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The present paper is devoted to the study of original trinuclealt,(Ou", Cu') complexes (Ln= La, Ce, Gd).

They derive from the polydentate ligandslH (i = 1, 3, 4) represented in Figure 1. The crystal and molecular
structures of two complexes have been determined at room temperature. The (Cu, Gd, Cu) comglléx GficH

and the (Cu, Ce, Cu) complex of,tf 3Cecrystallize in the triclinic space groupl (no. 2) with the following

cell parametersa = 14.005(2) Ab = 14.7581(13) Ac = 11.3549(13) Ao = 96.273(93, B = 97.648(11), y

= 72.946(9), V = 2217.7(4) R, andZ = 2 for 1Gd anda = 11.226(2) A,b = 16.927(3) A,c = 11.010(2) A,

a = 108.67(2}, B = 110.48(1}, y = 92.35(2), V = 1828.7(5) R, andZ = 2 for 3Ce Regarding possible
supports for magnetic interactions, it may be noted that, in both complexes, each of the main bridging pathways
between the equatorial positions of a copper(ll) ion and the related lanthanide ion is double and not symmetrical.
It involves a phenolato oxygen atom and an oximato nitregetygen pair of atoms. The resulting Cu(G;N

0)Gd networks are not planar, b8Ce displays much larger deviations than dde3d. Determination of the
thermal dependence gfs (molar susceptibility) and the field variations Bf (magnetization) show that i8Gd

and4Gd the Cu-Gd interactions are antiferromagnetic while more “usual” ferromagnetic interactions are observed
for 1Gd. The possibility of a relationship between structural and magnetic parameters is considered.

Introduction

In a recent papéerwe have described two binuclear (Cu, Gd
complexes I'Gd and 2'Gd in Figure 1), which despite their

formal resemblance exhibit significantly different magnetic

properties. The CuGd interaction which, in both cases, is
mediated by a double (O,MO) bridge is ferromagnetic itf Gd
but antiferromagnetic ir2’Gd. The latter behavior is unprec-

edented since all the previously reported complexes involving

CuQ,Gd? 15 and Cu(O,N-0O)Gd cores-1617are ferromagnetic.

difference betweed’'Gd and2'Gd concerns the Cu(O,NO)-

) Gd bridging network which is almost planar in the former

complex and bent in the latter one. These results prompt us to
enlarge our study to the trinuclear (Cu, Ln, Cu) complexes
prepared from the polydentate ligandsLH(i = 1,3, and 4, cf.
Figure 1). The experimental data support further the view that
the Cu-Gd interaction mediated by a (O,ND) double bridge
may be either ferromagnetic or antiferromagnetic, depending
on the degree of planarity of the bridging core. Relevant to the

Scrutinizing the structural data shows that the most pertinent PréSent study we may note two very recent pagetsThey
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Figure 1. Schematic representation of the ligands used in this work
(Ln = La, Ce, or Gd).

(L*Cu),Ln*(NO,),

L3Cu. A mixture of Cu(SalOMe) (1.83 g, 5x 1072 mol) and of
1-(2,4,4-trimethyl-2-imidazolidinyl)-1-ethanone oxime (0.85 gs 3073
mol) in acetone (20 mL) was heated for 10 min and then left to cool
with stirring. The precipitate that appeared was filtered off and washed
with acetone and diethyl ether. Yield: 1.6 g (95%). Anal. Calcd for
CisH1gCuNsO2: C, 53.5; H, 5.7; N, 12.5. Found: C, 53.4; H, 5.6; N,
12.4. Mass spectrum (FAB 3-nitrobenzyl alcohol matrixyn/z = 337,
[L3Cu + 1]*.

Trinuclear Complexes. As the experimental procedures are quite
similar, we will only describe the detailed preparation of one of them
while analytical results will be reported for the entire set of complexes.

(L3Cu),Gd(NO3)s. 3Gd. A mixture of L3Cu (0.67 g, 2x 10-2 mol)
and Gd(NQ)s*5H,0 (0.43 g, 1x 102 mol) in acetone (10 mL) was
heated for 10 min and then left to cool with stirring. The precipitate
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Table 1. Crystallographic Data fotGd and3Ce

1Gd 3Ce

chem. formula 62H52CU2GdN9020 C30H330€CQN9013
fw 1167.16 999.89
space group P1 (no. 2) P1 (no. 2)
a, 14.005(2) 11.226(2)
b, A 14.7581(13) 16.927(3)
c A 11.3549(13) 11.010(2)
a, deg 96.273(9) 108.67(2)
B, deg 97.648(11) 110.48(1)
y, deg 72.946(9) 92.35(2)
v, A3 2217.7(4) 1828.7(5)
A 2 2
Pcalca g CNT3 1.748 1.816

, 0.71073 0.71073
T,K 293 293
u(Mo Ka) cmt 25.15 24,53

Ra
Rw

0.0253, 0.0326
0.0643, 0.0701

0.0332, 0.0442
0.0862, 0.0957

3R = Y||Fo| — |Fc|l/g|Fol.PRy = [I[W(|Fo]? — |Fc»?)/
Y W|F0?2 12,

(L*Cu)2Gd(NO3)3-3H,0. 1Gd. This complex was directly obtained
as crystals from the solution mixture by slow evaporation. Anal. Calcd
for CaoHasCu,GANgO1s: C, 35.4; H, 4.0; N, 12.4. Found: C, 34.9; H,
4.1; N, 12.3. Mass spectrum (FAB3-nitrobenzyl alcohol matrix)m/z
= 10186, [(L)Cu)Gd(NGs),]*.

Methods. Elemental analyses were carried out by the Service de
Microanalyse du Laboratoire de Chimie de Coordination, Toulouse (C,
H, N). Magnetic susceptibility data were collected on powdered samples
of the different compounds with use of a SQUID-based sample
magnetometer on a QUANTUM Design Model MPMS instrument. All
data were corrected for diamagnetism of the ligands estimated from
Pascal’'s constant8 Positive FAB mass spectra were recorded in DMF
as a solvent and 3-nitrobenzyl alcohol matrix with a Nermag R10-10
spectrometer.

X-ray Crystallographic Procedures. Crystal data fol Gd and3Ce
are presented in Table 1. Data were measured on an Enraf-Nonius
CAD4 diffractometer with Mo Kx (A = 0.710 73 A) radiation and
— 26 scans. The temperature of measurement was 293 K. The
reflections were corrected for Lorentz-polarization effects with the
MolEN package?® Semiempirical absorption correctidh®ased ony
scans were applied. The structures were solved using a Patterson
procedure with the SHELXS-97 progréhand refined against affo?
(SHELXL-97)¢ with a weighting schem& ! = ¢%(F0?) + (aP)? +
bP, where = (Fo? + 2Fc?) anda andb are constants adjusted by
the program. All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were included using a riding model vdtlequal to

that appeared was filtered off and washed with acetone and diethyl 1.1 timesUe, of atom of attachment, except those bonded to the water

ether. Yield: 0.81 g (80%). Anal. Calcd forsl3sCu,GdNgO43: C,
35.4; H, 3.8; N, 12.4. Found: C, 35.1; H, 3.6; N, 12.1. Mass spectrum
(FAB™, 3-nitrobenzyl alcohol matrixyn/z = 956, [(L3Cu)Gd(NGs),]*.

(L3Cu)Ce(NGs)s. 3Ce.Anal. Calcd for GoHzsCeCuNgO1z: C, 36.0;

H, 3.8; N, 12.6. Found: C, 35.6; H, 3.4; N, 12.3. Mass spectrum (FAB
3-nitrobenzyl alcohol matrix)nwz = 938, [(L3Cu)Ce(NQ),]*. Crystals
were obtained by slow evaporation of the mother solution.

(L3Cu),La(NO3)3-2H,0. 3La. Anal. Calcd for GoH3sCu,LaNgO;13*
2H,0: C, 35.4; H,4.0; N, 12.4. Found: C, 34.9; H, 4.1; N, 12.3. Mass
spectrum (FAB, 3-nitrobenzyl alcohol matrixynz = 935, [(L’Cu),La-
(NO3)2]*.

(L4Cu)ng(N03)3. 4Gd. Anal. Calcd for GoHz4Cu,GdNgO13: C,
28.8; H, 3.7; N, 13.7. Found: C, 28.8; H, 3.5; N, 13.6. Mass spectrum
(FABT, 3-nitrobenzyl alcohol matrixyiz = 856, [(L*Cu)Gd(NGs),] .

(L*Cu),La(NOg)s. 4La. Anal. Calcd for GyHzsCuLaNgOsz
CsHeO: C, 31.4; H, 4.2; N, 13.2. Found: C, 31.5; H, 4.1; N, 13.2.
Mass spectrum (FAB 3-nitrobenzyl alcohol matrixywz = 836, [(L*
Cu)La(NGs),] ™.
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molecules inlGd, which were allowed to vary isotropically. Atomic
scattering factors were taken from a standard sotirS&uctures were
drawn with the ZORTEP program. Selected fractional coordinates
are given in Tables 21Gd) and 3 BCe).

Results and Discussion

The original complexesl{n, 3Ln, and4Ln with Ln = Gd,
La, Ce) described in the present work are trinuclear with a
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Table 2. Selected Atomic Coordinates and Equivalent Isotropic
Displacement Parameters{A 100) for
[{L'Cu(H0)}2Gd(H0)(NO3)](NO3)2 (H20), 1Gd

atom xla y/b zlc U

Gd 0.34209(1)  0.44952(1) 0.11235(1)  2.470(4)
Cu(l) 0.26063(2) 0.27275(2) 0.24048(3)  3.328(7)
Cu(2) 0.26549(2) 0.70079(2) 0.20899(2)  3.283(7)
0O(1) 0.2218(1) 0.4017(1) 0.1998(1) 2.99(3)
0(2) 0.1541(1) 0.5392(1) 0.0629(2) 3.46(4)
O(3) 0.4256(1) 0.2869(1) 0.1142(2) 3.65(4)
O(4) 0.2967(1) 0.5759(1) 0.2608(1) 3.00(3)
O(5) 0.4076(1) 0.4161(1) 0.3349(1) 3.68(4)

O(6)  0.3423(1)  0.5774(1) —0.0016(1)  3.15(3)
O(7)  04311(2)  0.3831(1) —0.0748(2)  4.98(5)
O(8)  0.2808(2)  0.3737(2) -—0.0763(2)  6.96(7)
O(9)  0.3774(2)  0.2866(3) —0.2046(3)  9.8(1)

0(10)  0.5088(1) 0.4690(2) 0.1570(2) 4.03(4)

- - L 0 0O(11)  0.1450(2) 0.2365(2) 0.0862(2) 6.39(6)
Elr?)graebiﬁt'y é(\)/ré(ﬁp plot for 1Gd with ellipsoids drawn at the 50% 0(12) 0.4277(2) 0.7067(3) 0.2921(3) 757(8)
N(1) 0.1714(2) 0.2930(2) 0.3644(2) 3.41(4)

Cu(O,N-0)Ln(O,N—0O)Cu core while the previously reported N(2) 0.3081(2) 0.1446(2) 0.2878(2) 4.16(5)
complexe’ (1'Gd and 22Gd) are binuclear. It may be noted  N(3) 0.3881(2) 0.2324(1) 0.1686(2) 3.28(4)
that the HL! ligand may lead to a binucleafGd or a trinuclear mggg 8-%;23% 8-;%88; 8-22888 iggg’;
1Gd complex depending on the ratio of reactants. By contrast, N(6) 0:3033(1) 0:6659(1) 0:0443(2) 2:91(4)

HoL® and HL* only yield trinuclear species while a binuclear  N(7) 0.3626(2) 0.3473(2) —0.1216(2) 6.27(8)
complex is solely obtained from#H2. Relevant to the present
study are the works quoted in refs 16 and 17. They concern
polynuclear CiLn complexes involving 5-Ch|qr0pyrldone aS Table 3. Selected Atomic Coordinates and Equivalent Isotropic
ligand and metallacrown complexes, respectively. Both types Displacement Parameters¥4A 100) for [(L3Cu)Ce(NQy)3], 3Ce
ﬁf comtpounds include bridging networks of the Cu(6®)- atom Y/a y/b 2lc e
n sort.
: : Ce 0.22987(2)  0.25464(1)  0.51767(2)  3.07(1)
From the data of chemical analysis and mass (FAB Cu(1) 0.01351(3) 0.10845(2) 055419(4)  2.97(1)
spectroscopy, the complexes under study may be represented ¢ 2) 0.35131(4)  0.46028(2)  0.53756(4)  3.56(1)

@ Ueq = one-third of the trace of the orthogonalizel tensor.

by the formulas E:Cu,Gd(H0)3(NO3)s and L2.CupLn(NOs)s o(1) 0.0194(2)  0.1432(1)  0.4082(2)  3.36(5)
(i=3and4; Ln=Gd, La, Ce). Almost identical FABspectra 0(2) 0.4226(2) 0.3786(1) 0.6166(2) 3.34(5)
were obtained for the homologous complexes gf+and HL* 0O(3) 0.2870(2) 0.1354(2) 0.6003(3) 3.79(5)
with signals attributable to the [(CuLn(NOs);]* (100%) and 8%‘5"3 85823% 8522%; 8255?% jggggg
[L'CuLn(NGs)2]* (15—20%) species in both series=€ 3 and 0(6) 0.3094(3) 0.3044(2) 0.7958(3) 4.96(6)
4). Crystal and molecular structures were determined by X-ray o(7) 0.1917(4) 0.2909(2) 0.9088(3) 7.4(1)

crystallographic analysis in the caselddd and3Cefor which 0o(8) 0.2385(2) 0.1288(2) 0.3044(3) 4.15(5)
appropriate crystals have been obtained. 0(9) 0.4250(2) 0.1968(2) 0.4573(3) 4.27(5)

- it 0(10) 0.4124(3) 0.0929(2) 0.2747(3) 5.63(7)
Description of the 1Gd Structure. One distinctive feature o(11) 0.0189(3) 0.3243(2) 0.4591(4) 6.15(8)

of the1Gd structure is that the trinuclear network is not neutral 0(12) 0.1890(2) 0.4094(2) 0.6192(3) 4.64(6)

but dicationic. It is well represented by the formula jQu- 0(13) 0.0022(3) 0.4481(2) 0.5820(4) 8.2(1)
(H20)).Gd(H,0)(NO3)]?*. In addition to two trinuclear entities, N(1) —0.1691(2) 0.1033(2) 0.5096(3) 3.21(5)
the unit cell contains four uncoordinated nitrato ions and four N(2) 0.0140(3) 0.0730(2) 0.7041(3) 3.63(6)
unbound water molecules. A view of the bimetallic cation is mgg 8-22%% 8%%82% 8232?8; g%iggg
represented in Figure 2 whllt_a relevant bond Iength_s and angles N(5) 0.2916(3) 0.5393(2) 0.4451(3) 4.37(7)
of the Cu(ll) and Gd(lll) environments are quoted in Table 4. ng) 0.2339(3) 0.3801(2) 0.3558(3) 3.89(6)
The cation has no crystallographic symmetry; the bond lengths  N(7) 0.2024(3) 0.2879(2) 0.8007(3) 4.72(7)
and angles of the two {Cu)Gd/2 moieties differ little. N(8) 0.3597(3) 0.1381(2) 0.3433(3) 3.51(6)
The central gadolinium ion is linked to each copperion by a N(9) 0.0667(3) 0.3952(2) 0.5542(4) 5.13(8)

double (O, N-O) bridge (O standing for the phenolato oxygen  ay,, = one-third of the trace of the orthogonalizek tensor.
atom and N-O for the oximato group of theLligand). The
five atoms involved in each Cu(O;NO)Gd bridge are not  ion achieves its environment with three oxygen atoms coming
exactly coplanar. The dihedral angles petween the (OCuN)  from a bidentate s2-coordination) nitrato ion and a water
and (OGdO) planes are equal to 7.3(3nd 8.8(2) in the molecule. As previously noted, the 6@ bond lengths depend
Cu(1) and Cu(2) moieties, respectively. The related-@Gd on the nature of the oxygen atoms; they vary from 2.371(2) to
separations are equal to 3.6388(4) and 3.6328(3) A. A sort of 2.620(2) A with a mean value of 2.460 A. The bonds issued
third bridge results from the fact that each OMe sidearm which from the oximato and phenolato oxygens are shorter than those
intrinsically belongs to the mononuclear 1@u) entity is from the water molecules, the largest ones being related to the
coordinated to the Gd ion. The polyatomic pathway which methoxy sidearms and the nitrato ions.
connects the two metal ions is too extended to support a Each copper ion has a classical square-pyramidal environ-
significant magnetic interaction but, it can contribute to the ment. The four basal donors {8) are afforded by a Lligand,
stability of the trinuclear species. while a water molecule occupies the apical position. As usual,
The gadolinium ion is nine-coordinated. In addition to the the apical Ct-O bonds with a mean value of 2.357 A are longer
six oxygen atoms afforded by twollligands, the rare earth  than the equatorial ones (mean value 1.908 A).
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Table 4. Selected Bond Lengths (A), Distances (A), and Angles
(deg) for [ LCu(H,0)}:Gd(H0)(NO3)](NO3)x(H,0),, 1Gd, and for

[(L3Cu)Ce(NQy)3], 3Ce

1Gd

3Ce

Cu_ophenolato

1.906(2)-1.911(2)

1.901(2)1.919(2)

Cu—N(1,4) 1.946(2)-1.952(2) 1.924(3Y1.921(3)
Cu-N(2,5) 1.923(2)-1.917(2) 1.927(3)1.934(3)
Cu-N(3,6) 1.966(2)-1.985(2) 1.968(3)1.962(3)
CU—Opater 2.351(2)-2.363(3)

CU—Ohirato 2.526(2)-2.550(3)
LN-Onirato 2.476(2)-2.562(2) 2.627(3)2.694(3)
Ln-Ophenolato 2.371(2)-2.372(2) 2.603(2)2.604(2)
LN-Obyimato 2.342(2)-2.403(2) 2.486(2)2.410(2)
LN-Ormethoxy 2.594(2)-2.620(2)

LN-Ohater 2.416(2)

ob 7.3(3)-8.8(2) 46.5(1)-45.3(1)
Ln---Cu(1) 3.6388(4) 3.6070(5)
Ln---Cu(2) 3.6328(3) 3.5967(4)

Inorganic Chemistry, Vol. 39, No. 26, 2006997

Figure 3. Zortep plot for 3Ce with ellipsoids drawn at the 50%

aln = Gd for 1Gd and Ce for3Ce P Dihedral angle between
O—Ln—0 and N-Cu—0 planes.

probability level.

lined that, in contrast to the main bridging network Cu(G,N

. . O)Ce, the NQ bridge in 3Ce is not able to mediate any

~ Bound and unbound nitrato ions and water molecules are gjgnificant intermetallic interaction. Indeed, it concerns an axial
mvolyed in an extensive r!etwork of.hydrogen bonds possibly position of the copper(ll) ion which possesses a vanishingly
leading to a small shortening of the intermolecular@&dd (1 small spin density. The five atoms of each Cu(@®)Ce

— X%, 1 -y, —2) distance (5.9996(3) A?- Other intermolecular  framework are far from being coplanar. The dihedral angle
Gd--+Cu, Gd-+Gd, and Cer-Cu separations are larger than ca. petween the (OCuN) and (OCeO) planes takes the values
6.4. A,.Whlle the Cu(1)...Cu(2) distance within the trinuclear 46.5(1F (Cu(l)) and 45.3(F) (Cu(2)) which are not very
entity is equal to 6.3867(4) A. different from the value (39.1(1) observed ir2'Gd? but much

Finally, the two halves (ICu)Gd/2 of 1Gd offer many larger than those found itiGd (6.1(3F)! and 1'Ce.3°
similarities to each other and to their binuclear analotjGsl. The intramolecular Cu(1)-Cu(2) separation of 7.0149(6) A
The related bond lengths and angles are not fundamentallyis within the normal range of values for polynuclear ¢n)
different. We note that the dihedral anglecharacterizing the  complexes. By contrast, abnormally small values of 3.4417(6)
bridging network scarcely varies from 7.3{Znd 8.8(2) in and 3.989(1) A are observed for the intermolecular Gu(1)
1Gd to 6.1(3y in 1'Gd while the related Cu-Gd distance Cu(1) and Cu(2)-+Cu(2) distances respectivelyandj standing
decreases from 3.6388(4) and 3.6328(3) A to 3.6210(3) A. The here for the £x -y, 1— 2 and (1— x, 1 — y, 1 — 2) symmetry
major differences between the trinuclear and binuclear com- gperations. Regarding the possibilities of magnetic interaction,
ple>§es originate in the nature of the aqtua} polynuclear speciesgpe may note that in both cases the-@u; vector is almost
(cationic vs neutral) and the coordination number of the perpendicular to the related equatorial coordination planes and
gadolinium ion (nine vs ten). _ ) therefore does not mediate any significant magnetic interaction.

Description of the 3Ce Structure.We have failed to obtain  Fyrthermore the axial sites of the Cu(ll) ions are known to
well-shaped crystals of the gadolinium compl@&d, but we support vanishingly small spin densities.
have succeeded in doing so for the isomorphous cerium complex pggth copper(ll) ions are five-coordinated. As expected, the
(L3Cu)Ce(NGy); 3Ce? The unit cell contains four trinuclear  axjal Cu-O bonds involved in the nitrato bridges are longer
entities without any neutral molecule (water or organic solvent). (mean value 2.538 A) than the equatorial-@&d (mean value
Each entity is neutral and has no crystallographic symmetry. 1 910 A) and CuN (mean value 1.939 A) bonds. The
One molecular unit is represented in Figure 3, while relevant |anthanide ion is 10-coordinated. In addition to the four oxygen
bond distances and angles are r(_eported in Table 4. ~ atoms afforded by two monometallic units 3@u), Ce(lll)

The two (L’Cu)Ce/2 halves which form the molecular unit  completes its surrounding with six oxygens from three bidentate
are not identical, but the bond Iength differences are small. The NO; anions. Out of these six oxygen atoms, two are also linked
largest one (0.076 A) affects the bond between the cerium iontg g Cu(ll) ion (see above). The shortest lantharideygen
and the oximato oxygen atom. The other differences in the Ce- honds (2.410(2) and 2.486(2) A) are issued from the oximato
(I1) and Cu(ll) environments are at the best equal to 0.030 A. groups. The lengths of the other €@ bonds vary from
An unexpected feature of the structure is that the cerium ion is 2 603(3) to 2.694(3) A, the largest values being related to the
triply connected with each copper ion. In addition to the usual ponds involving the nitrato anions.

(O, N—0) bridging pathways, a third bridge is afforded by a | the series of complexes formed byQu and rare earth
bidentate N@ion. In each (Cu-Ce) pair, an axial position of  jons, the lack of suitable crystals prevents any structural
Cu(l) is occupied by a nitrato oxygen atom (O(5) or O(12)) determination to be made. The data from chemical analysis and
which is already linked to Ce(lll). This third bridge is likely  mass (FAB) spectroscopy suggest that the structure of these
responsible for the shortening of the intramolecular-€Le complexes does not comprise any solvent (organic or water
distances (3.6070(5) and 3.5967(4) A) compared to the value molecules) linked to the metal ions. They probably have
(3.6753(6) A) observed for the related binuclear complex structural features similar to those of¥Cu)Ce(NQy)s, each
L'Cu(H.0)Ce(H0)(NOs); 1'Ce2® However, it may be under-  pair of metal ions (Cu, Ln) involving a triple bridge and large

29 Sor diffract - - tonshio ¢ values of the dihedral angle between the two halves of the main

Powder diffraction spectra establish an isomorphism relationship for pi4qi

3Ce and3Gd. bridging pathway Cu(O,NO)LnN.

(30) The structural data characteriziti@e will be published elsewhere.
However, it is interesting to note th#iCe and1'Gd are isomorphous.

Magnetic Study. The magnetic study concerns the (Cu, La,
Cu) and (Cu, Gd, Cu) triads to which a spin-only formalism
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13 T T Table 5. Parameters Deduced from the Magnetic Susceptibility
~ Data of the Different Complexes
é Jewsa(em™)  Jewcu(CM™)  Gew Yo Re
& 1Gd 25 0 210 199 & 10°
2 3Gd -1.8 0 210 2.01 4x10°
5 4Gd -1.0 0 210 202 &10°
= 1GdP 35 205 199 1x10*

\ N 2GdP -0.5 211 199 5 10°
8
0 100 200 300 aR = Z[(ymNobs — OmTecad¥Z[(xmTobd2. © CF. ref 1.
T(K)

Figure 4. Thermal dependence gfT for 1Gd at 0.1 T. The full line complexes are essentially dependent on interactions between

corresponds to the best data fit. the Gd" and Cd ions. These interactions are ferromagnetic in
1Gd and antiferromagnetic iB8Gd and 4Gd.
10 T T From the energieE(SS) reported above and the equations
relating local and moleculay values33 it is straightforward to
o oF " express the magnetic susceptibility as a functioit ahd four
E r parameters; Joucs Joucu Jow andded:
g 6 7 xnT = [NBAKTI[T/(T — 0)][AVB]
=
=
= ! ! with
40 100 200 300
T A= [165gq1z 1) +849(71,f EXP(/2KT) +
Figure 5. Thermal dependence @i T for 3Gd at 0.1 T. The full line
co?responds to the b(fst data fit.m/I 849(7/2,0)2 exp((@ + 2J)/2kT) + 359(5/2,1)2
may be applied. Indeed l'awith a 1S ground state is exp(&/kn] andB =[5+ 4 exp(@/2KT) +
diamagnetic while GH with a 8S;,; ground state is devoid of 4 exp((@ + 2J)/2KT) + 3 exp(&/KT)]
first-order angular momentum. 6 gauges eventual second-order effects (intermolecular cou-
Two (Cu, La, Cu) complexes are availabgt,a and4La. pling, zero field splitting, ...). Least-squares fit of the experi-
The related complexLa cannot be prepared. F@La, the mental data with the above relation leads to the values quoted
thermal dependence @f1T is characteristic of a small antifer-  in Table 5. For comparison, we have reported the parameters
romagnetic interaction since no maximum appears irythes previously obtained for the binuclear compled83d and2'Gd.
T curve until 2 K. Least-squares fit of the experimental data We can see that these results are very coherent, particularly for
with the equation valid for a copper(ll) pé&tleads toJcycy = 1Gd and1'Gd.
—1.8 cntl. The interaction is also antiferromagnetic4ha, It may be noted that in the trinuclear complexesd, 3Gd,
but its magnitude is much smallglc,cd < 0.1 cnr™, and4Gd the best fitted value fa¥' ccuis 0. The magnetic study

In keeping with the occurrence of two types of intramolecular of the (Cu, La, Cu) analogues confirms this result in the case
interactions, the analysis of the magnetic properties of (Cu, Gd, of 4La but leads to a different evaluatiodl ¢.cu= —1.8 cnT?)
Cu) triads is based on the Hamiltoniéh= —2JcucdScuSed — in the case oBLa. If the 3Gd data fit is restricted to three
JcucsSeuSew It is assumed that the terminal copper centers are variables Jcucs gew and ged), the fourth parameterdcycy)
equivalent. The energid{SS) of low-lying spin states can be  being held equal te-1.8 cnt, we obtainJcycg= —1.7s cm™,

expressed 8§32 gcu = 2.10, andgsg = 2.01 with aR factor equal to= 4 x
1075, Owing to the experimental uncertainties, these values are
ECL,1)=0; E(/,1)= g4cd2; not basically different from those reported in Table 5. The low

7 _ . . 5 _ sensitivity of yu on the magnitude of the Cu, Cu interaction
B(/2:0)= Tegcf2 + Jeuey  B(721) = 8lgacy may probably be related to the fact that all of & S) energies
but one,E("/,,0), do not depend on this interaction. From the
values quoted in Table 5 we can deduce the energy spectra for
the low-lying spin states of the (Cu, Gd, Cu) complexes. They
fare shown in Figure 6 which also contains 8@d spectrum
obtained with the second set of parameters. In addition to the
reversal of energy levels on going frab&d to 3Gd and4Gd,
it appears that the spectrum width is smaller4@d (8.0 cnT?)
than for3Gd (14.5 cntt) and1Gd (20.0 cnm?) so that, in the
former complex, the populations of thé(0) and {/»,1) excited
spin states are not negligiblet & K they are equal to 7.2%
and 3.5%, respectively, while that of th#,(1) ground state is
89%.

Additional information may be gained from an analysis of
the field (H) dependence of the magnetizatio)( In the case

("2,1) and {/,,0) refer to the states resulting from the coupling
of Ssgwith S = 1 and 0, respectivel\§ being the intermediate
spin obtained by coupling the tw&:,.

The temperature dependence of the experimental values o
the productymT (Figures 4 and 5) clearly differentiatd$sd
from 3Gd and4Gd. For the three complexeguT is constant
from 300 to ca. 100 K and corresponds to the value (8.6Km
mol~1) anticipated for three uncoupled ions. As the temperature
is lowered furtheryuT for 1Gd increases regularly to reach a
value consistent with &, spin state 82 K while, for 3Gd and
4Gd, ymT decreases. The values observe@ & are slightly
larger than expected for %, spin state, indicating that higher
spin state(s) may be operative in addition to the antiferromag-
netic ground state. This point will be considered later, but it
does not invalidate the conclusion that the behaviors of the three(32) Griffith, J. S.Struct. Bonding (Berlin}L972 10, 87.

(33) Bencini, A.; Gatteschi, D. IfMagneto-Structural Correlations in
(31) Bleaney, B.; Bowers, K. CRProc. R. Soc. London, Ser. 1052 214, Exchange Coupled SystenWillet, R. D., Gatteschi, D., Kahn, O.,
451. Eds.; D. Reidel: Dordrecht, The Netherlands, 1985.
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164 (Ssq and two ), respectively, at 2 K. The magnetization
increases less than expected for uncorrelated ions, confirming
the antiferromagnetic nature of the interaction. However, the
experimental points are located above the Bjj.(lot. When
the field is raised, the difference between the two sets of values
increases and the magnetization approaches the value anticipated
for three uncoupled spins. This behavior is presumably due to
10 - two factors which converge on enlarging the participation of
(772, 0) spin states higher thatt,. These factors are the presence of
_ 3Ga® 3Gd™ 4Ga® excited spin states close in energy to the ground state (cf. Figure
6) and the decoupling effect of the magnetic field. Thus the
EO2.D E /2.1 E®2D E®2D magnetization ®82 K and H = 0.5 x 10* G would be
E(712,0) approximated by the sum of the contributions supplied by
respectively the (Cu, Gd, Cu) triads in tBe= 5, state (relative
E(7/2, 1) E(2, 1) population of ca. 80%), the triads wits = 7/, (ca. 11%), and
the triads comprising noninteracting spins (ca. 9%). The resulting
RT EOR.D E(72.0) B2 value of 2.2ug compares reasonably with the measured value
of 2.4 ug. Similar comments can be made f86Gd. In this
- £ 1) E2.1) complex the difference between the observed magnetization and
the values calculated for$ = 5/, state are smaller than in the
case o#Gd in accordance with a larger gap between the ground

E (cm")
E (572, 1)

20 |-

E(7/2. 1)

E (7/2,0)

Figure 6. Energy states for the low-lying spin statesldsd, 3Gd,
and4Gd at 2 K. E(%,1) is arbitrarily taken equal to zero in the three

cases. (a) Parameter values as indicated in Table Scg)= —1.7 and excited states (Figure 6) and a larger magnitude of the
cmL; Jeucu = —1.8 cnmd; gey = 2.10; geq = 2.01. antiferromagnetic interaction (1.8 vs 1.0 th

A point we wish to emphasize concerns the possible relation-

10 ' T ' ' ship between the magnetic properties of the (Cu, Gd) pairs and

the bending of the bridging network. If we consider the values
of the dihedral angle. between the (OCuN) and (OGdO) planes,
4 it appears that the ferromagnetism of the—@&d entities in
1Gd and1'Gd (J = 2.5 and 3.5 cml, respectively) tallies with
small a values (7.3(3), 8.8(2F, and 6.1(3), respectively).
Conversely, largex values (from ca. 40to 46°) characterize

0 ) 5 3 4 2'Gd and 3Gd (judging by the isomorphou8Ce complex),

H(T) which display antiferromagnetic CtGd interactions J from

—0.5t0—1.8 cnT?).

The ferromagnetic behavior of the (EGd) pair has been
attributed-1335to coupling between the electronic 3e-4fcq)
ground configuration and the excited configuration arising from
a 3d—5dsq electron transfer. In any case this mechanism
stabilizes the resulting = 4 spin state with respect to ti8&=
3 one. However, the experimental data obtained for complexes
with a (CuQGd) core show that, as the dihedral angle
becomes larger, the magnitude of the interaction decreases and
tends to vanish whea approaches a value of the order of 40
It is not unrealistic to assume that f21Gd, 3Gd, and4Gd the
4 (T)“ > ferromagnetic contribution is reduced to such an extent that an
Figure 8. Field dependence of the magnetization 4sd. The full underlying Wea.k antlfgrromagnet|§m becomes perce_ptlble. To
line corresponds to the Brillouin function for&= %, spin state and aCC‘?“”t for th's, antlferromagnet!sm, tV\{O mechanisms are
the dotted line to the Brillouin function for three isolated spins. available: the HeitlerLondon type interactidt’®*’and/or the

Anderson mechanis##-39In the former approach the antifer-
of 1Gd the variation oM vsH at 2 K (Figure 7) is very similar ~ romagnetism of a (CuGd) pair would arise in the ground
to those previously reported for ferromagnetically coupled (Cu, configuration (3d,—4fsd) from overlap between natural orbitals.
Gd) pairst1234 |t nicely follows the Brillouin function The latter model is based on the interaction between the ground

Figure 7. Field dependence of the magnetization 16sd. The full
line corresponds to the Brillouin function for&= 9, spin state.

(abbreviated as B.PL) in the following) for aSy = 9, spin configuration and the excited configurations corresponding to
state and thus confirms the ferromagnetic nature of the Cu, Gdeither the 3d— 4f or the 4f— 3d metat-metal charge transfer,
interaction in1Gd. both leading to ai$ = 3 excited-pair state. The HeitleLondon

For 3Gd and4Gd, the M vs H plots are linear in the low-  mechanism and the Anderson one have been assuimdzt
field regime H < 0.8 x 10* G). They are in agreement with

_fi hili ; ; (35) Goodenough, J. B. liMagnetism and the Chemical Bgnthter-
the zero-field susceptibility values determined independently. seience: New York, 1963

The experimental values of the magnetization obtained Gut (36) Kahn, O. InMagneto-Structural Correlations in Exchange Coupled

in the field range ((6:5) x 10* G) are represented in Figure 8 SystemsWillet, R. D., Gatteschi, D.; Kahn, O., Eds.; D. Reidel:

together with the theoretical curves corresponding to the a7 %‘?rfdrrgcgtvJ"'_hgr']\‘?lfhtef"ﬁn"jzs_v &9?]'?]- @hem. Phys. Letto81 82

Brillouin functions for aS= %/, state and three uncoupled spins S 53'4e' o o Lhariot, M. ., Kahn, SLhem. Fhys. Le '
(38) Anderson, P. WPhys. Re. 1956 115 2.

(34) Costes, J. P.; Dahan, F.; Dupuis, A.; Laurent, Inérg. Chem200Q (39) Anderson, P. W. IMagnetismRado, G. T., Suhl, H., Eds.; Academic

39, 165. Press: NewYork, 1963; Vol. 1, Chapter 2.
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inoperative in the complexes built around a G@d core. It Commun de Spectroscopie de Masse) for her contribution to
has been stated that, due to the contraction of the 4f orbital the mass spectra data. The authors are greatly indebted to Dr.
around the gadolinium nucleus and their shielding by the 6s J. p. Laurent for fruitful discussion and comments.

and 5p orbitals, all the integrals involving a<48d density would

vanish. In the case of complex@Gd, 3Gd, and 4Gd the

observed antiferromagnetism demands that the Heitlendon Supporting Information Available: X-ray crystallographic files
interaction and/or the Anderson one become operative, implying including the structural data fof [ :Cu(H,0)} 2Gd(H0)(NO3)](NO3)-
that the total 4+3d overlap density takes a finite value. (H20), 1Gd and for [(L3Cu)Ce(NQ);] 3Ce in CIF format. This

. . . terial i ilable f f ch ia the Int t at http: .acs.org.
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