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A series of heterodinuclear Cu'Ln™ and Ni'Ln"" complexes, [M"LLn"(NOs)s] (M = Cu or Ni; Ln = Ce=Yh), with
the hexadentate Schiff base compartmental ligand N,N'-ethylenebis(3-ethoxysalicylaldiimine) (H,L') have been
synthesized and characterized. The X-ray crystal structure determinations of 13 of these compounds reveal that
they are all isostructural. All of these complexes crystallize with the same orthorhombic P2,2,2; space group with
closely similar unit cell parameters. Typically, the structure consists of a diphenoxo-bridged 3d—4f dinuclear core,
self-assembled to two dimensions due to the intermolecular nitrate++-copper(1l) or nitrate-+-nickel(ll) semicoordination
and weak C—H--+O hydrogen bonds. Despite that, the metal centers of the neighboring units are well separated
(the ranges of the shortest intermolecular contacts (A) are (M-++M) 7.46—7.60, (Ln++-Ln) 8.56—8.69, and (M+++Ln)
6.12-6.20). Variable-temperature (5-300 K) magnetic susceptibility measurements of all the complexes have been
made. The nature of exchange interactions in the Cu'Ln" systems has been inferred from the AywT versus T
plots, where Ay T is the difference between the values of yuT for a Cu'Ln" system and its corresponding Ni'Ln'"
analogue. Ferromagnetic interactions seem to be exhibited by the Cu'Gd", Cu"Th", Cu'Dy", Cu"Ho", Cu'"Tm",
and Cu"Yb" complexes, while, for the Cu'"Er'" complex, no definite conclusion could be reached. On the other
hand, among the lower members of the series, the complexes of Ce", Nd", and Sm" exhibit antiferromagnetic
interactions, while the Cu"Pr'" and Cu"Eu" analogues behave as spin-uncorrelated systems. The observations
made here vindicate the proposition of Kahn (Inorg. Chem. 1997, 36, 930). The Ayw T versus T plots also suggest
that, for most of the Cu'Ln" complexes, the exchange interactions are fairly strong, which probably could be
related to the small dihedral angle (ca. 4°) between the CuO, and LnO; planes.

Introduction compounds, where the nature or magnitude of the interactions
has been determined, the majority of them contain gadolin-

ium(lll) as the lanthanide counterpart. The studies of the
magnetic properties of exchange-coupled MGgstems (M

Magnetic exchange interactions in 3d bimetallic complexes
can now be well predicted from the molecular structures con-
sidering the symmetry and energetics of the metal orbitals —“=" =" - | : ”
containing unpaired electroAdn contrast, although the lan- ™ Cu', N'_' cd', '_:é i and VYO) revga! that, aIthougrl\ltzhe
thanide-containing exchange-coupled systems may be appealf@ture of interaction is ferromagnetic in most cok@dl
ing as the building blocks for molecule-based magnets due the ferromagnetic behavior is not intrinsic; it depends on the

to the large anisotropy associated with most of the |amhan_environment of the metal ions and the structural parameters,
and they may even turn out to be antiferromagn¥®tié

ides, the exchange couplings between 3d and 4f metal ions her. f . P .
have not been much explorét? 12 In the reported 3¢ 4f Further, from reported studies on systems, it may
be surmised that the extent of ferromagnetic interactions
* Authors to whom correspondence to be addressed. E-mail: In(,:refases W!th_a decrease of the d'hedral angle between the
sm_cu_chem@yahoo.co.in (S.M.); tkwei@mail.tku.edu.tw. (H.-H.W.) bridging moieties of the two metal iori&:11d

Faﬁ:ugi%/-:rss}tzy3gf1%§§u§tsa_M.); 886-2-26209924 (H-H.W.). In contrast to those of 36Gd! systems, the magnetic

¥ Tamkang University. properties of heterometallic complexes of other lanthanides
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have been sparsely investigated, and therefore, little informa-Chart 1.
tion is available for them. It was predicted theoretically that

coupling of 4f ions with other paramagnetic species will
be ferromagnetic fon > 7 and antiferromagnetic far <

7.5 However, the reported studies do not fully corroborate

this predictior? The lanthanides other than théhave a first-

order orbital momentum which makes the understanding of

the 3d-4f interaction complicated. Each of th&L , states
arising from the 4f configuration due to the interelectronic
repulsion and spinorbit coupling will be further split to
Stark components @+ 1 if nis even,J + 1/2 if nis odd)
due to the crystal-field perturbation. Except for 'Srand

Chemical Structures of #1 and HL?
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Eu", the®*'L; ground state is well separated from the first 3d—4f systems, containing anisotropic lanthanide ions, is due
excited state. At room temperature, all the Stark levels of to both the thermal depopulations of the Stark levels and

the ground state (for L' other than St and EU') or the
ground and first excited states (in the case of'Sind EU')

the exchange couplings. The approach that has been proposed
to overcome this difficulty to understand the nature of

are populated. A progressive depopulation of these Starkcoupling is to compare the magnetic properties of exchange-
sublevels takes place with a decrease of temperature. Thusgoupled 3d-4f systems with those of the structurally related
the thermal variation of the magnetic susceptibilities of the species where the lanthanide ion is present in a diamagnetic
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environment so that the contribution due to depopulation of
Stark levels can be ruled o?t3

Compartmental Schiff base ligands derived from conden-
sation of 3-methoxysalicylaldehyde with diaminoalkanes
having alkyl substituents on the lateral alkane chain have
been used to synthesize a number of discrete-43d
compounds$P 1t Using 3-ethoxysalicylaldehyde as the alde-
hyde functionality for compartmental Schiff base ligands
suitable to stabilize the 3e4f systems, we reported a
CU'Gd" compound, [CULLN"(NOs)s] (HoL' = N,N'-
ethylenebis(3-ethoxysalicylaldiimine, Chart*)This com-
plex exhibits intradimer ferromagnetic interactiah= 4.04
cmt, H = —2JS,-S;). In the meantime, a few more
compounds, mostly containing @dderived from 3-ethox-
ysalicylaldehyde-diamine type ligands have been repdtted,
one of which exhibits the strongest ferromagnetic coupling
(J = 6.3 cnml) among the related C¢Gd" compound$?

Using the ligand K2 (Chart 1), which is very similar to
H,LY, Costes et al. reported the magnetic behavior of the
CU'Ln" and NI'Ln"" complexes of all the paramagnetic lan-
thanide(lll) metal$® As the nickel(ll) centers in these
Ni"Ln" complexes are diamagnetic, they analyzed the nature
of the interactions in the Gun"' complexes using the em-
pirical approach. The metal centers in these compounds are
either weakly coupled or noncorrelated. The dihedral angles
(6) between the Cupand LnQ planes or NiQ and LnQ
planes in these compounds are c&. Ii3asmuch as the value
of 6 in [CU"LLn"(NOs)3] (4.3°) is smaller than the corres-
ponding value (12.9 in the CUGd" compound derived
from H,L?, the former exhibits a stronger interactiah=
4.04 cnt?) than the latterJ = 3.5 cn1?).4>112This would
indicate that the ClLn"' (Ln = Ce—Eu, Tb—Yb) compounds
derived from HL! may exhibit stronger interactions than
the feeble interactions observed in the related compounds
derived from HL2. In that case, similar to the €¢Gd"

(13) The empirical approach was also used to determine the exchange
interactions between lanthanide ions and organic radicals (Kahn, M.
L.; Sutter, J.-P.; Golhen, S.; Guionneau, P.; Ouahab, L.; Kahn, O.;
Chasseau, DJ. Am Chem. Soc200Q 122, 3413).
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systems (mentioned above), the roledofn the extent of
magnetic interactions can be verified. With a view to design
strongly exchange-coupled tin"" (Ln = Ce—Yb) com-
pounds and to find magnetostructural correlations (at least
in a qualitative sense), we report here the syntheses, structure
determinations, and magnetic properties of the whole range
of Cu'Ln" and Ni'Ln"" compounds derived from .

Experimental Section

Materials and Physical MeasurementsAll the reagents and
solvents were purchased from commercial sources and used as re-
ceived. HL! and [CU'LY]-H,0 (1) were prepared according to the
reported method®.[Ni"L1]-H,O (2) was prepared in the same way
asl. Elemental (C, H, and N) analyses were performed on a Perkin-
Elmer 2400 Il analyzer. Variable-temperature-@0 K) magnetic
susceptibility measurements under a fixed field strenfthDwere
carried out with a Quantum Design MPMS SQUID magnetometer.
Diamagnetic corrections were estimated from the Pascal constants.

Syntheses of [MLLn" (NOs)s] (3—26; M = Cu or Ni; Ln
= Ce—Yb). All these complexes were prepared by an experimental
procedure similar to that described below for thé' Eul' complex
7, except that appropriate hydrated lanthanide(lll) nitrate and the
mononuclear 3d precursor [@1u]-H,0 (1) or [Ni'L1]-H,0 (2) were
used. Despite the variation of the metal centers, all these heterobi-
metallic complexes are almost identically red-colored. The elemental
analyses of all the complexes are consistent with the formula
[M'LILN"(NO3)s] (Table S1 in the Supporting Information).

A solution of Eu(NQ)3+5H,0 (0.107 g, 0.25 mmol) in 5 mL of
acetone was added to a stirred suspension ofl[§eH,O (0.108
g, 0.25 mmol) in 40 mL of acetone. After a few minutes, a red
solution resulted. The solution was filtered to remove the suspended
materials and kept at room temperature for very slow evaporation.
After a few days, red crystals suitable for X-ray diffraction were
deposited which were collected by filtration, washed with acetone,
and dried in a vacuum. Yield: 0.145 g (77%). Anal. Calcd for
Coo0H22Ns0,3CUEU: C, 31.77; H, 2.93; N, 9.26. Found: C, 31.86;
H, 3.00; N, 9.20.

Crystal Structure Determinations of 3 (Cu'Cé'), 4
(Cu'pri), 7 (CUu"EuUM), 9 (Cu'Tb'"), 10 (Cu'Dy"), 11
(Cu'"Ho'"), 13 (Cu'Tm'"), 14 (Cu'Yb™), 15 (Ni'Cée"), 17
(Ni"Nd"), 19 (NI"Eu™), 21 (Ni'Tb"), and 24 (N{'Er').
Diffraction data for all the compounds, except id); were collected
on a Siemens P4 diffractometer in the-26 scan mode using
graphite-monochromated Modkradiation havingt = 0.71073 A.

In the case ol0, a Bruker SMART CCD diffractometer was used.
Three standard reflections were periodically monitored and showed
no significant variation over data collection. The accurate unit cells
were obtained by means of least-squares fits of 25 centered
reflections. The unit cell parameters of all these crystals are almost
the same. They crystallize in the orthorhomBR&;2,2; space group,

and the values o8, b, andc are very close. The intensity data
were corrected for Lorentz and polarization effects, and semi-
empirical absorption corrections were made frpracans. For each

of the crystals, except fdt0, the total number of reflections were
independentR;; = 0.0000) and used for structure determinations.
In the case ofl0, a total of 22294 reflections were collected, 5739
(Rnt = 0.0365) independent reflections of which were used for
structure determination. The structures were solved by direct and
Fourier methods and refined by full-matrix least-squares methods
based onF? with the programs SHELXS-97 and SHELXL-97.
Neutral atom scattering factors were taken from a standard s8urce.
All non-hydrogen atoms were readily located and refined by
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Table 1. Crystallographic Data fo8, 4, 7, 9, 10, 11, 13, and14

14(Cu'Yb")
GooH22Ns012CuYb

13(Cu'Tmih
GoH22N5013CuTm

11(Cu'Ho'")
C20H22N5013CUHO

10(Cu'Dy")
GooH22N5013CuDy

9 (Cu'THM)
GoH22Ns013CuTh

762.89
P2,2:2;

7 (CUII Eu" )
GoH2oN5013CUuEU

4(Cu'Pr)
GoH22Ns013CuPr

744.88
P2,212;

3(cu'ce)
GoH2oNs013CuCe

744.09

empirical formula

fw

777.01

P2,2,2;

772.90

P2,2,2;

768.90
P2,2:2;

766.47
P2:2:2;

755.93
P2,2,2;

P2:212:
8.697(6)

space group
a A

A

A

A

8.576(3)
13.705(3)
21.114(3)
2481.6(12)

8.566(3)
13.735(3)
21.1786(19)
2491.8(10)

8.583(3)
13.749(3)
21.191(3)
2500.8(10)

13.7580(5)
21.1665(7)
2500.61(15)

8.5870(3)

8.611(3)
13.814(5)
21.244(6)
2527.1(14)

8.601(3)
13.786(2)
12.1483(16)
2507.7(9)

8.619(5)
13.8698(10)
21.1269(15)
2525.7(15)

13.905(6)
21.176(8)
2561(2)
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Table 2. Crystallographic Data fot5, 17, 19, 21, and24

15(Ni'cel) 17 (Ni"Nd") 19(Ni"EU") 21 (Ni'Tb'") 24 (Ni"Er")
empirical formula QonstOlgNice ConzstO]_gNiNd C20H22N5013NiEU C20H22N5013Nin C20H22N5013NiEI’
fw 739.26 743.38 751.10 758.06 766.40
Space group P2:1212, P2:212, P2:1212, P2:2:2, P2:1212,
a A 8.6323(12) 8.6215(15) 8.617(4) 8.607(3) 8.601(4)
b, A 13.822(2) 13.776(4) 13.754(3) 13.742(3) 13.710(4)
c A 21.176(3) 21.179(3) 21.215(3) 21.240(4) 21.252(5)
v, A3 2526.7(6) 2515.4(9) 2514.5(12) 2512.1(11) 2506.0(14)
Z 4 4 4 4 4
T.K 293(2) 293(2) 293(2) 293(2) 293(2)
(Mo Ka), A 0.71073 0.71073 0.71073 0.71073 0.71073
u, cmt 2.602 2.868 3.298 3.620 4.156
Pcaled, g CNT 3 1.943 1.963 1.984 2.004 2.031
R12 (1 > 20(1)) 0.0250 0.0290 0.0277 0.0265 0.0253
WR2 (all data) 0.0707 0.0762 0.0796 0.0698 0.0705

*R1=[ZlIFol = [Fell/ZIFol]. ®WR2 = [Zw(Fo? = FZW(Fe?) "

anisotropic thermal parameters. The final least-squares refinements  As mentioned above, copper(ll) occupies the salen-type
(R1) based ort > 20(I) converged to satisfactory values (Tables cavity and is coordinated to two phenolate oxygens and two
1and 2). imine nitrogens. The GuN separations, GiN(1) = 1.908(7)

A, Cu—N(2) = 1.907(7) A, are in the range observed for
copper(ll) Schiff base compounds’ The transoid angles

in this tetracoordinated environment do not deviate much
from 180 (N(1)—Cu—0(2) = 172.6(3}, N(2)—Cu—0(1)

= 177.7(3)), and the dihedral angles between the CuN(1)N(2)
17 (Ni'Nd"), 19 (Ni'Eu"), 21 (Ni'Tb"), and 24 and CuO(1)0(2) plane®{) and CuN(1)O(1) and CuN(2)0O(2)
(Ni"Er'"). An ORTEP representation of [CLIEW! (NOs)4], planes §,) are 7.9 and 7.5, respectively. Evidently, the

7, along with atom labels is shown in Figure 1, while the N20z moiety affords a square plane to the copper(ll) ion.
selected bond lengths and angles of this compound are listedl he donor centers are displaced alternatively up and down
in Table 3. The structure of shows that it is a dinuclear ~ from the mean BD;, plane by 0.079 A (average), while the
neutral complex of copper(ll) and europium(lll). The metal copper(ll) lies just 0.041 A below this plane. One nonco-
centers are doubly bridged by two phenolate oxygens of the ordinated nitrate oxygen (O(5B)) of the neighboring dinuclear
ligand. The inner salen-type cavity is occupied by copper(ll), unit occupies the apical position of copper(ll) (Figure 2).
while europium(lll) is present in the open and larger position The Cu-O(5B) distance is 3.168 A, and the angles of the
of the dinucleating compartmental ligand[&". The bond =~ Cu—O(5B) axis with planar C&N or Cu—O bonds lie
distances of copper(ll) and europium(lll) with bridging between 71.24and 106.4. Thus, although the coordination
phenolates are significantly different (E@(1) = 1.908(5) environment is essentially square planar, it can be considered
A, Cu—0(2) = 1.891(6) A, Eur-O(1) = 2.350(5) A, that one nitrate of a neighboring molecule is semicoordinated
Eu—0(2) = 2.409(5) A). Such differences in bond distances to copper(ll) and this metal center adopts a pseudo-square-
are expected due to their differences in ionic size and are pyramidal coordination geometry. Due to the weakly bound
observed in related 3e4f compounds: 41112 The bridge nitrates between neighboring molecules, the discrete di-
angles Cut-O(1)—Eu and Cu-O(2)—Eu are 106.1(2)and
104.4(2), respectively. The dihedral angle between the best
CuO(1)0O(2) and EuO(1)O(2) planes is 4.@hich suggests
that the bridging moiety is almost planar; the deviations of
the constituent atoms from the least-squares plane otBuwO
do not exceed 0.03 A. The europium(lll) center 7nis
10-coordinated. In addition to the phenolates, two ethoxy
oxygens coordinate to this metal center. Two oxygens each
from the three nitrates chelate to europium(lll) to complete
the coordination sphere. Three types of-Eddistances are
significantly different, and the average bond distances are
Eu—O(phenolate)= 2.38 A, Eu-O(nitrate)= 2.51 A, and
Eu—O(ethoxy)= 2.63 A.

Results and Discussion

Description of the Structures of 3 (CU'Ce"), 4
(Cu"Prmy, 7 (CU"EU"), 9 (Cu'Th"™), 10 (CU'Dy"), 11
(Cu"HoM), 13 (Cu'Tm"), 14 (Cu'Yb'™), 15 (Ni'Ce"),

(14) (a) Sheldrick, G. MSHELXS-97 A Program for Crystal Structure
Solution University of Gdtingen: Gidtingen, Germany, 1997. (b)
Sheldrick, G. M. SHELXL-97 A Program for Crystal Structure
RefinementUniversity of Gdtingen: Gitingen, Germany, 1993.

(15) Cromer, D. T.; Waber, J. Tnternational Tables for X-ray Crystal-
lography, The Kynoch Press: Birmingham, U.K., 1974; Vol. IV.

Figure 1. ORTEP representation (50% thermal ellipsoids) of the structure
of [CU'LIEU"(NOg)3] (7) with atom label schemes.
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Figure 2. Perspective view to illsutrate the two-dimensional structure of
[CU'LIEU"(NO3)3] (7). Except two hydrogens participating in hydrogen
bonds, the hydrogens are omitted for clarity. Symmetry: A; 4, y, z B,
x—1,y,2C,1-x05+y, 05—z

angles in degrees): H(8AA)YO(11)= 2.391, C(8A)--O(11)
= 3.260, C(8A)-H(8AA)---O(11)= 148.9; H(10Cj--O(11)
=2.374, C(10C}-O(11)= 3.289, C(10C)-H(10C)--O(11)
= 167.8). As the H-O distances are within the sum of the
van der Waals radii of H and N (2.70 A) and the-8-:-O
angles do not deviate much from linearity, there is no doubt
of identifying C—H---O hydrogen bonds Y or in other
complexes reported here (vide inffd).Evidently, the
intermolecular semicoordination of nitrate to copper(ll)
and H(8A)--O(11) types of intermolecular hydrogen bonds
result in the formation of a one-dimensional zigzag chain of
the dinuclear units, and the one-dimensional chains are
stitched to two-dimensional sheets (in thig plane) by the
O(11)y--H(10C) types of intermolecular H-bonds.

Despite the strong H-bonds as well as semicoordination
of the nitrate group to the copper(ll) of a neighboring
molecule, the dinuclear units are so oriented in the crystal

nuclear units form one-dimensional zigzag chains running packing that the closest separations between the paramagnetic

parallel to the crystallographia axis.
There is no intramolecular hydrogen bonding in this
molecule. However, the nitrate oxygens interact weakly with

centers of adjacent molecules are rather large. The shortest
intermolecular Eu-Eu and Cer-Eu distances, 8.601 and
6.141 A, respectively, are the separations of the metal ions

the hydrogens of the imine moieties and alkyl side chains between adjacent molecules in the zigzag chain, while the
of the neighboring molecules. Among three noncoordinated closest Cer-Cu approach of 7.531 A is the distance of the

nitrate oxygens within a molecule, O(5) is weakly bound to
the copper(ll) center (CuA) of the neighboring unit, O(11)

copper(ll) centers between the neighboring molecules of two
different chains.

forms two hydrogen bonds, and the third noncoordinated The dinuclear cores, the semicoordination by the O(5)

oxygen (O(8)) is devoid of any electronic interaction. Among
two H-bonds involving O(11), the first one takes place with
the H(8AA) bonded to C(8A) of the lateral diiminoalkyl side

chain of the same neighboring molecule of the one-
dimensional chain to which O(5) is weakly coordinated with
copper(ll), while the second H-bond is formed with the imine
hydrogen (H(10C)) of another adjacent molecule of a

oxygen of the nitrates to the copper(ll) or nickel(ll) of a
neighboring molecule, and the patterns of the intermolecular
H-bonds of the CiCéd" (3), CU'Prf" (4), CU'Tb" (9),
Cu'Dy" (10), Cu'Ho" (11), Cu'Tm"" (13), Cu'Yb" (14),
Ni"Ce" (15), Ni"Nd" (17), and NI'EU" (19) complexes are

of types similar to those described above 7ol hus, all the
heterodinuclear compounds reported in this paper are iso-

different chain (H-bond geometries (distances in angstroms, structural. It may be noted that the structure of thé Ga'

Table 4. Selected Bond Lengths (&) and Angles (deg) 18 17, 19, 21, and24

15(Ni"cel) 17 (Ni"Nd'" 19 (Ni"Eu") 21 (Ni"Tb") 24 (Ni"Er'
M—0(1) 1.858(4) 1.866(5) 1.865(5) 1.864(4) 1.857(5)
M—0(2) 1.866(4) 1.861(5) 1.858(5) 1.855(4) 1.850(5)
M—N(1) 1.841(5) 1.850(6) 1.842(6) 1.834(6) 1.837(7)
M—N(2) 1.848(5) 1.832(6) 1.844(6) 1.840(5) 1.846(6)
M---O(apical) 3.414 3.424 3.405 3.398 3.382
Ln—0(1) 2.439(4) 2.407(5) 2.371(4) 2.341(4) 2.313(5)
Ln—0(2) 2.477(4) 2.447(5) 2.419(5) 2.402(4) 2.375(5)
Ln—0(3) 2.615(4) 2.591(5) 2.580(5) 2.558(4) 2.536(5)
Ln—0(4) 2.641(4) 2.626(5) 2.606(5) 2.608(4) 2.599(5)
Ln—O(nitrates) 2.534(5)2.600(5) 2.502(6)2.573(6) 2.465(5) 2.555(6) 2.443(5)2.553(5) 2.402(6)2.553(6)
M—O(1)-Ln 107.83(17) 107.5(2) 107.8(2) 107.96(19) 108.0(2)
M—0(2)-Ln 106.09(15) 106.1(2) 106.11(18) 105.87(17) 105.7(2)
M---Lna 3.490 3.461 3.434 3.413 3.384
Mo--Mb 7.540 7.511 7.494 7.483 7.465
Ln---Lnb 8.632 8.622 8.617 8.607 8.601
Me--LnP 6.207 6.205 6.202 6.196 6.194
e 6.1 6.2 6.2 6.7 6.5
51° 6.7 6.4 5.8 5.9 5.6
8 6.2 5.9 5.4 5.3 5.1
C(8A)+-0(11) 3.282 3.268 3.285 3.297 3.280
H(8AA)-+-O(11) 2.430 2.409 2.419 2.425 2.402
C(8A)—H(8A)--O(11) 146.5 147.4 148.4 149.5 150.3
C(10C)--0(11) 3.298 3.312 3.316 3.310 3.329
H(10C)--O(11) 2.379 2.394 2.399 2.397 2.404
C(10)+-H(10C)--O(11) 169.6 169.4 169.0 167.0 172.6

antramolecular®? Shortest intermoleculat.d, d1, andd; are, respectively, the dihedral angles between the MO(1)O(2) and LnO(1)0O(2), MN(1)N(2) and
MO(1)O(2), and MN(1)O(1) and MN(2)O(2) planes. Symmetry: AfIx,y,z C,1— X%, 05+y, 05—z
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Figure 3.

complex [CUL!Gd"(NOs);] (8) is also similar to the
structures described heteThe ORTEP of the dinuclear core
and the two-dimensional sheet structure of a nickel(ll)
analoguel5, are shown, respectively, in Figures S1 and S2
of the Supporting Information, while the selected bond
lengths and angles of all the structurally characterized
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compounds are listed in Tables 3 and 4.

Due to lanthanide contraction, the bond lengths involving
lanthanides and the intramolecular metaletal separations
in the CYLN" or Ni"Ln"" complexes decrease with an
increase of the atomic number of the lanthanides. As
compared to those of copper(ll), the bond distances of nickel-
(I1) are relatively shorter and the,®, donor centers afford
a better square plane for nickel(ll) as indicatedd@yndd,
(Tables 3 and 4). The same parameters reveal that, for th
whole series, the extent of planarity of either'Gar Ni"

Although the dihedral angles)) between the MO(1)O(2)
and LnO(1)O(2) planes for both the 'Nlin"" and CuLn™"
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Figure 4. Temperature dependence gfT for 9 (Cu'Tb") and 21

(Ni"Tb").
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eFigure 5. Temperature dependence gfT for 10 (Cu'Dy") and 22

(Ni'"Dy"). Inset: on expanding thauT axis, parts of the plots have been
environments increases slightly but systematically on going shown for the clear demonstration of the maxima as well as the steep

from lower to higher members of the lanthanide series. ncrease ofmT.

complexes increase from the lower to the higher analogues,

the differences are too smald (values for the CUCE",
Cu'Yb", Ni"Cé", and NI'Er'"" complexes are 3%44.3, 6.1°,

and 6.3, respectively). The comparison of the structural
parameters in the ¢Ce" versus NiCe", CU'EU" versus
Ni"EU", and CUTL" versus NiTh" complexes indicates
that, except for the slight differences in the +t®Et bond
lengths, the bond distances of the lanthanides remain almost

identical for a pair of compounds.

Magnetic Properties

Variable-Temperature (5—300 K) Magnetic Behavior
of the Ni'"Ln"" Complexes 15-26. TheyuT versusT plots
of the Ni'Ln"' complexes are shown in Figures-8 and
S3-S7 in the Supporting Information. For the "'&d"
complex @0), ymT values in the 3085 K temperature range

%,/ em’ mol" K
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Figure 6. Temperature dependence gfiT for 11 (Cu'Ho") and 23

(Ni"Ho'").

are almost constant and equal to the calculated value (7.88j! center. Evidently, the susceptibilities of all theNi'"

-t TOT ‘ ' complexes reported here arise only due to the lanthanide(lll)
8712 ground state, indicating the diamagnetic nature of the jons.

cnm® mol~* K) expected for only gadolinium(lll) having an

(16) (a) Desiraju, G. RAcc Chem Res 2002 35, 565. (b) Senthil Kumar,
V. S.; Christopher, F.; Rath, N. Eryst Growth Des.2004 4, 651.
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(Nillyblll)_
(Ni"Pr"), 17 (Ni"Nd"), 18 (Ni"Sm"), and19 (Ni"Eu'")) of
the Ni'Ln"" compounds are slightly lower than the theoretical
values (0.80, 1.60, 1.64, 0.32, and 1.63%cmol™* K,
respectively, forl5, 16, 17, 18, and 19) of the free ions
considering the ground states (for'€ePr", and Nd') or
ground and first excited states (for 8nand EU') of the
lanthanides. Except fdr5 (Ni''Ce"), the magnetic behavior
of these NiLn"" complexes are characterized by a continuous
decrease ofuT on lowering of the temperature. TheT

200 250 300

values &5 K of 19 (Ni"Eu") and 16 (Ni"Pr") (0.037 and
0.12 cni mol™ K, respectively) as well as the trends at low
temperatures indicate that the low-temperature limigwf

for these two complexes is vanishingly small. As the ground
state tFy) of EU" and the lowest energy Stark component
(M3 = 0) of the®H, ground level of PI are nonmagnetic,
the observations made are justifiably consistent. In the case
of the Ni'Sm" complex18, almost linear variation ofmT
with T and a very smajfu T value at low temperatures (0.034
cm® mol™! K at 5 K) are similar to those reported for the
mononuclear S compounds? For the NI'Cé" complex

15, the yu T values slowly increase from 300 K (0.74 €m
mol~! K) to 65 K (0.83 cni mol™? K) and then decrease,
again slowly, upa 5 K (0.76 cni mol™! K).

Similar to those of complexek5—19, the yuT values at
300 K for the NI'Dy" (22), Ni"Er" (24), and NI'Yb"' (26)
complexes are slightly lower (13.97, 11.33, and 2.1$ cm
mol* K, respectively, foR2, 24, and26) than the theoretical
values (14.12, 11.45, and 2.53 €mol™* K, respectively,
for 22, 24, and26). In contrast, the;y T values at 300 K of
the Ni'Ln"" complexes of the other higher analogues are a
little higher than the calculated values (observed values/cm
mol~t K [21 (Ni"Tb")] 11.97, R3 (Ni"Ho"")] 14.40, R5
(Ni"Tm'"")] 7.80; calculated values/émmol* K [21
(Ni"Th")] 11.81, P3(Ni"Ho")] 14.04, 5 (Ni"Tm'")] 7.28).

On lowering of the temperature from 300 K, except for the
Ni"Yb" complex26, ymT of the other NiLn"'" complexes
(21—25) increases slowly to reach a maximum and then
diminishes rapidly on further cooling. The temperature ranges
(K) for the maximum and the correspondipgT values (cr
mol~! K) of these complexes ar@1 (Ni"Tb"')] 60—32, 13.0,

[22 (Ni"Dy")] 100-75, 14.35, 3 (Ni"Ho")] 108—86,
14.82, R4 (Ni"Er")] 50, 11.54, and5 (Ni"Tm'")] 105—

80, 8.45. In the lower temperature range, a rapid decrease
of theymT values takes place to reach 9.78, 2.45, 9.56, 8.94,
and 5.3 cdmol™* K at 5 K for 21, 22, 23, 24, and 25,
respectively. In contrast to the other higher analogues, the
amT values of the NiYb" complex 26 remain almost
constant in the temperature range 3@00 K. On further
cooling,ymT sharply decreases to 1.47 tmol 1 K at 5 K.

It is clear from the above discussion that theT versus
T profiles of the NfLn" complexes do not obey the Curie
law. On lowering of the temperature, progressive depopula-
tion of the Stark levels, which arise in the crystal field of
the anisotropic LH ions, takes place. Due to these types of
population variation, as observed ih6—19 (Ni"Pr'—
Ni"Eu") and 26 (Ni"Yb"), the yuT values should be
expected to diminish gradually on steady cooling of the
compounds. Evidently, the initial increasey@fT to reach a
maximum for the NILn" (Ln = Ce (15), Tb—Tm (21—

25)) complexes is rather peculiar and is difficult to explain
at this stage. Although a mononuclear"Ceompound is
known to exhibit a similar type of magnetic behaviéthe
initial increase ofymT on lowering of the temperature was
not previously observed for the other examples, which show
a gradual decrease gfi T on lowering of the temperatufé?®

Variable-Temperature (5—300 K) Magnetic Behavior
of the Cu'Ln"" Complexes 3-14. The ymT versusT plots

Inorganic Chemistry, Vol. 44, No. 10, 2005 3531
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of the CULn" complexes are shown in Figures-8 and complexes3—14. The structures of the Nin"" and CdiLn"
S3—-S7. The room temperatugg T values (1.10, 1.75, 1.45, complexes are similar. The €and Ni' complexes with a
0.66, and 1.82 cémol ! K, respectively for3 (Cu'Ce"), 4 particular lanthanide preserve the same space group of the
(Cu'Pr"), 5 (Cu'Nd"), 6 (Cu'Sm"), and7 (CU'EU")) of unit cell, unit cell contents, and most of the structural
the CULNn" complexes are again slightly lower than the parameters around the lanthanide ion. Only marginal differ-
theoretical values (1.18, 1.78, 1.79, 0.65, and 1.8%mol ! ences are observed in the t@Et distances. It is logical

K, respectively) expected for the noninteracting metal ions. therefore to assume that, for a given'Lion, the crystal

However, taking the observed values of the/IMi"' com- field around it will be the same for ¢tun" and Ni'Ln"
plexes as the single-iopyT of the lanthanides, the experi- analogues. Thus, the temperature dependence of the intrinsic
mentalyuT values of the C{Ln" compounds (Ln= Ce— magnetic susceptibilities of any lanthanide can be expected
Eu) match well with those expected for isolated"Gand to be identical in both the systems. The structural data suggest
Ln" ions. As shown in Figures 3 and S&7, ymT of all that the dinuclear cores are well separated. Only weak
these CULN" complexes decreases on lowering of the intermolecular interactions are possible through the weakly
temperature from 300 to 5 K. Except for the 'Gu'" bound nitrates and H-bonding networks. Even for the
complex7, for which the variation is gradual throughout the ferromagnetically coupled G¢Gd" compound having the
temperature range, the decreasgwf below 50-60 K for ground-statesr = 4 at low temperatures, the intermolecular
the Cd', P, Nd", and S systems is quite sharp. exchange interaction has been found to be extremely weak
Among the CliLn"" complexes of the"f” lanthanides, (I = —0.006 cnTY).#? Thus, the possibility of intermolecular

Tb'" (9), Dy" (10), Tm" (13), and YB" (14) compounds interactions in the other Gun" complexes can be consid-
exhibit room temperaturguT values (13.96, 15.40, 8.76, ered to be negligible. Therefore, the difference yaT
and 3.49 crimol! K, respectively), much higher than the between a ClLn" complex and the corresponding'iNp'

theoretical values (12.18, 14.50, 7.65, and 2.96 ool ! analogue AyvT) and its variation with temperature can be
K, respectively) expected for noninteracting metal ions. In regarded to arise only due to the magnetic exchange
contrast, theyw T values of the CiHo" (11, 14.54 cnd mol ! interactions between ®&and LA". The interaction will be

K) and CHEr" (12, 11.51 cm mol~1 K) complexes deviate  antiferromagnetic if the profile aAymT versusT exhibits a
only slightly form the calculated values (14.42 and 11.82 descending pattern on lowering of the temperature and
cm?® mol™ K, respectively). On lowering of the temperature ferromagnetic with the reversal of trends. On the other hand,
from 300 K, theymT values of the CUTh" complex9 if AymT remains independent @fthroughout the temperature
increase surprisingly rapidly to reach a maximum of 20.94 range, then the two metal ions can be regarded as magneti-
cm® mol~1 K at 26 K and then decrease to 16.29%mol* cally noninteractiong. It should be mentioned that this
K at 5 K. Similarly, with the lowering of the temperature, empirical approach has been used previously to gain ideas
theyw T values of the C{Dy'"" complex10increase to reach  of the exchange interactions in discfétend 2-32Cu'Ln'",

a maximum at 16 K (19.19 chmol* K) and then sharply  dinuclear cyano-bridged Fén"' ° and Ld"-radical sys-

fall to 14 cn® mol~1 K at 5 K. The profiles of them T versus tems®®

T plots of the Tr' (13) and YB" (14) compounds are of The AymT versus T plots for the lower analogues
similar types. In these two systems, thel values increase  (Ce'—Eu") are shown in Figures 3 and S&7. The values
initially to a maximum (10.08 and 3.64 émmol?* K, of AxwT at 300 K are in the range 0.39.42 cn¥ mol* K,
respectively) in a particular temperature range<{68 and very close to the spin-onlyuT value of 0.38 criimol™ K
140-100 K, respectively) and then sharply decrease on for the CU ion. For the C# and Nd' compoundsAywT
further lowering of the temperaturg(T values at 5 K: 8.86  decreases slowly from 300 K to around 50 K (value at 50
cm?® mol™! K for 13 (Cu'Tm") and 3.23 criimol K for K: 0.2 cn® mol™ K for Cée" and 0.18 crimol™* K for

14 (Cu'Yb'™)). In sharp contrast to those of the other higher Nd"'), while it remains almost constant in this temperature

analogues, the profile of the €&r'" complex12is charac- range for the St system. However, below 50 K, thguT
terized by a continuous decrease of fhel values;ymT values sharply decrease for all three cases. The profiles
decreases slowly from 11.51 to 10.39%mol™! K in the clearly indicate that antiferromagnetic couplings are operating
temperature range 365 K and then decreases rapidly to inthe CUCe" (3), CU'Nd" (5), and ClUSn" (6) complexes.
8.83 cnf mol™' K at 5 K. The sharp decrease afyyT below 50 K may be due to the

Analysis of the Nature of the Magnetic Exchange  feeble nature of the exchange coupling, so this is more
Interactions Using the AymT versusT Plots. As mentioned perceptible at low temperatures. For the'CRd", and S
earlier and described for the 'Nlin"' systems, the intrinsic ~ complexes the differences ityymT between 300 and 5 K
ymT of the lanthanides, other than gadolinium(lll), varies are 0.49, 0.92, and 0.23 émmol™! K, respectively. In
with temperature. Thus, the temperature dependence of thecontrast, theAywT values of the Pt and EU' complexes
magnetic susceptibilities of the @®n" compounds is a  show only a small change (0.08 and 0.043cmol™? K,
superposition of the variation of the intrinsic susceptibilities respectively) for the entire temperature range, indicating that
of Ln" and exchange interaction, if there exists any, betweenthe metal centers in these two complexes are noncorrelated.
Cu' and LA" centers. We have used an empirical appr&fach  As illustrated by theAyw T versusT plots in Figures 16
to understand the nature of the magnetic exchange interac12, all of the CULn" complexes with an"f’ lanthanide-
tions between copper(ll) and lanthanide(lll) in thesd (G (1) exhibit unusual magnetic behavioAyuT of the TH"

3532 Inorganic Chemistry, Vol. 44, No. 10, 2005
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case increases very rapidly from 1.99 to 8.7 cnol ™ K

in the temperature range 306@6 K and then decreases
sharply to 6.50 cfhmol* K at 5 K. In the case of the DYy
complex,AywT increases slowly from 1.43 to 2.35 émol™*

K in the temperature range 36Q00 K and then more rapidly
to 5.20 cni mol~* K at 20 K. Finally, below 20 KAyuT
increases abruptly rapidly to 13.57 €mol* K at 7 K before

it falls to 11.55 cm mol™* K at 5 K. Clearly, the metal
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centers are ferromagnetically coupled in this case also. The
decrease oAymT at very low temperatures may be due to
the intermolecular interaction. It should be noted that a
similar type of intermolecular interaction has also been
observed in the CiGd" complex8 derived from the same
ligand#" The semicoordination by the nitrates is the probable
source of the intermolecular interactiofiyyT for the YH"
compound increases steadily from 1.30 to 1.76 omol*
K in the whole temperature range, while, in the case of the
Tm"" complex, it increases slowly from 0.95 émol™* K
at 300 K to 2.01 crhmol™ K at 36 K and then rapidly
increases to 3.56 chmol™* K at 5 K. The AywT versusT
profiles indicate the existence of ferromagnetic interactions
in these two cases also. In contrast, g, T values of the
Ho" (0.14 cn¥ mol™* K) and EM (0.17 cn? mol?t K)
complexes at 300 K are small, smaller than the value
expected for copper(ll) alonAyu T of these two cases passes
through a minimum+0.014 c¢ni mol™! K at 120-80 K for
Ho'" and—1.08 cnf mol* K at 35-20 K for Er'") and then
increases very rapidlyNym T values at 5 K: 1.74 cfmol™*
K for Ho" and —0.11 cn? mol* K for Er'"). The
intermolecular interactions in the @d Tb", and Dy
compounds are antiferromagnetic. If the intermolecular
interactions in the H and EF' compounds are ferromag-
netic, then theAymT values may increase at lower temper-
atures. Although this explaination may be considered as
logical for the EF compound for which the minimum
appears at 3520 K; however, the intermolecular interaction
around 80 K (for the H8 compound) will not be a good
proposition. Moreover, below the minimuyyuT increases
rapidly to a significantly higher value (1.73 émmol K in
comparison to 0.38 cfnmol™* K for the CU' ion). This
clearly indicates that the interaction in the'Heompound
is also ferromagnetic; the coupling is perceptible at relatively
lower temperatures than those of the'Tiy", Tm", and
Yb"" compounds. However, for the Mocompound, it is
difficult to comment on the reasons for the initial lowering
of AymT or the smaller value of thé\ymT in the higher
temperature range. For the"Ecompound, except in the
300-200 K temperature rangAymT iS negative; even below
the minimum,AyuT increases to only-0.11 cn? mol~* K
at 5 K. Therefore, at present, no conclusion should be drawn
regarding the nature of the interaction in thd' Eompound.
Comparison of the Nature of the Magnetic Interactions
in 3—14 with Those of Reported CasesFor 4fl—4f®
configurations, Kahn et &% proposed that the orbital and
spin momenta of L# are antiparallel and the ferromagnetic
spin coupling will give rise to an overall antiferromagnetic
interaction between the angular momenta. In contrast, the
orbital and spin momenta are parallel fof-44f** configura-
tions and the ferromagnetic spin coupling will result in an
overall ferromagnetic interaction. Previously, Costes &t al.
and Kahn et a?2 examined the nature of the exchange
interactions between copper(ll) and lanthanide(lll) in diphe-
noxo-bridged discrete dinuclear and oxamato-bridged infinite
ladder types of systems. The &EuU" case was not examined
by Kahn and co-workers. For lanthanides with less than half-
filled configurations, they found antiferromagnetic interac-
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Table 5. Natures of the Magnetic Exchange InteractiomsDifferent Types of Systems Involving Lanthanides as One of the Spin Carriers

compound Ce Pr Nd Sm Eu Gd Th Dy Ho Er Tm Yb
phenoxo-bridged CliLn'' AF NI AF AF NI F F F F F AF AF
phenoxo-bridged ClLn'! AF NI AF AF NI F F F F ? F F
oxamato-bridged 2-D Cin'! d AF AF AF AF F F F AF AF ? AF
cyano-bridged P&Ln'" e AF NI AF NI NI AF F AF F NI F NI
radical complex, RLn"—Rf AF AF AF AF ? F F F F

aF = ferromagnetic, AR= antiferromagnetic, and N¥ no interaction? Reference 9b¢ This work. 4 Reference 92€ Reference 9¢! Reference 13.

tions. The Costes group concluded the interactions in the T T T ' T T '
Cé", Nd", and S compounds are antiferromagnetic, while 20+
the PH' and EU' complexes are noninteracting. In these two
reports, the exchange couplings involving the heavier lan-
thanides with more that seven f electrons did not match either
the theoretical prediction in all cases or each other. Recently,
Diaz et al. have studied the nature of the exchange interac-
tions in the cyano-bridged dinuclearHen"' complexes$®
These complexes, particularly the higher analogues, again
do not follow any systematic trend. However, Kahn etal.
have demonstrated antiferromagnetic and ferromagnetic
interactions between radicals and lanthanides with, respec- 1 ' 1 ' L ' '
tively, 4f'—4f> and 47—4f1° configurations. As discussed 0 30 100 Tlf(]’( 2000250300
above, the metal centers in the'@d"’ CU'Tb'”, CU'Dy“', i Figure 13. Temperature dependence of the theoretigah T for the CU'-
Cu'Ho", CU'Tm", and CUYb" complexes are ferromagnti- g system having different values. Thel values for the solid lines from
cally coupled. Among the lower members of the series, the bottom to top are 0, 1, 3, 6, and 10 chirespectively. Inset: the observed
Cel, Nl', and S complexes exhibit antierromagnetic ~ (7 (218 1765 fr e T sstrs has been compmed wih e
interactions, while the metal ions in the '@1" and CUEU" and hypothetical value, 30 cm.

complexes are noncorrelated. Thus, except for th&é Er

complex, for which no definite conclusion could be drawn, ate to consider Figure 13, where the calculategyT
the observations made in this study fairly agree with the (ymT(CU'Gd") — ymT(Ni"Gd")) versusT curves for the G
proposition of Kahrt:%2|t is relevant to compare the nature systems with differend values ¢uT of the Ni'Gd" system
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of the magnetic interactions in complex&s 14 with the has been fixed at 7.88 émmol™* K throughout the
couplings in the similar diphenoxo-bridged Schiff base temperature range) are shown. For the smaledues AymT
compounds reported previously by Costes éf &ls sum- at 300 K is very close to the expected value of the isolated

marized in Table 5, the natures of the interactions are spins andAyyT remains almost constant in the temperature
different only in the last three members. In contrast to the range 306-50 K. As theJ value increases\ymT at 300 K
observed antiferromagnetism in the frand YB" complexes deviates more and more and the temperature below which
in the Costes report, the interaction in the"Tm" and the rapid increase takes place becomes higher and higher.
Cu'Yb" complexes reported here is ferromagnetic. Again, ForJ= 1 cnt!and a hypothetical largérvalue of 10 cm?,
while they observed ferromagnetic interaction in thé' Er the AymT values at different temperatures are as folloWws |
compound, no conclusion can be drawn regarding the (K), AymT (cm® mol 1K) for J=1 cm %, AyuT (cm?® mol
interaction in the similar compount. K) for J=10 cn7?: 300, 0.391, 0.558; 250, 0.395, 0.595;
Significant Aspects of the Complexes Reported Here. 200, 0.401, 0.649; 150, 0.410, 0.737; 100, 0.429, 0.905; 75,
Since the magnetic orbitals in lanthanides are deep-seated0.448, 1.062; 50, 0.485, 1.333; 25, 0.595, 1.834; 8, 1.024,
relatively weak exchange interactions are observed in their2.121; 5, 1.33, 2.123. From the above trend of the variation
compounds. In the case of isotropic gadolinium(lll) as one of AymT with T in terms of two different] values of a
of the spin carriers, the maximum value reported for the Cu'Gd" system, it is possible to conclude qualitatively the
ferromagnetic exchange integréd & —2JS;-S;) is only 6.0 relative strengths of exchange interactions in compounds
cm L.42Due to the weak interactions in the Litompounds,  containing other lanthanides by considering the following

any significant increase or decrease)®iT (for Gd") or facts: deviation of thé\yu T values at 300 K, the trends of
AxwmT (for other L' metals) takes place below 50 K. Again, the profiles in the higher temperature range, the temperature
the values ofymT (for all Ln" metals) andAymT (for Ln" below which the rapid increase (for the ferromagnetically

metals other than d at 300 K of the exchange-coupled coupled systems) takes place, and the maximum value of

3d—4f or 4f—radical systems have been found very close to AyuT at low temperatures.

the values expected for isolated systéfts!? As mentioned earlier, the noninteracting nature of tHé Pr
Although some complexes reported here exhibit magnetic and EU' complexes4 and7 has been observed previously

behavior similar to that of the known examples, the cryo- in the related diphenoxo-bridged compounds reported by

magnetic properties of some others are quite unusual. PriorCostes et al® The metal centers in three other lower

to the discussion of the unusual findings, it will be appropri- members §, 5, and 6) are antiferromagnetically coupled.
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Similar observations have also been found by the Costesto two noncorrelated local doublets), 0.9, 1.05, 1.24, 1.55,
group® However, there are some significant differences; 1.80, 2.28, and 4.82 chmol™ K. These values indicate that,
unlike the previous cases whefguT remains constant in  although the rapid increase afyuT takes place below 50
the temperature range 3660 K, AymT of the Cé' and Nd' K, there is a definite increase dfyyT in the temperature
compounds exhibits a slow but definite decrease in this range 300-50 K. In contrast, in most of the cases including
temperature range. Evidently, the magnitude of the interac-the previous report of the diphenoxo-bridged systefys, T
tions in the complexe8 and5 is larger compared to that of  remains practically constant in the temperature range-300
the previously reported diphenoxo-bridged"@&" and 50 K (or 100 K). In the case of the above-mentioned
Cd'"Nd" compounds. For the Dycompound in the Costes  Dy"'-radical system or some of the strongly coupled
report, AymT at 300 K is very close to 0.38 ¢chmol™* K Gd"-containing compounds (withvalues around 5 cni),
and remains constant up to ca. 25 K. Below 25A¢uT the increase ofmT or AymT in the 306-50 K (or 100 K)
increases to ca. 2.5 émmol™* K at 2 K. A similar temperature range is also not very significant. In addition,
observation was reported for the'Tlsompound. In contrast, T or AymT at 300 K deviates only little from the value of
the AywT values of the CUTh" compound9 at 300, 250, the isolated system in the reported examples. All these are
200, 150, 100, 75, 50, and 16 K are 1.99, 2.33, 2.84, 3.59,indicative of only a weak interaction in the lanthanide
4.82,5.78, 6.79, and 8.71 émol* K, respectively. Clearly,  systems; some are only relatively a little more strongly
the paramagnetic centers in the'Th" complex 9 are coupled. Evidently, the stronger magnetic interactions ob-
strongly coupled. Indeed, the extent of coupling is so strong served in most of the compounds reported in this study are
that theAym T value at 300 K is much greater than the value quite remarkable.
expected for copper(ll) only. In the inset of Figure 23T Reason for the Unusually Strong Magnetic Exchange
of the TH" system has been compared with the theoretical Interactions. For the diphenoxo-bridged &Gd" complexes,
AxmT of the CUGd" system having a largé value of 30 KahrP suggested that the magnitudelafhould be a function
cmL. The slopes of the curves in the two cases are similar. of the dihedral angle)) between the Cugand GdQ planes.
It should be noted, however, that the scales of theayaT The CULn" complexe7—38 (Ln = Ce— Yb) for which
axes in the inset of Figure 13 are different and there should Costes et al. analyzed the exchange interactions were derived
be no relation between the absolute values of the exchangdrom the Schiff base ligand #2.°011aThe dihedral angles
interactions in the two cases. Moreover, the hypothetical in these complexe&7—38are fairly larger (e.g., thé values
value of 30 cm? in a CU'Gd" compound seems to be an inthe C{Ce" and CUYb" complexes are 14°&nd 13.2,
impossibility. Nevertheless, on the basis of the similarities respectively} as compared to those of the related compounds
in the slopes of the two curves (in the inset of Figure 13), it reported here (e.g., thievalues in the CICe" and CUiYb"
can be argued that the ferromagnetic interaction in the complexes are 3%and 4.3, respectively). Evidently, the
CUu'Th" compound9 is significantly strong. If theAywT magnetic exchange interaction 27—38 should be weaker
versusT data, as discussed in ref 9b, of the'Tbystem relative to that in3—14. The dihedral angles and the
derived from HL? are plotted in the same scale range as in exchange integrals in the @3d" complexes3* (6 = 4.3,
the inset of Figure 13, a practically horizontal line will be J= 4.04 cmt?) and32!'2(6 = 12.9, J = 3.5 cnt?}) are in
obtained. Evidently, the CTh" compound9 exhibits a agreement with this expectation. Clearly, the strong exchange
much stronger ferromagnetic interaction than the interaction interactions reported in this study must be related to the
observed in the similar system derived fromLA For the smaller dihedral angles between the Ga@d LnQ planes.
Dy'" system, although the increase is very rapid only below It also appears that the effect of the dihedral angle is more
25 K, AywT increases significantly (from 1.43 to 3.56 tm  prominent in the case of the higher lanthanides.
mol~! K) in the temperature range 36880 K. Moreover, )
the magnitude of thé\yu T value (13.52 crhmol ! K) at 5 Conclusions
K indicates that here also the ferromagnetic interaction is  The syntheses, characterization including structure deter-
appreciably strong. The highéyuT values at 300 Kas well  minations of 13 compounds, and magnetic properties of the
as the significant increase afywT throughout the temper-  series of isostructural ¢tun™ and NI'Ln"' complexes
ature range are indicative of strong interactions in thé'Tm  [M"LILn"(NOs)s] (M = Cu or Ni; Ln = Ce — Yb) with
and YB" compounds. In the case of the H@omplex, the  the hexadentate Schiff base compartmental lighhi'-
large magnitude oAyuT at 5 K may be considered as an ethylenebis(3-ethoxysalicylaldiimine) §H') have been de-
indication of appreciable ferromagnetic coupling between scribed in this paper. The metal centers in the' G
copper(ll) and holmium(lil). compound in this series are ferromegnetically couptathe

It is a generally accepted concept that the interactions nature of the exchange interactions in othel Q' systems
between 4f and 3d ions or radicals will be weak and will be has been inferred from theyyT versusT plots, whereAyyT
perceptible only at low temperatures (ca. below 50 K). is the difference between the valuesfT for the CdLn"

However, for the CUGd" compounds withl = ca. 5 cn?t and corresponding NiLn"' systems. Ferromagnetic interac-
and for a few of the radicalLn"' ~“radical compound¥ we tions seem to be exhibited by the 'Tb", Cu'Dy",
note a somewhat higher interaction. As an exampleAsher Cu'Ho", CU'Tm", and CUYDb" complexes, while, for the

values of the DY system, reported therein, at 300, 250, 200, CU'Er'"" system, no definite conclusion could be reached.
150, 100, 75, 50, ah8 K are, respectively, ca. 0.8 (equivalent On the other hand, among the lower members of the series,
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