattered-wave (SW) restiitand the Xu-LCAO result are The [(acac)Cu—ONH] complex is a model for a classical
comparable and can also be considered in fair agreement withSe€ries of compounds containing a transition metal ion bound to
the reference values. Inclusion of correlatioa the correlated @ Nitroxide radicat® The coordination environment of the
functionals induces a larger stabilization of the singlet state with transition metal ion (in the present, case copper(ll)) is modeled
respect to the triplet state and causes a larger ST separatior?y @n acetylacetonate ligand (real compounds generally use the
whenS = 0 is the ground state. The poorest agreement with hexaﬂuoro derlvatlve).. The nitroxide Ilgand. is rep.resented by
the exact values is obtained by the SD method. The LDA-SD the simplest model radical/NO* already used in the literatuté.
calculations are better than the BS ones in the antiferromagnetic' "e geometric arrangement and the Cartesian reference system
cases, whereas the opposite is true in the ferromagnetic situatiorf€ Shown in Figure 6.
corresponding tap = 45°. In this model, the singlet state is Ab initio calculations were performed using Hayadt
not sufficiently stabilized with respect to the triplet. As a Ppseudopotentiatéfor copper and for the oxygen and the carbon
conclusion, we can say that the BS approach seems in this cas@toms of the acetylacetonate ligands, while all electrons were
to account for a large part of the correlation of the singlet state kept for the nitrogen, oxygen, and hydrogen atoms of the radical.
while the SD model does not. Better results would be expected The basis sets were (9s,5p)/[4s,2p] for the N and O atoms of
if some of the dynamic correlation of the triplet state could be the radical, (4sp)/[2sp] for the C and O atoms of the ligands,
included. and (3s,2p,5d)/[2s,2p,2d] for Cu. The H atoms were treated

The use of the BS orbitals allows an easy visualization of Using a (4s)/[2s] basis set. The entire orbital space consists of
the exchange pathways within the active electron approximation 136 contracted functions. DFT calculations were performed
of the exchange interaction. The magnetic orbitals ob{g}?~ using doublez Slater orbitals with the standard exponents
computed in the ¥-BS formalism are shown in Figure 5 (left) ~ available in the ADF program package. The results of the
for ¢ = 0, 45, and 76. These are magnetic orbitals mainly calculations performed at = 90° (Cs symmetry) are collected
localized on one half of the dimeric molecule. Spin-up electrons in Table 4. The effect of the electron correlation on the
are represented on the left-hand side of each diagram. Spincomputed ST splitting was investigated by correlating the two
density is transferred from one center to the other by two main active electrons in the HOMO and LUMO orbitals with all the
mechanisms: the direct contribution (atomic orbitals of the other Virtual electrons through an SOCI(2,2,94) calculation. The ST
center directly contribute to the magnetic orbital) and the gap actually computed;-48.5 cnil, is very close to that
superexchange (spin density is transferred to the commonobtained by a simple CAS(2,2)/ROHF calculatier§2.4 cm?,
bridging ligands). The superexchange contribution is more indicating that, as already noted for the simpl&N®—H model,
nondynamic electron correlation is playing only a minor role
(40) Fink, R.; Staemmler, VTheor. Chim. Actal993 87, 129. in the exchange interaction. A more complete Cl approach was

relevant forp = 0 and 70 and favors an antiferromagnetic

alignment of the spins. The angular variation of the superex-
change contributions is better visualized in the right part of
Figure 5 in which the magnetic orbitals have been allowed
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model compounds representing two limiting examples of
exchange interactions. In the-HHe—H and [CuyClg]?~ cases,
3 the exchange interactions are propagatadiiamagnetic ligands
: Q@ : bridging two paramagnetic centers (superexchange). For the
*{:’).Q H,NO—H and [(acag)Cu—ONH;] models, the exchange inter-
. * ; actions are propagated through a direct mechanism involving
interactions between orthogonal orbitals favoring a parallel
alignment of the unpaired spins. In the latter cases, we have

Figure 7. Isodensity { = 0.07 (e bohr?)') surfaces of the magnetic  shown througkab initio calculations that nondynamic electron
orbitals of [(acagCu—ONH] obtained from %-SD calculations. correlation plays only a minor role in determining the value of

HO LLRACY

Table 5. Singlet-Triplet Separations (cm) Computed for the exchange-coupling constant. In agreement with previous
[(acac)Cu—ONHj] at differenty Angles findings, the opposite situation is encountered in the{Tlg}2~
» (deg) system. DFT models have bee_n found to correctly reproduce
- the sign of the exchange-coupling constants in all cases, but
method of calcn 0 45 they are not reliable for a quantitative estimation of the absolute
Ab Initio values.

CAS(2,2)/ROHF —53.0 —49.2 It is difficult at this point to indicate a general strategy for
DFT predicting the magnetic behavior of exchange-coupled systems,

ESAS_SDD e :i?g since a post-HF calculation of the electron correlation is
BP-SD 173 _178 generally too costly to be applied to real systems and DFT

models, which can easily handle large aggregates of atoms, give
only approximate values of the exchange-coupling constants
which can differ by up to 100% from the actual value. The
best strategy to follow in the future is probably to use DFT
models for scanning geometric variations over a rather wide
range of parameters and then accurately compute the multiplet
structure with post-HF methods only in selected areas of interest.

developed using as active orbitals all the 3d orbitals on Cu (six
in the Cartesian representation used in GAME’s8nd the 2p
orbitals of the O atom of the nitroxide radical. This yields an
18-orbital basis space in which we performed an SOCI(18,-
10,8) calculation. The results of these calculations gave an ST
- hl 1o
Zggglrg?eorfesﬁﬁ:s e, which must be regarded as the most Abbreviations. The following abbreviatiqns are used thr_ough-
DFT calculations give an ST splitting larger than that obtained ©Ut the paper: CA3(m) = complete active-space multicon-
by theab initio methods, but in any case always with the triplet figurational ISCF calculation involving a set oforbitals with
state as the ground state. CAS(2,2)/ROHF and DFT calculations” €lectronsit CASPT26,m) = MP2-2IeveI electron correlation
were also performed fap = 0 and 45 (Table 5). Inall cases, ~ correction to the CAS(m) energy}? QCISD(T) = quadratic

a ferromagnetic ground state was computed and the ST splittingC! c@lculation including single and double substitution with a
was almost constant with the angle, in agreement with the perturbative inclusion of triple substitutioARU-BS = broken-
experimental observations. symmetry calculation using the ROHF energy for the triplet

A perspective drawing of the HOMO and LUMO orbitals state; PU-BS= broken-symmetry calculation using the energy

(SOMOs in the triplet state) is shown in Figure 7. The HOMO of the triplet state obtained by spin projection from a UHF
is an antibonding CO orbital mainly localized on the 3¢ calculation; CISD= configuration interaction calculation with

metal orbital, while the LUMO is essentially formed by an-® single and double excitationspX= exchange function& with

7* orbital almost equally delocalized on the N and O atoms. A &N émpirical coefficient equal to 0.7; LDA= local-density

significant contribution to the LUMO comes from the8okbital ~ @PProximation to the exchange correlatiSrBP = Becke-
perpendicular to the CuCplane. This orbital is responsible Perdew gradient corrected exchange-correlation functi#nal;

for a transfer of electron density from the radical to the metal, XO_"BS' LDATBS' BP'BS= broken-symmetry calculations
suggesting the following ferromagnetic pathway for the ex- USINg the various functionals.
change interaction: 3¢ 3dz2 Il 7*. 1C961448X

Conclusions (41) Ab initio Methods in Quantum Chemistry-Llawley, K. P., Ed.; John

The performance of two formalisms developed for calculating “2) \(’Zi)'e'}s’\;] d%t‘;csfg)?t?g UM';-Ivmlqg\’/?;- 5. ARoos, B. O.; Sadlej, A. J.

multiplet energies, namely, the broken-symmetry valence-bond ™" wolinski, K. J, Phys. Chem199Q 94, 5483. (b) Andersson, K.
and the single-determinant approach, has been investigated on  Malmqvist, P. A; Roos, B. O.J. Chem. Phys1992 96, 1218.



