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The structures and spectromagnetic properties of some model copper nitroxide complexes were studied by
both density functional and multireference post-HartrEeck models in order to assess the reliability of
different computational procedures. Next, the most promising density functional was employed for a systematic
study of the effect of structural parameters and choice of the model system on the magnetic properties of
copper nitroxides. These results provided the reference data for the extension of our recent nitroxide force
field (J. Am Chem Soc 1998 120, 7069) to copper complexes. The resulting computational tool (consisting

of magnetic properties evaluated by density functional methods possibly using geometries optimized by cheaper
moleculear mechanics approaches) seems particularly effective and well suited for systematic use also by
nonspecialists. Extension to other metals is quite straightforward along the same lines.

1. Introduction .uCo

Rz Cg

The experimental investigation of exchange interactions ZT M/,_.Rn C‘o/
between magnetic centers both in a vacuum and in condensed MZ
phases represents one of the main research topics in modern 61 o
chemistry! \‘/\v

For instance, magnetostructural correlations are widely used a) i P ,96‘0‘5\
to interpret the magnetism of solfdand to develop synthetic Cim— 05— Os—=Cr Y
strategies affording compounds with suitable magnetic proper- ,/X
ties. Furthermore, in bioinorganic chemistry the understanding R
of the magnetic interactions between metal centers provides Ca\w\gn
information about the coordination environment and gives R
assessments about the geometry of active sites in enZ/mes. \g‘a .

In the past few years, a number of magnetic systems R
containing organic free radicals (like nitroxide derivatives) and i
paramagnetic transition metal ions have been synthesized as o’%’ L
possible precursors for ferromagnetic materfdtere, we will Sy X
concentrate on copper(ll) complexes. Although botand Ciy
bonding may occur between the nitroxide and the metal, only ce—
one example of the latter situations has been characterized,
namely, the CuB{TEMPOY complex (TEMPO is 2,2,6,6-
tetramethyl-piperidinyl-1-oxy) in which the ligand is bound in z
an? fashion. In all the other reported nitroxide complexes the 01\""{'7@ y
free radical is bound to the metal through the oxygen atom%nly. °) ) e
The complexes can be grouped into two classes, each possessing R/ /
characteristic structural and magnetic features. Complexes with
short-bonded equatorial ligands exhibit strong antiferromagnetic ;/

C

coupling? while those containing a long-bonded axial nitroXide
have ferromagnetic behavior. Schematic drawings of both
classes of complexes are shown in Figure 1. Figure 1. Schematic drawing of complexes studied in the present work

: together with labeling of atoms and main geometrical parameters. In
Although X-ray s’Fructures arg qvallable for cqmplexes of each thg simplified modelng groups are H atomg or methyl grzoups in place
class, their magnetic characteristics are often difficult to analyze 4 methyiene groups.
from an experimental point of view. For instance in the case of .
equatorial complexes Gatteschi ef @mphasize the difficulty represents a severe .challenge'for guantum mechanical methods
in obtaining reliableJ values, since the magnetic susceptibility SiNce they are obtained as differences between much larger
is essentially constant in the entire temperature range. At theduantities where both dynamic and non dynamic correlation
same time the computation of reliable magnetic couplings ffects play a significant role. ,
Since the chemically interesting systems are quite large and
* Corresponding author. Voice+39-081-5476503. Fax+39-0815527771,  the magnetic properties are quite demanding from a computa-
E-mail: enzo@chemna.dichi.unina.it. tional point of view, two limiting strategies have been employed.
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Either low-level quantum mechanical approaches have beenconfigurations give rise to low-lying singlet states, while only

employed to study real systems at experimental geometfies one configuration is involved in the triplet state.

or very small models of high symmetry have been seletted, The contribution of these excited configurations to the lowest

which allow the use of the refined post-Hartreeock methods singlet state is important, and neglecting them leads to an

needed to obtain accurate magnetic propetfiésAlthough underestimation of the singletriplet gap. This problem is

these approaches have provided a number of interesting resultsminimized by the presence of strong antiferromagnetic couplings

the structures of magnetic systems are often only poorly leading to large energy gaps between the ground and the excited

characterized from an experimental point of view and environ- singlet configurations. In such circumstances a single-determi-

mental effects (solvent, crystal) cannot be neglected in somenant wave function is close to the right solution for the ground

circumstanced! At the same time, too simple molecular models state, whereas the situation is much more involved in the more

could miss some structural feature needed to tune the magnetidnteresting situation of small magnetic couplings. A number of

interactionst! studies have shown that these latter cases can be treated more
These considerations point out the need for a comprehensiveeffectively by computing the energy of a fictive electronic state

theoretical approach allowing the geometry optimization of large intermediate between high- and low-spin eigenstates. In par-

structures for condensed phases also. Thanks to the recenticular, when considering two active electrons, the unrestricted

advances in algorithms and hardware, geometrical structures carsolution for the singlet state (referred to in the following as the

be fully optimized by quantum mechanics (QM) or molecular broken symmetry! BS, solution) is the sum of two compo-

mechanics (MM) models including, when needed, a proper nents: a triplet ) and a singlet\'s),

treatment of environmental effec¢sUnfortunately, refined QM

computations are still too expensive for molecules containing Wes =aWs+ bWy (1)

several heavy atoms. On the other hand, the MM approach rests .

on the availability of simple and accurate force fields for the with energy

description of potential energy surfaces governing conforma- E..= a%E. + b’E )

tional transitiong817 Last generation density functional (DF) BS S T

methods could provide an effective solution for these problems, and of course

since they generally couple reliable results with reasonable '

computer times. At the same time, more refined computations 24+p’=1 ©)

can be performed using DF geometries, and force fields for new

systems can be optimized with reference to DF computations Therefore, the singlettriplet gap (usually denoted agd)2can

for a suitable training set. Next, powerful composite methods be written as

(ONIOM, QM/MM, etc.) can be employed for investigating very

large compounds, possibly including bulk solvent effects by 2] —E.— E. = Egs — Er )

continuum model3®> Some attempt in this direction has been ST o

done for biradicalf$13-18and metal dimer$?2°but comparable

studies are still lacking in the field of metal radical compleXes. Since the expectation value of the spin square opef&tar
The present study is devoted to the development and is O for the true singlet and 2 for the triplés is nothing else

validation of integrated computational tools for the study of but half the expectation value & for the broken-symmetry

magnetic properties in large size metal nitroxide systems. The state:

paper is organized as follows. After a short description of the

computational details and theoretical background, two sections b2 = 1@1155|§|IPBSD (5)

are devoted to the validation of the DF approach for the study 2

of structural and magnetic properties both of model systems

and of more realistic complexes. In particular, in the first section

we present a comparison between methods based on the densi

functional theory and multiconfigurational methods of reduced

dimension for model Cu(ll) complexes interacting with the 2)=2(Egs — E;) (6)

simplest nitroxide radical ((NO). In the second section we

study the geometrical structure and magnetic correlations of which is the original result by Noodlem&hEquation 4 for the

[(acacyCu—TEMPQ] and BsCu—TEMPO, where acac repre-  more general case of nonorthogonal orbitals has been employed

sents the acetylacetonate liga#idn the last section we report  several times with remarkable reswi#s26 In particular, it has

the essential details of the extension of our nitroxide force field been given in a very similar form by Ovchinnikov and

to copper complexes and discuss a few applications of the newlLabanowsk?®> whereas Yamaguchi and co-workers use (rewrit-

As a consequence, when the BS solution is the average of singlet
and triplet states (i.e., the two magnetic orbitals are degenerate
Y¥nd orthogonal), we get

QM/MM approach. ing eq 4b of ref 24 with our notation)
2. Theoretical Background Eps + BTs
I . . . Es= (Ess— Ep) (1)
Quantitative calculations of the magnetic exchange interac- [§Q - [$2@s

tions require an accurate description of the multiplet structure

for the ground and the lowest excited states of the system atUsing eqgs 3, 5, an@3 = 2, we get

hand. This corresponds to the evaluation of the energies of all 5 o 5 5

the spin states resulting from different occupations of a set of _ 2Egq(a” + b°) — 2b°Ey _ Egs — bEr
one-electron levels. Although the highest spin (HS) state has a ST 2(1— b 11— p?
single-determinant representation, this is not true for the other

spin states. For instance, in the simple case of two active which leads directly to eq 4.

electrons, such as in copper nitroxide complexes, three different To proceed further, we recall that for a singlet state

(8)
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N N/2 N/2 EElLYP — O.ZEHF + 07558 + ELYP (13)
Slds=7 - Z; IS712 ©) ° " T
! EMPWIPW= g 2 + 0.7V + ECV  (14)
whereN is the number of electrons aﬁﬁ is the overlap
between the spin orbitalexCand|jreferring to opposite spins.  All the geometrical parameters of the complexes have been fully
Neglecting next spin polarization (i.e., assuming that the overlap optimized at the B1LYP level using an unrestricted formulation
between spin orbitals for opposite spins is negligible except for (UBL1LYP) for triplet states and the analytical gradient procedure

the magnetic spin orbital@Jand |b[), we get available in the GAUSSIAN 98 package. All the magnetic
properties have been computed using these geometries. We are
[§@S =1- Sﬁb2 (10) well aware that unrestricted geometry optimizations can lead
to serious artifacts for strongly spin contaminated cases, but all
and the triplet states considered in the present work are virtually
uncontaminated (2.&¢ <S> < 2.01 estimating<S$?> from
2] = ZEBS —E (11) Kohn—Sham orbitals).
1+ Sab2 By use of the same geometries, multireference computations

have been performed using the CAS facility of the G98 package
as given by Noodleman and Nornfarand in ref 26. In the ~ and a modified version of the CIPSI packd§ewhereas
following we will use the more accurate eq 4, which can be molecular mechanics geometry optimizations have been per-
also generalized for arbitrary mixtures of spin st&fe8ithough formed using our modified MM-4142force field included in
computation of¥Cin DF methods is not free from difficultie, the Hyperchem packadé.
it has been repeatedly shown that the use of eq 9 (i.e., of the
Slater determinant built with the KokiSham spin orbitals) 4. Results and Discussion
provides sensible results. In any case, the same reservation (i.e.,
that a wave function is not explicitly needed in DF approaches)
would impede also use of eq 11.

As mentioned above, we have studied two different geo-
metrical situations corresponding to axial and equatorial posi-
tions of the nitroxide ligand, respectively (see Figure 1). In
3. Computational Details general terms the m{?\gnetic o'rbitals of [(a@ﬁ]@—ONHz] '
complexes are essentially obtained from the singly occupied

All the quantum mechanical computations have been per- z* orbital of the nitroxide radical and from one doubly occupied
formed with the help of a locally modified version of the (FMO2) and one singly occupied (FMO1) orbitals of the Cu-
GAUSSIAN 98 packag using for Cu and Br quasi relativistic (acac) fragment (see Figure 2).
effective core potentials (ECPY,in which 19 and 7 electrons In the axial complex FMO1 is generated by the antibonding
are left out of the core for Cu and Br, respectively. Valence jnteraction between the,gorbital of the copper atom and the
electrons have been described by the so-called Laffi2dzis Sp? orbitals of oxygen atoms belonging to acac groups, whereas
set augmented by polarization functions on the Brat@i  for symmetry reasons, the more stable fragment orbital (FMO2)
0.451). The all-electron 6-31G* basis ¥ehas been used for  ig nothing but the & orbital of the Cu atom. On the other hand,
H, C, N, and O. , in the equatorial complex both the?dand dy orbitals of Cu

We have employed both conventional DF methods and HF/ ¢ap, interact with the Sporbitals of the oxygen atoms of acac
DF hybrids. In the former case, we have consideredaid — grops, leading to more delocalized fragment orbitals. As a
SVWN local model® together with generalized gradient consequence, FMO1 is slightly less stable in the axial complex
approximations (GGA) due to Becke (Bor to Perdew and  yhere antibonding interactions with four oxygen atoms are
Wang (PWj* for the exchange and to Lee, Yang, and Parr gnerative, whereas only three interactions of this kind are
(LYP)® or to Perdew and Wang (PW)for the correlation.  yosible in the equatorial complex. At the same time, FMO2 is
However, we have replaced the original PW exchange functional yore stable in the axial complex, where it corresponds to the
by our mPW model, which has an improved long-range . cy orbital, whereas an antibonding interaction with the axial
behavior’’ _ _ _ oxygen of acac is possible in the equatorial complex. Thus, the

Following current practice, conventional functionals are gpjitting between fragment orbitals is significantly larger in the
denoted by linking the acronyms of their exchange and ayja| complex.

correlation parts (.e.g.., BLYP or PWPW), V\{hereas for hybrid —\y/hen interactions between Cu(acaand the nitroxide radical
models a digit (indicating the number of additional parameters) are switched on in the axial complex, a weak interaction is

separates the exchange and correlation acronyms. The populayiqyeq hetween FMO2 and the N orbital, whereas FMO1
B3LYP hybric?-*® corresponds to remains unaltered (see Figure 2). Of course, the two magnetic

B3LYP LSD HE B orbitals (HOMO and LUMO) have different symmetries but
Ee = Tach T -agE" +a,AE + quite close orbital energies. In this case the two singlet states
(1-a)E +aE"" (12) having both electrons in the same orbital correspond to excited
charge-transfer configurations, and the ground singlet state has
where the local contribution to the exchange enefgy) is one electron in each magnetic orbital.
that of the uniform spin-polarized electron 482 the local In the equatorial complex both fragment orbitals have a

correlation componentet™P) is represented by the Vosko ~ nonzero overlap with the NGr* orbital; then bonding and
Wilk —Nusair (VWN) parametrizatio?? and the three semiem-  antibonding interactions between the partners lead to a signifi-
pirical constants are those determined in the original work of cant splitting of the resulting frontier orbitals (HOMO and
Becke® i.e., axo = 0.80,ay; = 0.72, anda; = 0.81. Using, LUMO) and, as a consequence, to antiferromagnetic behavior.
instead, a single parameter to mix HF and DF exchaftes, These qualitative considerations will be used in the following
obtain the BILYP and mPW1PW modé&ls to analyze the quantitative results obtained by different methods.
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Figure 2. Schematic interaction scheme for the formation of axial and equatorial complexes.
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Figure 3. Magnetic orbitals of the axial Cu(acaEhNO complex.

TABLE 1: Singlet—Triplet Separation (cm~t) Computed for
the Axial Conformer of [(acac),-Cu—ONH;]

method of calculation

P=Es— Er(cm™)

Xa

SVWN
BLYP
B3LYP
B3PW91
B1LYP
mPW1PW

CAS(2,2)/ROHF
exptk

aFrom ref 6.

190
151
134
80
110
91
88

71
10-70

(a) Validation of Electronic Models. Axial ComplexIn the S i i ) ;
axial complex the coordination around the copper(ll) ion is a 1)- The principal distortion from an ideal geometry is the
distorted square pyramid with the O atoms of the acetylacetonatediSPlacement of one of the O atoms out of the plane containing
fragments occupying the equatorial positions and the O atom the basal square of the pyranfitiAt the same time the axial

of the nitroxide ligand binding in the axial positid®.

Three positions of ONKwith respect to the Cugplane have

been considered as represented by different values gf drgle ) ' ; | |
(see Figure 1). Experimentally, it was found that the triplet state Sduare-pyramid structure without these distortions induced by

is always the ground state irrespective of theangle valué.
As mentioned above, the HOMO is an antibonding-Qu

orbital mainly localized onto the 3gmetal orbital, which points

findings$® Since the system has a fairly strong ferromagnetic
behavior, electronic exchange plays the dominant role in
determining the ST splitting. Therefore, both DF models and
simple ab initio approaches can be used to describe the magnetic
structure of these systems.

From a quantitative point of view, the couplings obtained by
local functionals (190 and 151 crhat the X and SVWN level,
respectively) are reduced including gradient corrections (134
cm™1 at the BLYP level) and finally led to close agreement
with experimental results when adding also some exact exchange
(80 and 91 cm! at the B3LYP and B1LYP levels, respectively).
At the same time, the detailed form of the correlation functional
does not play a negligible role (80 and 110<¢rat the B3LYP
and B3PW level, respectively). As is well-known, the PW
correlation functional includes, contrary to the LYP one, the
contribution of electrons with parallel spins, thus increasing the
stabilization of the triplet state. As a consequence, thd S
energy gap for ferromagnetic systems provided by the B3PW
functional is larger than its B3LYP counterpart.

The B3LYP and BLLYP energy gaps are very close to
experimental values, but the triplet state is slightly more stable
at the B1LYP level because of the larger contribution of HF
exchange (25% vs 20%).

Equatorial ComplexIn this complex the nitroxide group is
equatorially bonded with a short €© distance (see Figure

oxygen atom is displaced from its ideal site leading to an
O—Cu—0 angle (110.3 significantly larger than the standard
value of 90. In our calculations we have employed an idealized

the crystal environment.

It has not been possible to determine experimentally a reliable
magnetic coupling in this and related systems, since both

toward the equatorial oxygen atoms, while the LUMO is experimental and theoretical considerations suggest that the

essentially formed by a NO x* orbital almost equally

magnetic coupling is strongly antiferromagnetj2J( > 500

delocalized onto the N and O atoms but with a nonnegligible ¢m ). This is related, of course, to the significant overlap
contribution of the ¢ orbital of copper (Figure 3).

The results of the calculations fgr = 90° are reported in

between the g orbital of the Cu atom and the* orbital of the
nitroxide radical, leading to the HOMO and LUMO shown in

Table 1. CAS(2,2)/ROHF and BS-DFT calculations have been Figure 4.

performed also fofy = 0° and 48. In all cases a ferromagnetic
ground state is computed and the-B splitting is almost
independent of they angle, in agreement with experimental

Results of CAS(2,2)/ROHF and DFT computations with
different functionals are displayed in Table 2. This is a case in
which the standard BS formalism overestimates the magnetic
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TABLE 3: Singlet—Triplet Separation (cm~1) Computed for
the CuBr,—ONH, Molecule

CUBYZ_ONHZ
method of calculation B0 2)=Es— Er (cm™)?2
Xo 0.0 —6100
SVWN 0.0 —7332
’ BLYP 0.0 —6600
HOMO LUMO B3LYP 0.2346 —4068 (-4785)
Figure 4. Magnetic orbitals of the equatorial Cu(acatyNO complex. B3PW91 0.2346 —4079 (-4796)
B1LYP 0.3596 —3600 (—4389)
TABLE 2: Singlet—Triplet Separation (cm~2) Computed for mPW1PW 0.3660 —3647 (-4463)
the Equatorial Conformer of [(acac),-Cu—ONH,] CISD —5530
method of calculation 0 2J=Es— Er (cmY)? CISD(all electron) —5659
CCSD —5371
Xo 0.0 —1737 CAS(2,2)/ROHF —9825
SVWN 0.0 —2846 CAS(10/6) -10502
BLYP 0.0 —1772 CIPSI —11800
B3LYP 0.8344 —1402 (—2407)
B3PW91 0.8342 —1372 (-2366) a|n parentheses values corrected for overlap.
B1LYP 0.8735 —1342 (-2382)
mPW1PW 0.8764 —1309 (2331)
CAS(2,2)/ROHF —1900

a|n parentheses values corrected for overlap.

HOMO LUMO

Figure 6. Magnetic orbitals of the CuBH,NO complex obtained at
the CAS(2,2) level.

—4068 cn1l; B3PW91,—4075 cnt; BILYP, —3600 cni?;
mMPW1PW,—3647 cnmY).

As shown in Table 3, increasing the weight of exact exchange
in the functionals, one observes a stabilization of the triplet state
with respect to the values obtained at the BLYP and SVWN
coupling by more than 50% because the overlap integrals levels. CISD calculations for the singlet state have been
between the magnetic orbitals are quite large. performed correlating all the occupied valence orbitals with the

The complex is strongly antiferromagnetic, and as expected, LUMO orbital. The lowest triplet state remains unaffected by
the magnetic coupling increases in absolute value when overlapa similar expansion because of the Brillouin theorem.
effects are included in the BS formalism. Given the dimension  The singlet-triplet energy separation calculated at this level
of the system, we could not perform an accurate calculation of is in good agreement with the results obtained by B3LYP and
magnetic exchange; nevertheless, DFT and CAS(2,2) results ard81LYP models including a proper treatment of overlap. We
comparable. have also performed calculations on the singlet state by both

The values obtained by functionals including some exact CAS(2,2) and CAS(10,6) approaches. In the first case we have
exchange (B3LYP and B3PW) are close to each other, while introduced the nondynamic correlation only between the HOMO
the BLYP magnetic coupling is significantly smaller; at the same and LUMO orbitals, while in the second case we have included,
time the detailed form of the correlation functional plays only together with the LUMO orbital, also the five highest occupied
a minor role, as shown by the very similar B3LYP and B3PW Vvalence orbitals having the same symmetry. The values of both
results. Like in the axial model, the B1LYP functional increases CAS computations are very similar and indicate a strong
the stability of the triplet state with respect to B3LYP because antiferomagnetic behavior. The magnetic orbitals obtained by
of its larger content of HF exchange. multiconfigurational methods are shown in Figure 6.

n?-ComplexThe particular diamagnetism of this systemisa  Unlike the single-determinant approaches (HF, DFT), in the
direct consequence of the multicentered linkage delocalized overMCSCF formalism the frontier orbitals are typical orbitals with
the five atoms of the coordination plaffeThe LUMO orbital bonding and antibonding interactions between Cu and NO
(see Figure 5) has antibonding BBr and Cu-Br character fragments. In particular, the LUMO is very similar to that
with a large weight of p orbitals of Br atoms and, at the same calculated with the HF and DFT methods, while the HOMO

HOMO LUMO

Figure 5. Magnetic orbitals of the CuBH,NO complex obtained at
the B1LYP level.

time, an antibonding interaction between the N®and the becomes a bonding orbital with large weights both of the Cu
metal dy orbitals. The HOMO (see Figure 5) is a nonbonding atom and of the NOz* orbital.

orbital with large weights on both Br atoms and the N® This trend can explain both the particular antiferromagnetism
orbital. of 2 systems and the large increase of the singfigplet gap

The magnetic exchange couplings, calculated at the ab initio when going from single reference methods (DFT, HF, CISD)
and DFT levels, are collected in Table 3. The result obtained to a multiconfigurational formalism. To better elucidate this
by a local functional (SVWN,-7332 cn1?) is reduced in point, we have performed also CIPSt6calculations using the
absolute value including gradient corrections (BLYF6600 CAS(2,2) natural orbitals of the singlet state. The singlet and
cm 1), and even more by adding some exact exchange (B3LYP, triplet states belong to the same symmetry)(And thus, they
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can be obtained by a single calculation. The final CIPSI
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of the ferromagnetic interaction in the axial complex. The

magnetic coupling (obtained after several steps, where amagnetic exchange computed for the geometry optimized at the

threshold selects the determinants that contribute to the first-

order wave function of the state studied until arrival at the
convergence of the energy) is quite close to the CAS valde (2
—11 800,—10 500, and-9800 cnt! by CIPSI, CAS(10,6),
and CAS(2,2) methods, respectively).

In summary only multireference approaches give reliable
results for this complex, since the orbitals provided by single

B1LYP level indicates that the system is ferromagnetic and that
this interaction is rather weak (50 and 43 ¢hat the BILYP
and CAS level, respectively). The magnetic coupling is thus
quite similar to that of the model studied in section A (50 vs
91 cnrt at the BILYP level), the difference being related to
geometry optimization rather than to the use of different
nitroxide radicals. In fact, when the geometry is frozen to that

reference procedures are not sufficiently reliable for the singlet used in section A, the coupling obtained for the TEMPO radical
state. However, also in this case DF methods provide reliable (89 cnm?) is nearly identical to that found for the;NO radical
geometries (see below) that can then be employed in more(91 cnT?). Nevertheless, all these values are higher than the
refined computations of model compounds, the more so, sinceexperimental result (13 cr). We have tried to better elucidate

the magnetic properties obtained usingN® or the true
TEMPO radical are very close.
(b) Geometric Structures and Magnetic Properties In the

this point by computing the magnetic coupling at different values
of the # angle. The most striking aspect of these computations
is that the magnetic coupling decreases, increasing drgle,

previous section, we have shown that reliable magnetic proper-and foré ~ 10° it becomes very close to the experimental value
ties can be obtained by hybrid HF/DF approaches using (15.0 vs 13.0 cm?). For6 = 0°, the Cu-O1—N; angle is 1860,
experimental geometric structures. However, in most cases thesé© the 7* and d, orbitals are orthogonal to each other
data are not available, so it is important to investigate if the irrespective of they and¢ angles. As discussed in ref 4, in
same quantum mechanical methods are also able to provide goodhis case the antiferromagnetic contribution vanishes and a
geometries_ To this end we have selected the B1LYP method,moderate ferromagnetic Coupling deVelOpS. ThUS, in this SyStem
which gives results close to the B3LYP approach with a reduced the 6 angle plays a key role in tuning the magnetic coupling,
number of parameters. Geometries have been fully optimized Which shows, at the same time, an exponential dependence on

at this level for the triplet state of the axial complex and for the

the Cu-0; distance.

singlet state of the equatorial complex, whereas the geometries Equatorial Complex In the experimental structure the

of both states have been optimized for tffecomplex. Note

molecule is a discrete five-coordinate monomer with a pair of

that, on the basis of some test computations, we have alwayschelating hfac ligands and a monodentate O-bonded nitroxide

replaced the four methyl groups of TEMPO by hydrogen atoms.

Axial Complex The geometrical parameters of [(ac&i)—
TEMPO] have been optimized with the only constraintGaf

radical. On the basis of the bond angles at the copper atom,
Lim and Dragd® suggested that the coordination geometry is
between square pyramidal and trigonal bipyramidal. Next

symmetry. In Table 4 the calculated geometrical parameters areDickman et al:3* on the basis of the pattern of one long and

compared with the X-ray data available for the bis(hexafluo-
roacetylacetonato)(4-hydroxy-2,2,6,6-tetramethyl-piperidiyl-
oxy)copper(ll) (TEMPG-OH).’2

All the B1ILYP geometrical parameters are close to experi-
mental values2 In particular, the copper(ll) ion is displaced

four short Cu-O distances, suggested that the configuration is
best described as distorted square pyramidal. We have used this
latter configuration where the nitroxide group is equatorially
bonded with a short CtO distance in a distorted square
pyramid.

out of the plane defined by the acetylacetonate oxygen atoms The nitroxide oxygen atom Othen occupies a basal

in the direction of the oxygen atom (¥of the nitroxide radical.

coordination site and is nearly coplanar with Cu, @nd Q,

At the same time, the acetylacetonate rings are slightly bentand these four atoms define the basal plane of the square

away from the axial site occupied by the nitroxide oxygen atom.
Also, this small distortion is reproduced by our computations,
since the B1LYP dihedral angle between these two plan€$ (10
is very close to the experimental value of°15

The optimized value of theé angle (see Figure 1) is
significantly larger than its experimental counterpart (33§
10°), but it is very similar to the value expected for an ideal
coordination through a lone pair on art$ybridized nitroxide
oxygen atom (69).

In the crystal structure the O(nitroxide) and O(hydroxyl)
atoms of the bridging ligand (TEMPEOH) are axially
coordinated to different metal ions, and this leads to aCu
O—N angle much larger than that expected for aftgbridized
oxygen atom. At the same time the particular conformation of
the nitroxide radical in the crystal structure could induce both

pyramid. The principal distortion from local symmetry about
Cu is a displacement of (below the basal plane. This distortion

is reflected in the @ Cu—0Os and Q—Cu—Og valence angles,
whose computed values (158.8nd 106.3, respectively) are
not far from the experimental data (149&nd 123.9, respec-
tively). All the other G-Cu—0O angles are close to 90r 18C°.

The TEMPO ligand is bound to Cu via a short-©0; bond
whose length is quite close to the experimental value (1.950 vs
1.920 A¥). This arrangement provides the largest overlap
between the nitroxide* orbital and the metal orbital pointing
toward the oxygen atom. It is this overlap that leads to partial
pairing of the unpaired electrons and contributes to the stability
of the equatorial complex.

In contrast to the near-linear €®—N angle of 170
discussed in the case of the axial complex, the angle in this

the unusual flatness of the six-member ring and the planarity molecule is 119.2 not far from the experimental value of
of the nitrogen atom. In our case the geometrical structure of 123.9.

the TEMPO ligand is very similar to that found for the isolated
moleculé” except for an increase of the out-of-plane ang)e (
of the NO moiety (25 vs 16).

The N-0; distance of 1.273 A and the-eN—C angle of
119.3 are close to the values of 1.283 A and 123@und in
free TEMPG?2 and in the structure of the experimental complex.

The geometrical parameters of the acac fragment are veryThe ¢ dihedral angle (see Figure 1) of 81.i close to the
close to the values expected for this bidentate ligand, and theyexperimental value of 8521and indicates that the ©C7—Cy1

do not deserve special comment.

and Cu-O;—N planes are nearly perpendicular.

In a previous section we have already discussed the nature As a last step, we tried to optimize the structure of the triplet
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TABLE 4: Geometrical Parameters Optimized by B1LYP and MM Levels of the [Cu(acac)—TEMPQ] for Both Conformations
Are Compared with Experimental Values and with the Averaged Values Used in the Computations on the Model (See Text for
Explanation)

axial complex equatorial complex
geometrical B1LYP B1LYP
parameter modeis exptP T MM exptl® S MM
Cu—0y4 1.925 1.943 1.951 1.942 1.920 1.946 1.945
Cu—05 1.949 1.951 1.942 1.971 2.001 1.944
Cu—0s 1.945 1.932 1.943 1.995 1.926 1.943
Cu—0s 1.949 1.932 1.943 2.167 2.221 2.181
Cu—0; 1.932 (2.303) 2.439 2.425 2.437 1.920 1.950 1.944
C14—0O4 1.245 1.268 1.257 1.209 1.261 1.258
Ci2— 03 1.258 1.245 1.268 1.257 1.270 1.270 1.257
Ci17—0s 1.244 1.267 1.258 1.245 1.251 1.258
Ci5— 0O 1.244 1.267 1.258 1.252 1.281 1.260
C14—Ci3 1.371 1.380 1.390 1.401 1.439 1.401 1.406
Ci5—Cis 1.400 1.400 1.403 1.381 1.390 1.403
N,—Oy 1.288 1.276 1.288 1.285 1.267 1.273 1.287
R7—N; 1.481 1.462 1.500 1.492 1.467 1.501
R—Cs 1.452 1.532 1.537 1.541 1.531 1.540
Os—Cu—0y4 180.0 (90.0) 175.6 1711 170.0 90.51 90.40 81.98
0,—Cu—03 90.0 93.0 92.85 94.86 91.12 93.41 93.51
Os—Cu—0s 90.0 92.5 91.83 94.30 91.11 94.11 92.05
0;—Cu—0s 90.0 (180.0) 87.5 87.05 85.42 149.4 158.6 173.3
Os—Cu—0, 90.0 92.5 96.65 92.16 86.01 90.47 92.7
0;—Cu—0¢ 90 (180.0) 123.9 106.3 81.80
Cu—04—Cy4 125.6 124.1 125.1 122.0 1255 125.5 123.5
Cu—05—Cy, 127.4 124.0 123.4
Cu—0s5—Cy7 123.9 125.8 122.5 123.0 123.0 123.7
Cu—0—Css 119.7 119.0 118.6
04—C14—Cy3 132.0 128.7 127.3 128.1 128.1 127.4 127.6
0;—C1—Cis 126.1 128.4 127.9
Os—C15—Cis 128.9 127.2 128.1 128.1 127.8 128.6
Os—Ci17—Cis 127.9 130.2 130.5
C14—Ci3—Cr2 114.8 1211 121.9 124.7 121.6 122.8 123.9
Ci5—Ci6—Ci7 124.8 126.0 126.1
Cu—0;—N* 121.1 (127.2) 170.1 126.3 125.8 123.8 119.2 123.5
N>—R7—Cg 113.0 110.9 109.7 108.6 110.2 109.6
N2—R11—Cio 109.0 110.7 109.8
R7—N2—R11 126.7 118.3 122.7 124.3 119.3 123.4
Cg—Cy—Cio 123.4 110.7 108.9 109.6 110.5 107.6
O1—N2—R# 124.1 116.6 118.7 1155 116.4 119.2 117.9
Co—Cio—Ru1 123.8 1111 113.6 114.0 111.2 114.0
R;—Cg—Co 112.4 111.3 113.9
Ci15—Cu—Cye 15.0 10.0 10.1
N—R;—Cg—Cy —51.35 —48.43 —45.0 —51.7 —47.68
@ 90.0 85.88 77.88 98.01 85.1 81.42 88.30
Y 90.0 (45.0) 72.3 45.0 45.0 84.7 90.0 90.0
il 5.0 24.9 28.5 16.0 17.1 12.0
2J (cm1)9 43.0 40.0 —3446 —3000
13.0 15.0 13.00

aValues for the equatorial form (when different from those for the axial form, they are given in parenthéges).ref 7a.° From ref 39.9 The
angle is 180- 6. ¢HNO angle of HNO. f Out-of-plane angle of the NO moiety Computed at B1LYP level! Using the experimental value of
0.
state, but all our computations converged to the axial complex, better investigated by computing the magnetic exchange for
suggesting that the equatorial structure is not a stationary pointselected values of the three principal angles of coordinatjon
on the potential energy surface of the triplet state. @, andy (see Figure 1).

Calculation of magnetic exchange on the singlet geometry In Figure 7 we plot the calculated2J values as a function
optimized at the B1LYP level confirms the results obtained for of the 6 angle forp andy frozen at their optimized values.
the model complex discussed in section a, namely, that the For & = 0° the magnetic orbitals are very close to orthogonality
equatorial complex is strongly antiferromagnetic. However, the and the system exhibits a weak ferromagnetic interaction. As
structure optimized at the B1ILYP level has a Benergy gap soon as th& angle is widened, the overlap increases and the
larger than the model complex-8446 and—2383 cn1? for magnetic behavior switches to an increasing antiferromagnetic
the complex with the B1LYP geometry and for the model, regime. However, Figure 7 shows that a maximum is reached
respectively). On the other hand, substitution of theN@ for 8 = 60°, which leads to the largest overlap between the
radical in the model complex by TEMPO without reoptimizing two magnetic orbitals and agrees fairly well with the average
the geometry has only a negligible effect on the magnetic of experimental values reported for equatorial compléxies.
coupling 2383 and—2400 cnt?! for H,NO and TEMPO, contrast, an increase @f results in a continuous increase of
respectively). This suggests the presence of some significantthe overlap and, consequently, of the magnetic exchange (see
magnetostructural relationship in this complex, which can be Figure 8).
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level. Also in this case the different shape of the magnetic
orbitals obtained by the two computational models is responsible

80007 for this trend. Moreover, the magnetic couplings computed for
25001 the TEMPO complex are quite similar to those discussed in a
2000 - previous section for the simplified model, thus confirming that
1 the magnetic coupling is a local property almost independent

of the nature of substituents of the NO moiety.
(c) QM/MM Approach. The geometric structures of axial
] and equatorial complexes have been fully optimized by-MA?
0+ calculations with the additional set of parameters introduced in
500 ——— . — i —_— - ref 42 for nitroxide groups and here below for the Cu atom
0° 10° 20° 30° 40° 50° 60° 70° 80° 90° (See Table 6)
_ o _ _ ) Starting from standard values, stretching and bending pa-
Figure 7. Variation of the magnetic coupling of the equatorial Cu-  rameters involving the Cu atoms have been refined by trial and
(acac)H,NO complex as a function of thé angle (see Figure 1for  opqr ntil 4 good agreement with BLLYP results was reached
the definition of6). . . . L )
As discussed above, axial and equatorial coordinations of the

3500

1500 +

2Jem’

1000J

500

4000 - nitroxide lead to two different spin states: a triplet state for the
1 axial complex and a singlet state for the equatorial complex.
3000 - / Moreover, the optimization of the triplet state of the equatorial
complex converged to the axial complex. We have used for the
2000 4 singlet state the standard values of the MNbrce field for

the unstrained bond length and of the stretching force constant
for M—O (where M is a metal ion). However, new parameters
have been introduced for the-MD bond in the triplet state, for
O—Cu—0 bond angles where the oxygen atoms can belong
either to acetylacetonate or to nitroxide moieties, and for the
torsion angle between the oxygen of an acetylacetonate group
S S and the spcarbon of the other moiety. All the angle parameters
¢ are identical for different electronic states and have been
Figure 8. Variation of the magnetic coupling of the equatorial cu- OPtained, together with bond parameters for the triplet, by fitting
(acac)HNO complex as a function of th¢ angle (see Figure 1 for appropriate BILYP computations. Electrostatic interactions have
the definition of¢). been described by atomic point charges using a unitary (i.e.,
vacuum) dielectric constant. For the TEMPO molecule we have
Finally, as already observed for the axial complex, variations used the same charges proposed in ref 42, while for the Cu-
of they angle have little effect on the magnetic exchange and (acac) moiety they have been obtained by the restrained
can be neglected. electrostatic potential (RESP) procedure recently introduced by
n?-Complex . The structural parameters obtained at the Bayly et al*® The parameters ruling interactions between
B1LYP level for CuB(TEMPO) and two molecular models ~nonbonded atoms have been discussed in a previous work for
are summarized in Table 5 and show a good agreement withthe TEMPO moleculé? while for (acac)Cu we have used the
the available experimental data. Moreover, the lengths of the standard values of the MM force field (which implies a
Cu—N and Cu-O bonds are very similar for all the nitroxide ~Vvanishing van der Waals radius for the Cu atom).
radicals, thus confirming that MO is a suitable model for The optimized geometrical parameters of axial and equatorial
larger nonconjugated nitroxide radicals. complexes are compared in Table 4 to experimental and B1LYP
The structural parameters of the nitroxide fragment deserve geometries. The results are quite satisfactory, and in particular,
some comment. The NO bond length is slightly longer and the the Cu-O(nitroxide) bonds are well reproduced for both
usual pyramidal shape of the,}MIO moiety much more complexes. The bond angles of the-8D—N fragment and
pronounced than in the free radical omjrcomplexes:4’ This between the oxygen atoms of acetylacetonate or with nitroxide
is not unexpected, taking into account that in GBEMPO) oxygen are close to experimental values. Moreover, the angles
the nitrogen atom is also bound to the metal and that four- defining the coordination of the nitroxide radical to the metal
coordinated nitrogen atoms always have a nearly tetrahedral(y andg) are not far from experimental and density functional
environment. values. The principal distortions of the idealized symmetric
We have next optimized the geometry of the triplet state. Structure discussed in previous sections are well reproduced by
The results of Table 5 show that the geometric parametersthe MM calculation; for example, the value of thes€Cu—
computed for the singlet and the triplet states are significantly Cis angle issuing from MM computations is in good agreement
different and that only the former ones are in agreement with with the B1LYP result (10.1vs 10.0 by MM and B1LYP
experimental data. Thus, the structural predictions of the B1LYP methods, respectively). The quite good agreement obtained for
model seem satisfactory and are already sufficient for discrimi- the other valence angles points out the reliability of the
nating between different electronic states on the basis of the underlying force field.
agreement with experimental values. Finally, magnetic couplings have been computed with the
The calculation of magnetic exchange interaction performed BS approach at the B1LYP level using MMstructures. For
on the B1LYP geometrical structure indicates that, as discussedboth coordination modes, the values are close to those obtained
in previous sections, the complex is strongly antiferromagnetic using experimental and quantum mechanical geometries. In
and that the magnetic coupling obtained by multireference particular in the axial complex theJ%alue is 40 cm?, close
approaches is about twice the value computed at the B1LYP to the value computed at the BILYP geometry (43 &nmand

2Jcm’

1000
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TABLE 5: Geometrical Parameters Optimized at the B1LYP Level for Two Models of CuBr,—ONR; (R = H, CH3) Are
Compared to Available Experimental Data from Ref 5 (Bond Lengths Are in Angstroms and Angles in Degrees)

geometrical CuBR(TEMPO) R=R;=H R=R;=H R=R;=CHjs
parameters exptl singlet state singlet state triplet state singlet state
Cu—N3 1.998 2.060 1.957 2.088 1.968
Cu—0Oy 1.860 1.905 1.917 1.959 1.920
N2—Os 1.304 1.307 1.329 1.354 1.320
Cu—BrP 2.270 2.330 2.301 2.422 2.314
No—Cu—04 39.30 38.22 40.1 38.9 39.7
R—N.—R 123.1 123.0 115.3 113.2 117.1
R—N,—04 114.8 114.9 116.2 113.9 115.8
Br—Cu—Br 106.5 109.1 104.6 79.4 104.5
R—N;—Cu—0y 107.8 107.9 109.6 104.4 109.2
T° 29.0 28.2 38.6 48.7 35.9
N>—R 1.540 1.531
R3—Cs 1.520 1.553
R;—Cy4 1.538 1.538
R—Cs 1.496 1.543
N—R;—Cs 106.7 108.1
R;—Cs—C7 114.3 114.7
Ce—Cr—Cs 108.9 109.8
Cs—R3—Cs 109.2 108.5
N,—Cu—Br 110.5 110.4
O;—Cu—Br 104.0 102.3
01—N2—R3—C4 48.24 51.35
0;—N2—R3—Cs —70.8 —67.76
N,—R;—Cs—C7 —50.04 —47.78
2J (cmtyd —4507 —4389 —4270
aFrom ref 5.° Averaged on two CuBr bonds.¢ 7 is the out of plane angle of the NO moiefyComputed at the B1LYP level using eq 4.
TABLE 6: Optimized MM Parameters Involving Cu of magnetic properties whenever the singlet state is not much
Specied more stable than the triplet, i.e., in virtually all the situations
bond stretching Ro (A) Kr (kcal mol~%) that are interesting from a magnetic point of view. In other
Cu—O1° 1.94 500 circumstances, geometry optimizations of the ground si_nglet
Cu—OR(ax) 2.42 338 state or of the broken-symmetry state can be more profitable
_ and can be performed without special difficulties. Furthermore,
angle bendings to (deg) Ko (kcal mol™ rad™?) solvent effects on both geometric and magnetic properties can
Cu—OR—-NR 120.0 64.8 be taken into account by our recent implementation of the
01-Cu-01 90.0 72.0 polarizable continuum modét:1542
OR-Cu-01 90.0 720 An even cheaper procedure consists of optimizing geometrical
torsion 7o (deg) V/2 (kcal mot) para_lmeters at the MM level. Here, we hav_e shovyn for the
particular case of copper complexes that a quite straightforward
01-Cu—01-CO 0.0 1.00

extension of our nitroxide force field leads to reliable results.
2 See text for further detail$.OR and NR are the atom types for ~ Work is in progress to extend this approach to other metals

nitroxide OXYEfJen andbnntr?gen atoms, fdeSDerthGW- Oland CO are tlhe and to introduce the whole computational tool in a standard

atom types for carbonyl oxygen and carbon atoms, respectively. 4 ,antum mechanical package

¢ Standard MM+ value for M—0. q P ge.
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