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The compound bis(di-u-ethoxo-bis(3,5-di-tert-butylsemiquinonato)dicopper(1l)) has been synthesized and its structure
was determined by single-crystal X-ray diffraction. The compound crystallizes in the monoclinic system, space
group C2/c, with a = 37.736(8) A, b = 9.173(2) A, ¢ = 23.270(5) A, B = 122.24(3)°. The structure can be
described as a Lewis adduct between two dinuclear [Cu(DBSQ)(C;HsO)], units (DBSQ = 3,5-di-tert-butyl-
semiquinonato). The temperature dependence of the magnetic susceptibility was efficiently analyzed by a combined
DFT/experimental approach, showing that a rather strong ferromagnetic interaction exists between the DBSQ~ and
the copper(ll) ions modulated by an antiferromagnetic interaction between the two copper(ll) ions of the dinuclear
units. Weak antiferromagnetism between the two units in the unit cell was measured.

Introduction energy of the spin stat& In more complex cases, the
eigenstates of the Hamiltonian of eq 1 must be obtained from
diagonalization of the Hamiltonian matrix computed on the
S space, and no analytic expression for the eigenstates can
be obtained. Thus the Heisenberg Hamiltonian defines a
'family of states and then the electronic ground state of the
paramagnetic system. Therefore, within this model the mag-
netic properties of a molecular magnet are defined by the
simple interactions between the magnetic moments associated
with the spins of the separated paramagnetic centers without
H= Z‘]ikssx (1) any changes in their elgctronic pr(_)per_ties. Since the §ﬁ>ir_15
are chosen on the basis of the oxidation number formalism,
where S are the spins associated with the different para- there is no doubt that this model represents a useful, but
magnetic centers, andi are called the isotropic magnetic ~ simplified, view of the physical problem.
exchange coupling constants and are parameters to be deter- This approach to the description of the magnetic properties
mined from experiments. The eigensolutiongiaire eigen-  of molecular materials is expected to work well when, in a
states ofS?, the total spinS being S = 3;S. In a high given derivative containing more than one paramagnetic
symmetric molecule in which all the spins and interactions center, the wave functions describing the electron spins are
are equal, the exchange coupling constanias the simple  similar to those of the independent different counterparts.
physical meaning obtained by the expression of the Heisen-In other words this occurs when electron spin density is
berg spin ladder.JS= E(S — E(S— 1), whereE(S) is the localized onto different parts of the molecules, the paramag-
netic centers. On the other hand, it is common among mag-
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The common approach to the investigation of the magnetic
properties of insulating solids such as normal molecular
magnets consists of partitioning the magnetic interaction in
spin—spin interactions between adjacent magnetic centers
i.e., between atoms or molecular groups onto which the un-
paired electron(s) are reasonably well localized. The interac-
tion energy is computed by using a spin HamiltoAiaih
the type

Quimica UFRJ, CP 68563, Rio de Janeiro, RJ, Brasil. sive delocalization occurs, i.e., organic biradicals or transition
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metal complexes with paramagnetic ligands, by assigning Table 1. Crystal Data and Structure Refinement for
local spins by chemical intuitioh. Quantum chemical  [CU(PBSQ)(GHsO)l

calculations of the electronic ground states and next excited  fw 657.80
states of the systems are in these cases the only way of giving f/sg:/zlength 115g£121)7'§ A
a meaning to the spin Hamiltonian parameters. This synergy  cryst syst, space group monocling2/c
between experiment and theory is quite peculiar to magne-  unitcell dimens a=37.736(8) A
tochemistry, and becomes still more important when the 2:2'31;%2()5)/&/&
complexity of the system under investigation incredses. o = 90.000

In the most common practice, the exchange coupling p=122.24
constants in eq 1 are obtained by least-squares fitting the gszlzg(%)o%o
measured temperature dependence of the molar magnetic 2 8
susceptibility with the energies obtained by the diagonal-  calcd density 1.283 mgfn
ization of eq 1. TheJy are the parameters of the fitting ﬁ?go%‘;eﬂ 217'211 mirt
procedure (together with the Zeenmgfactor and a few other cryst size 0.6¢ 0.2 x 0.2 mn?
parameters, depending on the physical system under con- 6 range for data collection 2.10057.74
sideration). When the symmetry of the system is low, the  'mitingindices /s
number of parameters to be included in the fit can be rather —25<| <25
high, and it can happen that the variance/covariance (or error) L%fmslg?élsg;es({lgmique s ;33553/733418 [R(irt)0.0603]
matrix has I_arge out-of-diagonal elements. These are related reﬁngmem method full-matrix I‘;ast_squares%
to the covariance of couples of parameters that are, therefore,  gatasrestraints/parameters 3470/0/375
no longer independent. There is no doubt that this fact con- ~ GOF onF? 1.009
stitutes an obstacle for the correct analysis of the experi-  nalRindices | > 2o(1)] o,
mental data. This problem was already been considered in  Rindices (all data) RE 0.1034

the past literature,” but the proposed approaches cannot

be considered to offer an unambiguous general solution ofin the 1-position of the dioxolene ring. A full analysis of

the problem. We will show in the present paper the effect the magnetic properties of these polynuclear complexes has

of the correlation between the spin Hamiltonian parameters never been attempted, presumably because of the high com-

in a four-spin system and how the use of DFT calculations plexity of these systems. The temperature dependence of the

can provide interesting suggestions to lead the chemistsmagnetic susceptibility of the copper semiquinonato cluster

toward a reasonable interpretation of both the fitting proce- we describe here was fitted by using the spin Hamiltonian

dure and the chemical sense of the obtained results. of eq 1, but a meaningful set of parameters was obtained
We have found that a compound of analytical formula only by using the results of DFT calculations that allowed

Cu(DBSQ)(GHsO) (DBSQ= 3,5-ditert-butyl-semiquinon- us to determine a priori the relative values of the exchange

ato) can be isolated from basic ethanolic solutions containing coupling constants.

copper(ll) salts and 3,5-dert-butylcatechol in a 1:1 ratio. ] ]

The X-ray crystal structure shows that the solid compound EXPerimental Section

contains a tetranuclear [Cu(DBSQ)H:0)]4 species, which Synthesis of Cu(DBSQ)(GHs0). A solution of copper(ll) per-

can be described as a Lewis adduct between two dinuclearchlorate hexahydrate (1 mmol) in ethanol (40 mL) was mixed with

[Cu(DBSQ)(GHs0)]2 units. The chemical phenomenology a solution of 3,5-dtert-butylcatechol (1 mmol) in dichloromethane

of this result is rather well-know#? since when 3,5-diert- (30 mL). Triethylamine (0.5 mL) was then added and the resulting

butyl-o-dioxolene is used, several polynuclear 3d-semi- solution was gently warmgd for 0.5 h and allowed to stand. Green-

quinonato metal complexes are formed. This can be attributedPrown crystals were obtained after several hours. These crystals

. . were filtered, washed with ethanol, and then air-dried. (Anal.
to the presence of a not sterically conditioned oxygen donor Found: C 58.85: H 7.74: GHp:CuO; requires C 58.42: H 7.66.)

(3) Kahn, O.Molecular MagnetismVCH: Weinheim, Germany, 1993. 1 he reaction conditions are very similar to those usually followed
(4) (a) Davidson, E. R.; A. E. ClarB. Phys. Chem. £002 106, 7456. in the oxidation of catechols to quinones with copper salts in

(b) Lovell, T.; Li, J.; Case, D. A.; Noodleman, 1. Biol. Inorg. Chem. pyridine-methanol mixture$? Here we have replaced pyridine with
2002 7, 735. (c) Bencini, A.; Daul, C. A.; Dei, A.; Mariotti, F.; Lee,

H.. Shultz, D. A.: Sorace, Linorg. Chem 2001, 40, 1582 triethylamine and no copper(l) complexes were isolated. However,
(5) Ka{hn, o_;7prinsy ’R.; Reedijk, J.; Thompson, J|r$)_|1g_ Chem1987, the presence of a small quantity of quinone as a reaction product
26, 3557. was evidenced by TLC.

(6) McCusker, J. K.; Jang, H. G.; Wang, S.; Christou, G.; Hendrickson, At _
D. N. Inorg. Chem.1992 31, 1874. Crystal Structure Determination. X-ray data were collected

(7) Attia, S. A.; Conklin, B. J.; Lange, C. W.; Pierpont, C.I6org. Chem. on a CCD-1K three circles Bruker diffractometer, using Ca K
1996 35, 1033. radiation and a Geel mirrors monochromator. Intensities were

®) S}()erpgfogtyec; E(;Blj;crl{:r?z?r?' RC'I\;:P'org?d %hh%%1ﬁ4lg%l3§§-ég) corrected for absorption (SADABS). The structure was solved by
©) (@) Eync'h, M. W. Buchanan, R. M.: Hendrickson, D. N.. P'ierbont, direct methods (SIR97}, which gave the position of all non-

C. G.Inorg. Chem1981, 20, 1038. (b) Lynch, M. W.; Hendrickson,

D. N.; Fitzgerald, B. J.; Pierpont, C. G. Am. Chem. S0d984 106, (10) Speier, G.; Csihony, J.; Whalen, A. M.; Pierpont, Clitarg. Chem.
2041. (c) Shoner, S. C.; Power, P.IRorg. Chem.1992 31, 1001. 1996 35, 3519 and references therein.

(d) Bone, S. R.; Purser, G. H.; Chang, H. R.; Lowery, M. D.; (11) SIR97; Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.;
Hendrickson, D. NJ. Am. Chem. So4989 111, 2292. (e) Thompson, Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.;
J. S.; Calabrese, J. thorg. Chem.1985 24, 3167. Spagna, RJ. Appl. Crystallogr.1999 32, 115.
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Table 2. Selected Bond Lengths [A] for [Cu(DBSQ)$850)]»

O(1)-Cu(1) 1.952(4) O(5yCu(1) 2.342(5)
O(4)-Cu(1) 1.883(5) C(9Y0(2) 1.309(8)
O(10)-Cu(1) 1.949(5) C(1050(20) 1.275(9)
O(5)-Cu(1) 1.977(4) O(C(2) 1.261(7)
0(20)-Cu(2) 1.945(5) 0(10)C(3) 1.294(7)
0(2)-Cu(2) 1.934(5) C(3¥C(2) 1.477(9)
0(4)-Cu(2) 1.891(5) O(10yCu(2)  2.561(4)
Cu(l)-Cu(2) 2.939(2) C(9)C(10) 1.444(9)
O(5)-Cu(2) 1.944(4)

Table 3. Selected Bond Angles [deg] for [Cu(DBSQU&:0)]2

O(1)-Cu(1}-O()  165.1(2) O(20¥C(10)-C(14) 124.6(6)
O(4)-Cu(1)-0(10) 178.8(2) O(1¥C(2)-C(5) 126.1(6)
O(4)-Cu(2)-0(20)  170.8(2) O(10)C(3)-C(8)  123.3(6)
O(2-Cu(2)-0(5)  178.2(2) O(4yCu(1)y-Cu(2  38.9(1)
0(2-C(9)-C(11)  123.6(6) O(5YCu(1)-Cu(2)  41.0(1)

deviations from the least-squares plane formed by the donor
atoms are 0.24 and 0.14 A for Cu(1) and Cu(2), respectively).
In addition, both the copper(ll) ions of the asymmetric unit
experience a further interaction with two oxygen atoms of a
second Cg(DBSQ)(C,HsO), molecule. The unit cell content
shows that these two units are related by an inversion center
Figure 1. Top: ORTEP view of the asymmetric unit of [Cu(DBSQ)- to form dimers of bis(3,5-diert-butyl-semiquinonato)-di-

(C:HsO)]2 with the atom numbering. Hydrogen atoms are omitted for clarity. 4-€thoxo-dicopper(ll) units, whose structure is also shown
Thermal ellipsoids are shown at 30% probability. Bottom: ORTEP view in Figure 1. The interaction between these two units occurs

of one of the centrosymmetric units appearing in the unit cell. through bridging oxygen atoms in the axial positions. As a
matter of fact, two shorter contact distances between Cu(1)

hydrogen atoms, and was refined by Fourier difference syntheses, . .
using SHELXL9%2 with the full-matrix least-squares method. and the centrosymmetric related ethoxo oxygen, Q{(5y

During the final iterations, hydrogen atoms were added in calculated X + 0.5~y + 0.5, __Z)_ (2.342 A), and Cu(2)_and one
positions assuming idealized bond geometries. Anisotropic thermal CENtrosymmetric semiquinonato oxygen atom, O(@3»61
parameters were applied for all non-hydrogen atoms. Details of A), were observed, in such a way that the Cu(ll) ion
data collection and structure refinement are given in Table 1. coordination results in a five-coordinated square pyramid.
Physical MeasurementsTemperature dependence of the mag- This type of interaction is often found in square-planar
netic susceptibility was measured on polycrystalline powders of copper(ll) complexes as a result of the relatively strong Lewis
[Cu(DBSQ)(GHsO)]. with a Cryogenic S600 SQUID magnetom-  geidity of the metal centers. The crystal structure of the

eter in the temperature range of 200 K with a magnetic field of  cy(DBSQ) shows the existence of a similar interaction
0.1 and 1 T. Measurements were corrected for the diamagnetiqeading to a dimeric [Cu(DBS@) compound®

contribution calculated from Pascal's constditand for a tem- . .
perature-independent paramagnetic contribugign= 180 x 1076 The average value of the €D bond distances in the

e K mol-13 [Cu(DBSQ)(GH:0)], units is 1.945 A. The G, group is
Polycrystalline powder EPR spectra were recorded at X-band Planar and asymmetric. The €0-Cu angles at the
on a Varian E-9 spectrometer equipped with an Oxford Instrument bridging ethoxide ligands are 102.8nd 97.2 for O(4) and
helium flux cryostat. HF-EPR spectra were recorded on a home- O(5), respectively, and consequently the-<Cubond lengths
build spectrometer at the L.C.M.I.-C.N.R.S. in Grenoble (France). are shorter for O(4) than for O(5) while the Cu{l)(4)
) ) and Cu(2>0O(5) bond distances (1.883 and 1.945 A,
Results and Discussion respectively) are slightly shorter than the corresponding

Structural Characterization. The compound [Cu(DBSQ)-  Cu(2)-O(4) and Cu(1)-O(5) lengths (1.945 and 1.891 A).
(C:Hs0)] crystallizes in the monoclinic, centrosymmetric, 1he observed 1.285 A average value for the @ bond
C2/c space group. The crystal structure is shown in Figure length is in the range usually found for 3d metabmi-

1. Selected bond distances and angles are reported in Table§uinonato complexesSimilar conclusions can be reached

2 and 3. The asymmetric unit is formed by the dinuclear through the inspection of the -€C bond lengths whose

system bis(3,5-diert-butyl-semiquinonato)-di-ethoxo-di- average value of 1.46 A is again strongly indicative of the

copper(ll), in which two copper(ll) ions are bridged by two radical character of the ligand.

uz-ethoxo ions. The coordination of the two copper(ll) ions ~ Magnetic Properties.[Cu(DBSQ)(GHsO)] is EPR silent

is completed by two oxygen atoms of the DBSQ ligands in at the X-band frequency. HF-EPR experiments show a broad

an approximately square-planar environment (maximum signal that does not show any significant feature. Jhe's

T dependence in the temperature range@0 K is shown

(12) SHELX97-Programs for Crystal Structure Analysis (Release in Figure 2. At room temperature thel value is 1.42
97-2); Sheldrick, G. M.; Institu fir Anorganische Chemie der cmP-K-mol-%, and, on decreasing the temperature, it mono-

Universitd, Tammanstrasse 4, D-3400 Bogen, Germany, 1998. . i
(13) O’Connor, C. JProgr. Inorg. Chem1982, 29, 203. tonically decreases reaching 0.01 %irmol™?® at 2 K,
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—— H =088+ 1SS+ 1SS, @

27 (em’ K mol™) whereS, andS, are the spin operators of the semiquinonato
vz} ligands, ands, and S; those of the copper(ll) ions, and the

smaller interdimer interactions are accounted for by a

molecular field approach.

o8t Susceptibility data were fit by minimizing the sum of the

squares of the deviation of the computed values from

the experimental ones, using the MINUIT program packége.

1F

06

o4 Theoretical susceptibilities were calculated by full diago-
ool nalization of the spin Hamiltonian (2) applying a Boltzmann
distribution to populate the spin stafeAs usually done in
% > o - o P P the literature, the variation af with the total spin state was
T neglected, to reduce the number of free parameters in the

Figure 2. xT vs T curve for complex [Cu(DBSQ)(1s0)]2 (open fit, and only one value was used. The presence of paramag-
diamonds) and best fit curve (continuous line). netic impurities was introduced through e%} 3

indicating that magnetic interactions yield a singlet ground 2 2
state. The deviation gfT from zero at 4.2 K can be ascribed v =yl —p)+ [Nﬂ 986G +1)
to some paramagnetic impurities. P 3KT

Two approaches are possible to analyze the experimentak,vh(_}re g
data. In the first one, the two centrosymmetric molecules ’
found in the unit cells are considered as a whole. In this
case we are dealing with a system containing eight interacting
electron spins (i.ef[Cu(DBSQ)(GHs0)]2}2), whose mag- X @)
netic characterization would require at least the use of six LT 14 Oy
independent spin Hamiltonian parameters. Although such . .
an approach is the most satisfying one from a theoretical yvhere 0 is the 'pa}ramete.r tha}t takes '|nt0 account .the
point of view, it suffers from overparametrization, as already mtermqlecqlar spin mteractlo?s in the Weiss molecular field
pointed out by Kahn et &l.In the second approach, the apprommatl_on: 0 = zINGue” Puttmg z, the n_umbe_r of
magnetic interactions between the two centrosymmetric _nearest_ neighbors, equal to B, gives the interdimer
[Cu(DBSQ)(GHsO)]. units are considered to be much 'nteraction. L L
smaller than those occurring within the [Cu(DBSQHEO)]. A fixed impurity with S = /2, g = 2.08, andp = 2%.
molecule. It is indeed well-known from previous studies on was assumed, and, to reduce the number of parameter in the

1:1 copper(ll}-semiquinonato complexes that the two para- fit, we used constarg values § = 2.08) n all the equations, ,
magnetic centers experience a strong ferromagnetic interac-| Né number of free parameters used in the least-squares fit
tion according to orthogonality of the magnetic orbitals of ¥T was 4. lThe best-fit paraTeters values Wé{e?
(o(de-y2) for the copper(ll) ion andr* for the DBSQ —371.9(5) e "]2=2§7'8(1) cm, Js = _37?'9(5.) e,
ligand®81014if a local reference system with theandy and 6 = 5.07(6) cm® mol (J = 5.72 cm”) with the

axis pointing toward the methoxy ligands is assumed. It has agreement factor

P 3)

S, and p are theg, S and the amount of the
impurity, respectively. Interdimer spin interactions were
included through eq’

also been shown that the magnetic interaction between two : ;
DT, — DT
copper(ll) ions bridged by tw-oxo donors is strongly le‘)bs‘() ™ Heaied DT
dependent by the magnitude of the-8D—Cu angle®® In R= =0.00891 (5)
the present case a strong antiferromagnetic interaction zxcam T,

between the two in-plane ethoxo-bridged copper(ll) ions is

expected. On the other hand, weak exchange interactions The agreement with the experimental data is excellent,

have always been measured between square-pyramidal fivenotwithstanding the various approximations introduced and

coordinated distorted copper(ll) complexes bridged by apical the computed standard deviations on the parameters are low.

donor atoms:* In this model the exchange interactions The best fit curve is compared to the experimental one in

within the [Cu(DBSQ)(GHs0)]z unit are accounted for by  Figure 2.

the spin Hamiltoniakl As expected from the previous qualitative consideration

- - _ the exchange interaction between the copper(ll) centers and

(49 (9 06 & S, S, i, AR 96 205330 DBSQ i strongly ferromagnetio i is trongly -
3400. (c) Speier, G.; Whalen, A. M.; Csihony, J.; Pierpont, Anérg. romagnetic. It must also be noted that the Hamiltonian of
gheTm.é?;Sgr?{ 1(335(.2.”(]?))r nghlg/lr.]; ng%%GCZB%Boner, M.D;Yee, eq 2 is invariant with respect to the permutation of the

(15) H.atfi"eld, V[\)/ E. IﬁMagngfo—StruéturaI’Cdrrelatiéns in Exchange copper(ll) centers, i.eJ, can be assigned either to Cul or
Coupled SystemwVillett, R. D., Gatteschi, D., Kahn, O., Eds.; NATO
ASI Series C 140; Reidel Publ.: Dordrecht, Holland, 1983; p 555. (17) The spin Hamiltonian used in this paper has the fetrr JS;-S,.

(16) Buchanan, R. M.; Wilson-Blumenberg, C.; Trapp, C.; Larsen, S. K.; (18) MINUIT-Function Minimization and Error Analysi€ERN Program
Greene, D. L.; Pierpont, C. Gnorg. Chem.1986 25, 3070. Library entry D506; CERN: Geneva, 1994998.
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DM, DM DM;

Figure 3. Model structures used throughout the calculations.

to Cu2. DFT calculations can, in principle, solve this the magnetic properties of transition metal dinuclear systems
ambiguity and give a quantitative estimate of the exchange for the purpose of accelerating the SCF convergéhde.
interactions. has been show#f, however, that this modeling can have
DFT Calculations. All the calculations were performed important effects on the absolute values of diseto be com-
with the Gaussian98 program packa§eCopper core pared with experiment, and therefore, only a qualitative
electrons were replaced with the LANL2DZ effective core agreement between experimental and computed data could
potential and the LANL2 basis sétsvere applied to allthe  be expected. Any other better result can be considered as
atoms. The Becke’s hybrid functional with the LYP cor- fortuitous.
relation functiona (B3LYP) was used. In polynuclear The approach commonly used for computing the magnetic
complexes the exchange interactions between paramagnetiexchange coupling constant between t®e= 1/, systems
centers are generally computed on dinuclear systems thatrequires the calculation of the energies of two Slater deter-
mimic as much as possible the geometries seen in the wholeminants, i.e., two separate unrestricted SCF calculations. The
cluster?? In the present case the compound [Cu(DBSQ)- first determinant represents the state with the maximum spin
(C.Hs0)]» contains four paramagnetic centers in a linear multiplicity, Syax = 1, the ferromagnetic state; the second
arrangement, and three model dinuclear units that mimic determinant, the Broken Symmetry (BS) determinant, is a
the couples of adjacent paramagnetic centers of the asym-state with mixed spin and space symméthe BS wave
metric unit are needed, nameBM; (SQ(1),Cu(1)),DM, functions are a useful representation of the magnetic orbit-
(Cu(1),Cu(2)), andM3 (SQ(2),Cu(2)), shown in Figure 3. als*The energy of the single§= 0, state can be obtained
The three magnetic exchange coupling constants to befrom that of the BS state by using spin projection techniques,
computed ardsquycumy= 1, Jeuso@= Jz, Jeuycue)= Js- and the relevant equation for computing the exchange
SQ(1) and SQ(2) are the semiquinonato ligands bonded tocoupling constant), is
Cu(1) and Cu(2), respectively (see Figure 1)0WM; and
DM3, the 3,5-ditert-butyl-o-semiquinonato ligands were Esmx_ Ess
substituted by 3,5-di-methyl-semiquinonato ligands, and =B, " Bs0= 12 6
methoxo groups were used instead of the ethoxo ones. In
DM,, the 3,5-ditert-butyl-o-semiquinonato ligands were \here a2 = (Wgs|S?WeslI2. In the active electron ap-

modeled by two diamagneti@)-ethylene-1,2-diol ligands.  proximatior? this value is related to the overlap between the
Ligand modeling is a common practice in the calculation of magnetic orbitals|S|2, according to

(19) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, 2 L 2
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Ijl“BSLS |IPBSD_ 1- |$§|
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, ; ; :
V.: Cossi, M.. Cammi. R.: Mennucci, B.. Pomelli, C.. Adamo, C.: The J value computed with eq 6 c_ontau_fls the correction for
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; the overlap between the magnetic orbitdl$

Morokuma, K.; Salvador, P.; Dannenberg, J. J.; Malick, D. K.; Rabuck, i i

A. D.. Raghavachari, K.. Foresman. J. B.. Cioslowski, J.. Ortiz, J. It has been_ commonly found in the literature tha@lues

V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, computed with use of eq 6 are much larger than the

/'ii;LK?]mafo'whA-? SompecftsyR-';\lMam“i( E- L';AFO)E’:r?'nJ'; Keghy LI experimental ones, and a procedure used by some atithors
-Laham, M. A.; Peng, C. Y., Nanayakkara, A.; allacompe, Vl.; . . . . .

Gill, P. M. W.: Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L. Was to avoid the spin projection and to consider the BS state

Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, Galssian

()

98, Revision A.11; Gaussian, Inc.: Pittsburgh, PA, 2001. (23) (a) Bencini, A.; Totti, F.; Daul, C. A.; Doclo, K.; Fantucci, P.; Barone,
(20) For atoms from H to Ne: Dunning, T. H., Jr.; Hay, P. JModern V. Inorg. Chem 1997, 36, 5022. (b) Ciofini, |.; Daul, C. A.; Bencini,

Theoretical ChemistrySchaefer, H. F., lll, Ed.; Plenum: New York, A. In Recent Adances in Density Functional MethqdPart IlI;
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Table 4. The Computed Exchange Parametdrghe & Values, and the Local Spin Densities

Jexp ML Jaem?t Jbemt 3 da(A) ds(A) da(B) ds(B)
DM, —456 —1152 —584 0.9860 0.821 0.073 0.179 0.927
DM, 319 572 295 0.9694 0.996.91¢ 0.100/0.090¢' 0.074/0.088! 0.900/0.910'
DM3; —322 —740 —416 0.8748 0.729 0.106 0.271 0.894

a Computed with eq 6:] = Es,,, — Esg/1 — a2 ? Computed with eq 8:J = Es,,, — Egs. ¢ O(5) is assigned to fragment B while O(4) to fragment A.
d40(4) is assigned to fragment B while O(5) to fragment A.

as a pure singlet state, using, therefore, the equation from the form of the magnetic orbitals &M, and DM3
shown in Figure 4, and from the calculated spin densities
J=Eg — Egs (8) for the magnetic fragments, which are reported in Table 4.

It should be mentioned that the obtained results are in full
Equation 6 reduces indeed to eq 8 when the overlap agreement with those of a computational study concerning
between the magnetic orbital§L[2, is 1 (strong covalent ~ the semiquinonate anicfi.

bonding). J values computed with the two different ap- ~ One magnetic electron is mainly localized on one semi-
proaches can differ by a factor 2. In this paper we will use quinonatoﬂ* orbital with a not negl|g|b|e delocalization onto
both egs 6 and 8 for computing tievalues. the copper ion; the other magnetic electron is localized on

A qualitative analysis of the magnetic interactions was the de-y orbital on the copper center with a negligible
attempted with use of the local spin density analysis de- delocalization onto the aromatic ring, but with large delo-
veloped by Bertrarfd for symmetric dinuclear magnetic sys- calization onto the methoxy oxygen atoms. This delocaliza-
tems and extended by us to asymmetric complébsthis tion is larger forDM; and a larger overlap between the
framework, the extent of a magnetic interaction is related to magnetic orbitals with respect tOM; is, therefore, ex-
the amount of spin density transferred from one magnetic pected: this rationalizes the computed smaller ferromagnetic
center to the other, namelya(B) and dg(A). da(A) and interaction. Along with this, the coordination geometry of
ds(B) represent spin density localized onto the A and B mag- PMs causes the magnetic orbital on Cu(ll) to move away
netic centers. In transition metal dimers, the magnetic centersfrom the coordination plane. The overlap between the
are associated to the metal atoms, since a large part of thenagnetic orbitals computed through eq 6 is 0.12 and 0.35
spin density is found around the metal. In the case of organicfor DM1 and DMs, respectively, and justifies, within the
radical ligands the assignment of the magnetic center is notactive electron approximation, the smaller ferromagnetism
obvious, since the electronic and spin densities are delocal-of DMs. The same qualitative conclusions can be reached
ized over a |arge part of the molecule. If not otherwise men- |OOking at the local Spin densities shown in Table 4, relative
tioned, we defined the magnetic centers according to the spint0 the semiquinonato fragment, A, and copper(ll) centered
distribution computed with the Mulliken population analysis fragment, B. FoODMj, the spin density transferred from the
(Mulliken spin populations) for the BS wave function. Atoms copper-centered fragment to the catechol aigA)) and
with positive spin densities were assigned to fragment A in Vice versa @a(B)) are larger than those computed fol,
all cases. In theDM; and DM; systems A represents, due the larger electron delocalization onto the two methoxy
therefore, the semiquinonato magnetic fragment, and theoXygen atoms computed f@Ms. The antiferromagnetism
copper-centered one is fragment BDM, the A fragment ~ Of the DM dimer agrees with the value of the €0—Cu
belongs to the Cu(1) and the B fragment to the Cu(2). angles (97.1 and 102.3), which is in the range observed

The J values computed with egs 6 and 8 are collected in for the antiferromagnetic di-alkoxo bridged complexes.
Table 4. Ferromagnetic interactions were computed for the The rather large value of the transferred spin density (Table
Semiquinonato_copper(”) dimers, in agreement with the 4) rationalizes the qUite Iarge value Hf It has to be noted
literature result§24while the interaction between the two ~that the assignment of the bridging oxygens to Cu(1) or to
Copper(”) centers was found antiferromagnéﬁ@s ex- CU(Z) iS not Unique. In faCt, their Spiﬂ densities in the BS
pected, thel values computed with eq 8 are smaller that State are slightly negative (O(4} —0.00671 and O(55
those obtained with eq 6. Although eq 8 is valid if the BS —0.00236), their value different from zero being due to the
state is a pure singlet state, and in the present case the averagsymmetry of CerO—Cu bridges. We assigned one bridged
values ofS2, [$?[3s = 2a, = 1, computed foDM; andDM 5 oxygen per copper ion, and in Table 4 two valuesif)
(Table 4) show that it is a 50% admixture of the triplet and are shown corresponding to the two possible partitionings
singlet in both cases, nevertheless they will be taken as theof the density.
values to compare with experiment, following the suggestion  Sinergy Fitting Parameters— DFT Calculation Results.
of some authord’ This is the well-known drawback of the ~ The parameter values obtained by fitting the experimental
BS approachJ; andJs differ in absolute value|{;| > |Ja|) data were compared with those calculated with the above-
due to the differences in the geometrical parameters of thedescribed DFT procedure. Although the fit of the experi-

two dinuclear complexes. These differences are apparentmental data is apparently good, the computed values of the
parameters do not compare well with those computed with

(28) Bertrand, Plnorg. Chem.1993 32, 741.
(29) Bencini, A.; Costes, J.-P.; Dahan, F.; Dupuis, A.; Garcia-Tojal, J.; (30) Wheeler, D. E.; Rodriguez, J. H.; McCusker, J.X.Phys. Chem.
Gatteschi, D.; Totti, FInorg. Chem.Submitted for publication. 1999 103 4101.
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Bis(di-u-ethoxo-bis(3,5-dtert-butylsemiquinonato)dicopper(ll))

Complex | a) B

5

DM,

DM

Figure 4. The computed magnetic orbitals for all the model complexes. Isodensity surfac®#s=$00.05 au.

DFT. In particulard; andJs, even if ferromagnetic, are almost  of the calculations that show thBtVi; has a larger coupling
equal, while the computed ratily/J; is 1.40, better respecting  constant tharDM3 is this assignment possible.

the structural differences between the two semiquinonato- ¢y clusions

copper(ll) moieties. An indication of the quality of a fitting
procedure, which is unfortunately most often ignored among b
magnetochemists, is, along with tRevalue, the variance/

Fit of magnetic susceptibility data of clusters of spins can
e questionable if the variance/covariance matrix, or error
. . . . . matrix, is not calculated and examined. Unfortunately this
covariance matrix. An inspection of the covariance of our o ) . .

practice is often ignored in magnetochemistry. We offer here

parameters showed that and J; have a correlation coef- . :
- : the second example of the importance of DFT calculations
ficient, p(J1Js), of 0.997. This means that the two parameters . ; . . -~ .

n the interpretation of the magnetic susceptibility data in

. . . ol
are not independent. We encountered the same situation WItf"inear clusters. In the present case a number of equivalent
ther spin complex temsand we found that several _ : ) )
?nineim:lparecoospsieblesﬁtﬁ eé,iivilelgt fggtodrs 3\/esehae\/: fits were possible, since the two exchanged coupling con-
n € L . stantsJ; andJs, were strongly correlated, and only the rela-
therefore performed a series of least-squares fits by fixing tive signs of the interactionsy, Js < 0: J» > 0 could be ob-
the value ofl, while letting the other three parameters vary. tained from the fit of the tem’peratur’e variation of the mag-

The minimization function was found to be a flat surface on . oo .
the U, J5) space and a number of different sets of parameters netic susceptibility. Thé; andJs values computed with DFT
' allowed us to establish the relative strength of the interac-

were found that well reproduce_ the e.ernmentaI 1data. tions, Ji/J; = 1.4, and with these values the best fit param-
Among them, we chose the following sel; = —450 cnmt - a1 PR
3, = 288.3(1) cm?, Js = —316.0(2) cm andd = 5.06(8) eters); = —450 cn?, J, = 288.3(1) cmt, J; = —316.0(2)

2 , 3 ' ' cm*andf = 5.06(8) cn3 mol (5.70 cnm?) were obtained.

cm 3 mol (5.70 cn!) with R = 0.00893. With this set of oo
. . . The approach presented in this paper should be followed
parameters the ratio betweé&randJ; is 1.42, in good accord . . : S
in all cases in which strong correlation is found between the

with the computed value of 1.40. It must also be noted that . . . -
. : . . : l‘nagnenc parameters used to fit magnetic susceptibility data.
in the present case, since the interacting spins are all equa
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