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A cyclic cylindrical 3d—4f tetranuclear structure, in which the 3d and 4f magnetic ions are arrayed alternately, has
been found to be a suitable molecular design to produce a large magnetic moment and large magnetic anisotropy.
Complexes 3—10 with the chemical formula [MLLn(hfac),], (M", Ln") = (Cu, Eu) (3), (Cu, Gd) (4), (Cu, Tb) (5),
(Cu, Dy) (6), (Ni, Eu) (7), (Ni, Gd) (8), (Ni, Th) (9), (Ni, Dy) (10)) have been synthesized, where HsL = 1-(2-
hydroxybenzamido)-2-(2-hydroxy-3-methoxybenzylideneamino)ethane and Hhfac = hexafluoroacetylacetone. The
powder X-ray diffractions and FAB-mass spectra demonstrated that these complexes assume a similar tetranuclear
structure. The crystal structures of 4 and 5 showed that each complex has a cyclic cylindrical tetranuclear Cu',Ln'",
structure, in which the Cu" complex functions as a “bridging ligand-complex” to two adjacent Ln" ions. The
temperature-dependent magnetic susceptibilities from 2 to 300 K and the field-dependent magnetizations at 2 K
from 0to 5 T have been measured for four pairs of Cu',Ln", and Ni',Ln'",, in which compound Ni',Ln", containing
diamagnetic Ni" ion was used as the reference complex to evaluate the Cu'—Ln" magnetic interaction. Comparison
of the magnetic properties of the Cu',Ln", complex with those of the corresponding Ni',Ln", complex showed that
the magnetic interaction between Cu" and Eu" ions is weakly ferromagnetic and that between Cu' and either of
Gd", Th", and Dy" ions is ferromagnetic. Complex Cu',Gd",, 4, has an S = 8 spin ground state, due to the
ferromagnetic spin coupling between Sgq = /> and S¢, = Y/, with coupling constants of J; = +3.1 cm™* and J,
= +1.2 cm~L. The magnetic measurements showed that compounds 5 and 6, Cu',Ln", (Ln" = Th, Dy), exhibit
large magnetic moments and large magnetic anisotropy due to the Ln" ion.

Introduction based magnetic materials consisting of d-transition metal ions

The field of molecular-based i terials has sh have been well developed, and the magnetochemistry-6f d
€ hield of molecular-hased magnetic matenais has Shown o jtion metal complexes will be one of the future targets
spectacular advances in the last two decades, especially for

metal-complex-based magnetic compouhdssembly metal (2) (a) Miller, J. S.; Calabrese, J. C.; Rommelmann, H.; Chittipeddi, S.
ihiti ; ; R.; Zhang, J. H.; Reiff, W. M.; Epstein, A. J. Am. Chem. S04987,

gomplexes exhibiting versatll_e magnetic behavieisch as 109, 769-781. (b) Kahn, O.- Pei. Y.: Verdaguer, M.: Renard. J. P.

light switchable magnetsnd single molecule magnétsave Sletten, JJ. Am. Chem. Sod988 110, 782-789. (c) Miyasaka, H.;

attracted special attention in the latest decade. The molecular- ~ Matsumoto, N.; Okawa, H.; Re, N.; Gallo, E.; Floriani, €. Am.
Chem. Soc.1996 118 981-994. (d) Tamaki, H.; Zhong, Z.;
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Copper(ll)—Lanthanide(lll) Magnetic Interactions

in this field. Since Gatteschi and co-workers discovered a preliminary information about the cyclic tetranuclear' &Gd",

ferromagnetic coupling between Cand Gd' ions in 1985,
several 3e-4f polynuclear complexes including dinuclear
Cu'Gd", trinuclear Cll,Gd", tetranuclear C3Gd",, and
other 3d-4f metal complexes have been repofiétbwever,
the coexisting antiferromagnetic coupling within a''gpair
often concealed the weak CuGd'" ferromagnetic coupling

complex,4, which has arS = 8 spin ground state derived
from the ferromagnetic spin coupling between'Gdn (S,

Seq = /2) and CU ion (Scy = Y%,).8 If the magnetically
isotropic Gd' ion (S= "/,, L = 0, J = "/, 8S;,) was
substituted for the other magnetically anisotropic lanthanide-
(I ion in this tetranuclear structure, a discrete-3t

and resulted in net antiferromagnetic behavior. Thus, it is tetranuclear molecule exhibiting a large magnetic moment

essential for further development of-3df magnetochemistry
to obtain accurate information on the -3df magnetic
interactiorf and to find a synthetic design without 38d
and 4f-4f magnetic interactions. A cyclic cylindrical 3d

and magnetic anisotropy can be obtained. Such a compound
may be a good candidate as a novel single molecule magnet,
because single molecule magnets have been found in the Mn
and Fe cluster molecules with a large spin ground state and

4f polynuclear structure, in which the 3d and 4f magnetic magnetic anisotrop’f. To introduce magnetic anisotropy into
ions are arrayed alternately, can be one of the most suitablethe tetranuclear molecule, a series of'Lions with 4f~°
molecular designs not only to generate a molecule without electronic configurations, By Gd", Th", and Dy, were

3d—3d and 4f4f magnetic interactions but also to produce
a large magnetic moment, because the-3d and 4f4f

used, because the electronic structure of the ground state is
7Fo (S= 3, L= 3, J= 0) for ElJ”, 837/2 (S= 7/2, L= O, J

magnetic interactions are negligibly small due to nonbridging = 7/,) for Gd", "Fs (S= 3, L = 3, J = 6) for Tb", and
ligands between them and the magnetic arrangement of theé?H;s, (S= %,, L = 5,J = *%,) for Dy"', respectively. These
adjacent 3d and 4f magnetic ions is simply assembledions, with the sole exception of @d exhibit magnetic

depending on the 3e4f magnetic interaction. The effective-

anisotropy due to the first-order orbital angular momentum.

ness of this molecular design for this purpose has beenln this study, we synthesized a series of cyclic cylindrical

examined by usand Costes et dl.We have reported

(3) (a) Decurtins, S.; Giich, P.; Kohler, C. P.; Spiering, H.; Hauser, A.
Chem. Phys. Lett1984 105 1. (b) Decurtins, S.; Glich, P;
Hasselbach, K. M.; Hauser, A.; Spiering, lHorg. Chem.1985 24,
2174-2178. (c) Gtlich, P.; Garcia, Y.; Woike, TCoord. Chem. Re
2001 219-221, 839-879. (d) Ohkoshi, S.; Hashimoto, K. Am.
Chem. So0c.1999 121, 1059%10597. (c¢) Sato, O.; lyoda, T.;
Fujishima, A.; Hashimoto, K.Sciencel996 272 704-705. (f)
Hayami, S.; Gu, Z.; Shiro, M.; Einaga, A.; Fujishima, A.; Sato, O.
J. Am. Chem. So@00Q 122, 7126-7127.

(4) (a) Sessoli, R.; Gatteschi, D.; Caneschi, A.; Novak, MNAture1993
365 141-143. (b) Gatteschi, D.; Caneschi, A.; Pardi, L.; Sessoli, R.
Sciencel994 265 1054-1058. (c) Sessoli, R.; Tsai, H. L.; Schake,
A. R.; Wang, S.; Vincent, J. B.; Folting, K.; Gatteschi, D.; Christou,
G.; Hendrickson, D. NJ. Am. Chem. Sod 993 115 1804-1816.
(d) Thomas, L.; Lionti, F.; Ballou, R.; Gatteschi, D.; Sessoli, R.;
Barbara, BNature1996 383 145-147. (e) Cadiou, C.; Murrie, M.;
Paulsen, C.; Villar, V.; Wernsdorfer, W.; Winpenny, W. E.Ghem.
Commun2001 2666-2667. (f) Shores, M. P.; Sokol, J. J.; Long, J.
R. J. Am. Chem. So2002 124, 2279-2292. (g) Boskovic, C.;
Brechin, E. K.; Streib, W. E.; Folting, K.; Bollinger, J. C.; Hendrickson,
D. N.; Christou, GJ. Am. Chem. So@002 124, 3725-3736.

(5) Bencini, A.; Benelli, C.; Caneschi, A.; Carlin, R. L.; Dei, A.; Gatteschi,
D. J. Am. Chem. Sod 985 107, 8128-8136.

(6) (a) Benelli, C.; Caneschi, A.; Gatteschi, D.; Guillou, O.; Pardinbrg.
Chem.199Q 29, 1750-1755. (b) Benelli, C.; Fabretti, A. C.; Giusti,
A. J. Chem. Soc., Dalton Tran4993 409-412. (c) Bencini, A;;
Benelli, C.; Caneschi, A.; Dei, A.; Gatteschi, Dorg. Chem.1986
25, 572-575. (d) Kahn, M. L.; Mathoniere, C.; Kahn, Gworg. Chem.
1999 38, 3692-3697. (e) Benelli, C.; Murrier, M.; Parsons, S.;
Winpenny, R. E. PJ. Chem. Soc., Dalton Tran$999 4125-4126.

(f) Winpenny, R. E. PChem. Soc. Re 1998 27, 447. (g) Guillou,

O.; Bergerat, P.; Kahn, O.; Bakalbassis, E.; Boubekeur, K.; Batail P.;
Guillot, M. Inorg. Chem1992 31, 110-114. (h) Benelli, C.; Murie,

M.; Parsons, S.; Winpenny, R. E. Chem. Soc., Dalton Tran$999
4125-4126. (i) Figuerola, A.; Diaz, C.; Fallash, M. S. E.; Ribas, J.;
Maestro, M.; Mahfa, JChem. Commur2001, 1204-1205. (j) Liang,

Y.; Cao, R.; Su, W.; Hong, M.; Zhang, WAngew. Chem., Int. Ed.
200Q 39, 3304-3307. (k) Brewer, C.; Brewer, G.; Scheidt, W. R.;
Shang, M.; Carpenter, E. Eorg. Chim. Acta2001, 313 65-70.

(7) (a) Costes, J.-P.; Dahan, F.; Dupuis, A.; Laurent, Jnérg. Chem.
200Q 39, 169-173. (b) Costes, J.-P.; Dahan, F.; Dupuis,lAorg.
Chem.200Q 39, 165-168. (c) Costes, J.-P.; Dahan, F.; Dupuis, A,;
Laurent, J.-Plnorg. Chem.1997, 36, 3429-3433. (d) Sasaki, M.;
Manseki, K.; Horiuchi, H.; Kumagai, M.; Sakamoto, M.; Sakiyama,
H.; Nishida, Y.; Sakai, M.; Sadaoka, Y.; Ohba, M.; Okawal. hem.
Soc., Dalton Trans200Q 259-263. (e) Chen, Q. Y.; Luo, Q. H,;
Zheng, L. M.; Wang, Z. L.; Chen, J. Thorg. Chem2002 41, 605~
609.

tetranuclear 3¢4f complexes, [MLLn(hfag), (M", Ln'")

= (Cu, Eu) 8), (Cu, Gd) @), (Cu, Tb) 6), (Cu, Dy) 6),

(Ni, Eu) (7), (Ni, Gd) 8), (Ni, Tb) (9), and (Ni, Dy) (0)

[HsL = 1-(2-hydroxybenzamido)-2-(2-hydroxy-3-methoxy-
benzylideneamino)ethane and Hhfac hexafluoroacetyl-
acetone]. Here, we report their syntheses, structures, and
magnetic properties.

Results and Discussion

Synthesis and Characterization of Cyclic Cylindrical
Tetranuclear Cu",Ln" , and Ni",Ln"', Complexes [MLLn-
(hfac)], (M" = Cu", Ni'"; Ln"" = Eu'", Gd"", Tb"', Dy"").

For the purpose of the construction of such a cyclic
cylindrical 3d-4f polynuclear structure, an assembly reaction
between the Cuor Ni'" complex K[ML] as 3d-component
and Ln(hfac)(H.0), as 4f-component was performed. The
molecular structures of two components and the cyclic
cylindrical 3d-4f tetranuclear complex constructed by the
assembly reaction are shown in Scheme 1. The @wNi"
complex with the tetradentate ligand of the 1:1:1 condensa-
tion product of 3-methoxysalicylaldehyde, ethylenediamine,
and 2-hydroxybenzamide functions as a “bridging ligand-
complex” to LA" component complex Ln(hfagH-O), that
exhibits substitutable coordination sites. The phenoxo and
methoxy oxygen atoms of the Cuor Ni'" component
coordinate to one L't ion, and further, the amide oxygen
atom at the opposite side coordinates to anothdt iom to
result in an alternate and cyclic array of the-3t# metal
ions. As a counterpart, the l'ncomplex Ln(hfac)H.O),
was used, because the hexafluoroacetylacetonato-jhfac
ion can be easily substituted with stronger external donor

(8) Kido, T.; Nagasato, S.; Sunatsuki, Y.; Matsumoto@Odem. Commun.
200Q 2113-2114.
(9) Costes, J.-P.; Dahan, E. R. Acad. Sci., Ser. llc: Chin2001, 4,
97—-103.
(10) Gatteschi, D.; Sessoli, R.; Cornia, 8hem. Commur200Q 725—
732.
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Scheme 1 Table 1. X-ray Crystallographic Data for [CuLGd(hfaf) (4) and
. [CuLTb(hfac)]2 (5)
FaC
~_CFs [CuLGd(hfac)], (4) [CuLTh(hfacy], (5)
° ﬂ formula C27H17N203CUGC| Q7H17N203CUTb
o N \ o) fw 946.22 947.89
2 M j + 2 H20-_ //OH2 space group P1 (No. 2) P1 (No. 2)
o N Ln a, 11.055(5) 11.052(4)
-0 | o/o/ \o\o b, AA 16.172(4) 16.144(6)
Ha 4 \ c, 10.284(3) 10.291(3)
F3°/</é/|=3 £ & CF a, deg 105.96(2) 106.20(4)
i B, deg 114.61(2) 114.79(3)
ML Ln(hfac)3(Hz0)2 v, deg 80.47(3) 80.33(4)
2 hfac” Vv, A3 1604.4(1) 1598.0(1)
z 2 2
Deatca g €T3 1.958 1.970
u, cmrt 28.37 29.76
FsC R, Ry 0.036, 0.056 0.041, 0.052
CF3 N‘N)I\ CF3 3t M2+ Table 2. Relevant Coordination Bond Distances (A) for
ey ‘|_/’ O-ch, [CuLGd(hfac)] (4) and [CuLTb(hfac) (5)
® Ln\ @ [CuLGd(hfac)]2 (4) [CuLThb(hfac)] (5)
M o & Cu—Cu*a 4.953(2) Cu-Cu* 4.934(3)
FaC ’\ oF M*——Ln® Gd—Gd* 7.886(3) Tb-Tb* 7.852(5)
CFs : Cu—Gg 3.432((1)) Cu—TE 3.411((2))
Cu—Gd* 5.620(3 Cu-Th* 5.600(3
[M"'“'A?,“_’f:i),zkz, Cu-N(Q) 1.912(4) CaN(L) 1.912(4)
n® = S, Eg®, Gd™ T, Dy Cu—N(2) 1.936(4) Cu-N(2) 1.927(5)
Cu—0(2) 1.906(3) Cu0(2) 1.905(4)
; ; ; Cu—0(3) 1.953(3) CtO(3) 1.941(3)
atom_s an_d can also function as a mononegative capping or o) 2275(3) To0(L) 2241(d)
terminal ligand. Gd-0(2) 2.467(3) Th-0(2) 2.445(3)
The simple mixing of methanolic solutions of K[ML] (M Gd—0(3) 2.350(3) Tb-O(3) 2.338(4)
— TENHI n — Il I 1l Gd—-0(4) 2.542(3) Tb-O(4) 2.535(4)
%u', Ni ).and Ln(h'faca(HZO)z (Ln Eu", Gd", Tb'", Gd-0(5) 5.205(4) Tb0(5) 5388(4)
Dy'") in a 1:1 mol ratio gave 3d4f heterometal complexes Gd—0(6) 2.377(4) Tb-O(6) 2.363(4)
with the chemical formula [MLLn(hfag),, 3—10, in high Gd—0(7) 2.337(4) Tb-O(7) 2.316(4)
yields (83-91%), where one hfacligand per L' ion is Gd-0(8) 2.407(4) Tb-O(8) 2.381(4)

eliminated during the reaction to give an electrically neutral 2 The asterisk denotes the symmetry operation-&f —y, —z.
species, [MLLn(hfag).. Each infrared spectrum exhibits an
intense absorption band assignable toitke, vibration of
the amido moiety at 16511652 cn?, whose wavenumber
is shifted to a higher wavenumber value from 1644 €wof
the component complex K[CuL] and from 1625 chof
K[NiL]. ** The shift is related to the weaker coordination of
the amido group to the LU'h ion, compared with the
coordination of the amido group to the"Kon.}? Because et | dfwith th beri h
Cu'—Ln" complexes8—6 are sparingly soluble in water and etranuciear structure @with t € ato”.‘ numoering scneme,
. o .~ in which the molecule has an inversion center and thé Cu

common organic solvents, recrystallization and physical 4Gd i d alt telv. The'Gan h
measurements in the solution state were not pen‘ormed.an lons are arrayed atternately. Theian has square
Compound¥—10 are slightly soluble iN,N-dimethylform- planar cooeranon geometry W'th the@; donor atoms of

. the nonequivalent tetradentate ligand L. The—@U and
amide (DMF). Cu—O distances of the 2-oxybenzamido moiety {€N(1)

Structural Description of [CuLGd(hfac) 2], (4) and

[CuLTb(hfac) ;]2 (5). The powder X-ray diffraction patterns = 1.912(4) A, Cu-O(2) = 1.906(3) A) are considerably

. shorter than the corresponding values of the 2-oxy-3-
showed that Cl—Ln"" complexes3—6 are isomorphous to : =
each other. The X-ray powder diffraction patterns demon- methgxybenzaldghyde m0|ety_(eul(2) =1.936(4) A, Cu-
strated that Ni—Ln"" complexes7—10 are isomorphous to 0(3) - 1.953(3) A). In .the cyclic structur.e, the _(tupmp]ex
each other but are not isomorphous td'€un' complexes functions as an electrlcqlly mononegative “bridging ligand-
3—6. Each FAB-mass spectrum shows a molecular ion peakcomplex to the two GH ions. The two phenc_;xo (O(2) and
. . 0O(3)) and the methoxy (O(4)) atoms at one side of the planar
corresponding to the tetranuclear structure >[Min,- " : o : :
(hfac)]*, indicating that Ni—Ln" complexes assume a C_u co_mplex coordinate to a ddion as a tridentate ligand
similar c,yclictetranuclear structure to CuLn'' complexes. with distances of GdO(2) = 2467(3) A, Gd-O(3) =
2.350(3) A, Ga-O(4) = 2.542(3) A, and Cu-Gd = 3.432(1)
(11) Nakamoto, K. Ininfrared and Raman Spectra of Inorganic and A. The amido oxygen atom (O(1)) on the opposite side of
fgg;digatitog Cgﬁp?unﬁﬂqed-;u'lohn Wiley and Sons: New York, the CU complex coordinates to another don as a
, Part b, apter I-14. . . . _
(12) Sunatsuki, Y.; Matsuo, T.; Nakamura, M.; Kai, F.; Matsumoto, N.; monodentate “gand with the distance of G(D(l) -
Tuchagues, J.-mBull. Chem. Soc. Jprl99§ 71, 2611-2619. 2.275(3) A and Cu-Gd* = 5.620(3) A. Including the

The crystal structures o4 and 5 were determined by
single-crystal X-ray diffraction analyses. Their crystal-
lographic data are summarized in Table 1, demonstrating that
they are isomorphous to each other. Selected bond distances
with their estimated standard deviations in parentheses are
given in Table 2. Agl is isomorphous t&, only the structure
of 4 is described in detail. Figure 1 shows a cyclic'g@ad" ,
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Magnetic Properties. For many rare earth compounds,
the yuT value at room temperature is close to what is
predicted in the free-ion approximation for the case where
only one level >tL;, is thermally populated and second-
order contributions are ignorédlhe experimental magnetic
susceptibilities of the present 3df tetranuclear complexes
can be compared with the calculated values derived from
the equationym = 2ysq + 2xa4s, in Which ysq andya: can be
evaluated by egs 1 and 2, respectively. On the other hand,
for the complexes containing Euions, the magnetic
susceptibility is affected by the thermally populated excited
states because of the spiarbit coupling, and more com-
plicated expressions need to be used, see later.

Y3a= (NGFB3KT)[S(S+ 1)] )

2ar = (NGB3KTII + 1)], gy =
%, +[S(S+1)— LL + 1203+ 1) (2)

The magnetic susceptibilities were measured under an
external applied magnetic fieldfd T in the temperature
range 2-300 K. The field-dependent magnetizations were
measuredt? K in theapplied magnetic field range<5 T.

Figure 1. (a) Molecular structure of cyclic cylindrical tetranuclear complex ~ The nature of the magnetic interaction betweet &ud Lr'"

[CuLGd(hfac)]. (4) with 30% thermal probability ellipsoids and selected  jons was investigated by an empirica| approach deve|oped

atom labeling scheme. The hydrogen atoms are omitted for clarity. (b) Space 3 4 .
filling representation o# showing cyclic cylindrical molecular structure by Cos-tes et af and Ke}hn et a]"_ On the basis of a
with a hollow space. comparison of the magnetic susceptibilities of'@mn'"', and

isostructural Ni,Ln", involving the diamagnetic Niion.

In the approach of Costes et al. for the dinuclear-3tl
complexes, the difference between theT values for
isostructural Cli—Ln" and Ni'—Ln" dimers, A(T), is
obtained from eq 3, wherg\;T)cu is the Curie constant and
represents thgyT value attributable to an isolated Cion,
while the temperature-dependent contributidf (T) is
related to the nature of the overall exchange interactions
between the Cuand LA" ions; in particular, a positive or a
negative value of this contribution has been directly related
to a ferro- or antiferromagnetic interaction, respectively.

A(M) = OmDeun = O it = U Neu T JoudT)  (3)

By assuming negligible intramolecular !'a-Ln"" and
Figure 2. Packing diagram of the crystal structuteshowing that cyclic Cu'—Cu' magnetic interactions, see later, we have applied
cylindrical tetranuclear molecules are well separated in the crystal lattice. thjg approach to our cyclic tetranuclear'gn, and iso-
structural Nf,Ln"", complexes for which we can immediately

coordination of the two hfacions as a bidentate chelate Write eq 4.

ligand (Gd-O = 2.337(4)-2.407(4) A), the GH ion has _ _ _

an octacoordinate geometry with the Gxygen atoms. It AM = OmNeuzinz ~ O Diizwnz = 20 Neu + ZJCUL”(Ti
should be noted that the G® bond distance with the amido )

oxygen is the shortest among the eight-a bonds. In a We tried to extend the Costes approach to the differences
cyclic structure, there is no bridging ligand between the two petween the magnetization as a function of the applied
Cu' ions and between the two @dons. The Cer+Cu* and magnetic field for ClLn", and isostructural NpLn',

Gd---Gd* distances are 4.953(2) and 7.886(3) A, respec- species. This difference may be obtained from eq 5, where

tively, indicating that each metal ion pair is well separated. 2mc (H) is the magnetization for two independent'Gans

Figure 2 shows the packing diagram #fin the crystal,
demonstrating that cyclic tetranuclear molecules are well (13) folSéiiéJl-éF;éDahan, F.; Dupuis, A.; Laurent, THem. Eur. J1998
separated in the crystal and the compound can be descrlbe((iu) Kahn, M. L.. Mathoniere, C.. Kahn, (org. Chem1999 38, 3692

as a magnetically isolated molecule. 3697.
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Figure 3. Plots ofymT vs temperature for [CuLEu(hfag) (3) (®) and
[NiLEu(hfack], (7) (O), and for the difference\(T) = (ymT)cuzeu2 —
(xmT)nizeuz (a). The solid lines foB and7 represent the theoretical curves
derived from eq 6 with the parametér= +397 cn1l.

200 250 300

and may be calculated by the Brillouin functions for two
Cu' ions with S = Y/, and g = 2.00, while the extra
contribution ey q(H) is related to the nature of the overall
exchange interactions between the'@nd LA" ions.

A(H) = Mcya1nfH) = Myiaino(H) = 2Mc(H) + 23cy4(H)
(®)

As the quantity A(H) — 2Mc(H)) represents the deviation
from the limit situation for two Cliand two L' ions that
are magnetically independent, positive valueslgf(H),
that is, A(H) lies above Rc,(H), indicate ferromagnetic
Cu'—Ln" interactions while negative values &, (H), that
is, A(H) lies below Mcy(H), indicate antiferromagnetic
Cu'—Ln"" interactions.

Magnetic Properties of [CULEu(hfac),], (3) and [NiLEu-
(hfac)]2 (7). The magnetic behavior & and?7 is shown in
Figure 3, as plots ofuT versusT, whereyy is the magnetic
susceptibility per tetrameric molecule afidthe absolute
temperature. TheyT value of 7 is 2.42 cni K mol™! at
300 K, this value being inconsistent with the calculated value
of 0.00 cn?¥ K mol~* expected for two diamagnetic Nand
two independent Etiions, where the calculated values are

derived from egsl and 2 and it is assumed that only the

ground stat€F, of the EUY' ion (4%, J=0,S=3,L = 3,

"Fo) is thermally populated. The disagreement is ascribed to

the presence of thermally populated excited states, as is well
known for EU' complexes. On lowering the temperature,
the ymT value decreases monotonically to zero. The tem-
perature dependence of the magnetic susceptibility’ of
involving the diamagnetic Niion can be reproduced by
expression 6, which takes into account the seven stiges
F1, 'F, “Fs, 'F4, 7Fs, and’Fs generated by the interelectronic
repulsion and spirorbit coupling'® The best-fit parameter

A = +397 cm! was obtained (with an agreement fackr

(15) Andruh, M.; Bakalbassis, E.; Kahn, O.; Trombe, J.-C.; Porcher, P.
Inorg. Chem 1993 32, 1616-1622.
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Figure 4. Field dependence of the magnetization of [CuLEu(hfadB)
(@), [NiLEu(hfack], (7) (O), and the difference\(H) = Mcu2eu{H) —
MnizeuH) (a) at 2 K. The solid line represents the theoretical curve for
the sum of the Brillouin functions for two (tions withS= %, andg =
2.00.

of 1 x 1079), and the value is comparable with that reported
for other EY' compounds with an analogous; @oordina-
tion.’> The temperature dependence of magnetic susceptibility
of 3 is reproduced by the equatigty = 2ye, + 2ycu With

A = +397 cm! and ycy = Ng?5%/4KT.

xeo = (NBY3KTY[24 + (27x/2 — 3/2)e * +
(13542 — 5/2)e > + (18K — 7/2)e * +
(405« — 9/2)e '™ + (148542 — 11/2)e ** +
(245%/2 — 13/2)e **J/[1 + 3¢ *+ 56 >+ 76 * +
9e '+ 11e ™ + 13 ¥, with x = A/KT (6)

Comparison of the magnetic properties3ofith those of
7 gives information on the intramolecular magnetic interac-
tion between Cliand EU' ions. The differenceA(T) =
(OemTcuzeuz — (xmTnizewz is plotted in Figure 3. The\(T)
value is in the range from 0.82 éniK mol~! at 300 K to
1.05 cn? K mol~! below 75 K. Because\(T) is slightly
larger than the contribution due to two noninteracting' Cu
ions, 0.75 crAK mol™?, JeueT) can be estimated to be small
positive or nearly zero, suggesting that there is no substantial
magnetic interaction between Cand EU' ions. This result
is consistent with that reported by Costes for an analogous
dinuclear CUEU" complex!3

Figure 4 shows the field dependence of the magnetization
upto 5T at 2K for3and7, as plots of the experimental
‘values ofVI/NS versusH. On increasing the applied external
magnetic field, the magnetization dincreases slightly from
0OatOTtoO0NS at5 T, because of the predominant
population of the ground stafé, at 2 K. The difference
A(H) = McuzeudH) — MnizeuH) is slightly higher than the
sum of the Brillouin functions for two independent'Gons,
2By»(H), calculated withS = 1/, andg = 2.00, shown as
the solid line in Figure 4. The result of the field-dependent
magnetization thus confirms that there is a small ferro-
magnetic interaction or no significant magnetic interaction
between Cliand EU' ions.
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Figure 5. Plots of ymT vs temperature for [CuLGd(hfag) (4) (@),

[NiLGd(hfack], (8) (O), and the differenceA(T) = (xmT)cuzcd2 —
(xmT)ni2cd2 (4). The solid line ford represents the theoretical curve derived
from egs 79 with the parameterg = 2.02,J; = +3.1 cntl, J, = +1.2
cm™1, andzJ = —0.03 cn1™. The solid line for8 represents the theoretical
curve derived from eqs-79 with the parameterg = 2.02 andzJ 0.03
cm™L,
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Figure 6. Field dependence of the magnetization of [CuLGd(hflad}®)
(@), [NiLGd(hfack], (8) (O), and the difference\(H) = Mcu2ca{H) —
MnizcaAH) (a) at 2 K. The solid lines fod and8 represent the theoretical
curves forg = 2.02 andS= 8 spin state produced by ferromagnetic coupling
of the spin systeml{z, 7/2, Y5, 7/5) and for twoS= 7/, andg = 2.00 spin

4 and8 can be described as magnetically isotropic molecules.
TheymT value of 15.33 crhK mol™ for 8 is almost constant
over the whole temperature range except for a decrease in
the lowest temperature region, and the reciprocal magnetic
susceptibilities follow the Curie law wit& = 15.41 cni K
mol=t in 1/yw = T/C. The constant value of 15.33 érK
mol! and the Curie constant of 15.41 & mol~! are
consistent with the spin-only value of 15.76 T mol~!
expected for two magnetically isolated GdS = 7/,)
ions, indicating that the Niion is diamagnetic and intra-
and intermolecular GU—Gd" magnetic interactions are
negligibly weak.

On lowering the temperature, theT value of4 increases
gradually to reach a maximum value of 24.45%dthmol~*
at 8.0 K and then decreases abruptly. The increase in the
higher temperature region indicates the operation of a
ferromagnetic interaction between 'Cand Gd' ions. The
maximum value ofyuT is larger than the calculated value,
20.00 cni K mol™%, expected for two isolate8 = 4 spins
resulting from ferromagnetic coupling between the' Cu
(S=1,) and Gd' (S= "/,) ions of the dinuclear complex,
although the value is smaller than the calculated value,
35.99 cni K mol™%, expected for theS = 8 spin of the
ferromagnetically coupled CuGd", system. The abrupt
decrease iymT in the lower temperature region can be
ascribed to a weak intra- and/or intermolecular antiferro-
magnetic interaction.

Comparison of the magnetic propertiesdofith those of
8 give definitive evidence of intramolecular magnetic
interaction between Cltand Gd' ions. The differencé\(T)
= (XMT)CUZGdZ - (XMT)NiZGdZ is plotted in Figure 5. On
lowering the temperature)(T) is almost constant around
1.73 cn¥ K mol™! in the temperature range 36200 K,
increases below 100 K, reaches a maximum of 9.29Km
mol~! at 6 K, and finally decreases. The positive value and
the increase odc,cdT) evaluated by this procedure clearly
indicate a ferromagnetic interaction betweer' @ad Gd'
ions.

To reproduce the magnetic susceptibility data of [CuLGd-
(hfack], (4) and to evaluate the magnetic interaction
parameters, we used the following spin-only Hamiltonian
(eq 7), because the @don assumes an isotropi&;, state
without orbital angular momentum:

states, respectively. The dotted and broken lines represent the theoretical

curves for two isolate = 4 spin states and for an isolated spin state of
(M2, 712, Y5, 715). The solid line at the bottom represents the theoretical curve
for the sum of the Brillouin functions for two Cuons withS= 1/, andg

= 2.00.

Magnetic Properties of [CuLGd(hfac)]. (4) and [NiLGd-
(hfac),]2 (8). The magnetic behavior @&fand8 is shown as
v T versusT plots in Figure 5. ThewT value of4 is 17.06
cm?® K mol~t at 300 K, this value being slightly larger than
the calculated value of 16.51 éid mol~* expected for two
CU' (S= Y,) and two Gd' (4f", 3 =7/2,L = 0,S= T/,,
8S;2) noninteracting ions. The calculated value is derived
from eqgs 1 and 2 for the case where only one le¥elL ;,
is thermally populated. The ground state of the''Gadn is
8S;, with J = 7/,, L = 0, andS = 7/,, indicating that there
is no contribution from orbital angular momentum. Therefore,

H=gB(S,+ S)H + gh(S, + S)-H +
23(SS, + S¢S) + 2SS, + §¢S) (7)

in which H is the applied field and); and J, are the
Heisenberg coupling constants for the two different magnetic
paths shown in Scheme 1, a comngpfactor for the G¢'

and CU ions was used, and the intramolecular'€Cu'

and Gd'—-Gd" magnetic interactions were neglected on the
basis of the results already described. The magnetic suscep-
tibility at each temperature was calculated using the following
theoretical eq 8.

% = M/H = [NS,(—dE /dH)exp(E/kT))/[HE,exp(~E/kT)]
(8)
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The energy levels of the tetramét, were evaluated by
diagonalizing the Hamiltonian matrix (with dimensions
256 x 256) in the uncoupled spin function basis set. More-
over, a molecular field term-zJ[$,[$, was added to the

Hamiltonian to describe the molecular interactions between
the tetrameric units. Although small, these interactions are
necessary to reproduce the decrease of the magnetic moment

below 4 K. The final expression for the magnetic susceptibil-
ity becomes
Tt = 211 = 23INGB7] 9)

where y is the magnetic susceptibility for the isolated

tetramer, calculated as already described. To avoid over-

parametrization, we fixed to the value obtained from the
fitting of the magnetization data with the Brillouin function
for S= 8, g = 2.02, see later. The magnetic susceptibility

data over the entire range of temperatures were well

reproduced (with an agreement fackas low as 2x 1079
with the following best-fit parameterg = 2.02,J; = +3.1
cmi, J, =+1.2 cnmtandzJ = —0.03 cm't, see solid line
in Figure 5. The plus signs o, and J, indicate that
ferromagnetic interactions are operating betweett &ud
Gd" ions both through the amido bridge and theuedxo
bridge. The magnitudes of thk and J, values are in the
range for previously reported @@d" polynuclear complexes
with an oxo-bridg€.As given in the solid line, the magnetic
susceptibility of8 was reproduced by assuming two magneti-
cally isolated G# ions with g 2.02 and a small

Kido et al.
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Figure 7. Plots of yuT vs temperature for [CuLTb(hfag) (5) (@),

ENi)LTb(hfac)z]z (9) (O), and the differencA(T) = (ymT)cuztbz— (YmT)Ni2Tb2
A).

from the ferromagnetic coupling of the spin systéig, (/-

Y5, 7I,) as a solid line, respectively. The magnetization data
of 4 are larger than those for two independ&nt 4 spins
and for a magnetically isolated/4, />, />, 7I,) system but
are well reproduced by the Brillouin function with= 8
andg = 2.02 (the upper solid line). Therefore, the curve
fitting of the magnetization as well as that of the magnetic

antiferromagnetic intermolecular interaction parameter of susceptibility clearly show that compouddhas anS = 8

—0.03 cn1L. Such a value is exactly the same obtained from
the fitting of the magnetic susceptibility data 4fand this

spin ground state resulting from the'GtGd" ferromagnetic
coupling within the cyclic ClpGd", tetramer.

supports the presence of small intercluster antiferromagnetic Magnetic Properties of [CuLTh(hfac)]. (5) and [NiLT-
interactions in these systems and thus the use of a moleculab(hfac)]. (9). The magnetic behavior & and9 is shown

field term in the spin Hamiltonian (eq 7).

in Figure 7, as plots gfuT versusT. TheymT value of 23.12

To determine the magnetic interaction and spin ground cm* K mol™ for 9 is almost constant over the whole
state, the field dependence of the magnetization was meatemperature range except for a decrease in the lowest

sured up® 5 T at 2 K.Figure 6 shows the field dependence
of the magnetization upt5 T at 2 K for4 and8, with plots

of the experimental values M/Npj versusH. The empirical
approach for the magnetization also gives information on
the magnetic interaction between'Cand Gd' ions. The
difference between the magnetizationdand 8, A(H) =
McuzaadH) — MnizcaH), is plotted in Figure 6 and compared
with the sum of the Brillouin functions for two independent
Cu' ions, 2B(H), calculated foig = 2.00, the lowest solid
curve. We see thak(H) lies well above 2B,(H) in the whole
range ofH, thus confirming the ferromagnetic nature of the
interaction between Cluand Gd' ions. The experimental
magnetization 08 is well reproduced by the theoretical curve
(solid line) for the sum of the Brillouin functions of two
isolated Gd' (S = 7/,) ions andg = 2.00, demonstrating
that the Ni ion is diamagnetic and the intra- and inter-
molecular G# —Gd'" magnetic interaction is negligible.

temperature region, probably due to crystal field effégts,
and the reciprocal magnetic susceptibility follows the Curie
equation of Iy = T/C with C = 23.33 cni K mol~%. The
constant value of 23.12 ¢ mol~* and the Curie constant
of C = 23.33 cni K mol™* are consistent with the value
23.64 cni K mol~* expected for two independent {41,
J=6,S=3,L =3, 7F) ions and two diamagnetic Ni
ions, indicating that the magnetic moment of thé''Tibn is
well reproduced by eq 2. TheuT value at 300 K of5 is
26.42 cni K mol~1. The reciprocal magnetic susceptibilities
in the temperature range of 5800 K follow the Curie-
Weiss equation of ¥y = (T — 0)/C with the Curie constant
of 25.42 cnmi K mol~! and the Weiss constant &f14.3 K.
The Curie constant is compatible with the calculated value
24.39 cmi K mol~* expected for two Clu(S= ,) and two
Tb" (48, J = 6, S= 3, L = 3, "Fs) magnetically isolated
ions. On lowering the temperature, theT value of 5

Figure 6 also shows the theoretical curves for the sum of increases gradually to reach a maximum value of 38.97 cm

the Brillouin functions of two Cli (S= 1/,) and two Gd'
(S="T/,) isolated ions as a broken line, for the sum of two
S= 4 spins as a dotted line, and for &+ 8 spin derived

404 Inorganic Chemistry, Vol. 42, No. 2, 2003

(16) Casey, A. T.; Mitra, S. InTheory and Applications of Molecular
ParamagnetismBoudreaux, E. A., Mulay L. N., Eds.; Interscience:
New York, 1976; pp 135 and 271.
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Figure 8. Field dependence of the magnetization of [CuLTb(hfadp)

(@), [NiLTb(hfac)]. (9) (O), and the differenceA(H) = McuzrodH) —
Mnizth2(H) (a) at 2 K. The solid line represents the theoretical curve for
the sum of the Brillouin functions for two (uons withS= 1/, andg =
2.00.

K mol~t at 10 K and then decreases abruptly. The increase
in the higher temperature region and the positive Weiss
constant indicate the operation of a ferromagnetic interaction
between the Cland TB' ions.

Comparison of the magnetic susceptibilitiedafith those
of 9 gives more reliable information on the intramolecular
magnetic interaction between €wand TB' ions. The
differenceA(T) = (XMT)CuZTbZ - (XM-r)Niszz is plOttEd and
inserted in Figure 7. On lowering the temperatutg]T)
increases gradually from 3.57 & mol~* at 300 K, reaches
a maximum of 17.50 cthK mol~! at 10 K, and finally
decreases abruptly to 4.41 i mol™! at 2 K, still above
the value of 0.75 cfK mol™ for two noninteracting Cli
ions. The pronounced positive deviationXfr(T) clearly
indicates a ferromagnetic interaction betweert @nd TH'
ions.

Figure 8 shows the field dependence of the magnetization
up to 5 T at 2 K fors and9, with plots of the experimental
values ofM/Np versusH. On increasing the applied external
magnetic field, the magnetization 8fincreases to 12.Bl3
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Figure 9. Magnetization loop of [CuLTb(hfagl (5) at 2 K in thesequence
fromO0T—+1T——-1T—0T.
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Figure 10. Plots of ymT vs temperature for [CuLDy(hfag) (6) (@),
[NiLDy(hfac)z]. (10) (O), and the differenceA(T) = (ymT)cu2py2 —
(emT)nizpy2 (A).

the =1 T to +1 T magnetic field range, and the result is
shown in Figure 9. No hysteresis was observiezl l§ under
the experimental condition.

at 5 T but does not reach the expected saturation value of Magnetic Properties of [CuLDy(hfac),]. (6) and [NiLDy-

18 NS (9 Ng for each TH' ion). This is due to a crystal
field effect on the TH ion that removes the 13-fold
degeneracy of thé ground staté® The highest of the levels
into which the’Fs state is split do not contribute to the

(hfac),]2 (10). The magnetic behavior & and10is shown
in Figure 10, agwT versusT. TheywT value of 27.24 ch
K mol~* for 10is almost constant over the temperature range
300-150 K and then decreases gradually in the lower

magnetization, which therefore does not reach the saturationtemperature region because of crystal field effects. The

value. This effect is well-known for transition metal ions
with a significant zero field splitting and also applies to rare
earth ions except for Ation with its isotropic groundsS;,
state. The differencA(H) = MCuZTbiH) - MNiZTbZ(H) is
plotted in Figure 8 and compared with the sum of the
Brillouin functions for two independent Guons, 2B,(H),
calculated forg = 2.00. We see thah(H) lies well above
2B1;(H) in the whole range ofH, thus confirming the
ferromagnetic nature of the interaction betweet &ud TH'
ions. The magnetization loop & was measuredt@ K in

reciprocal magnetic susceptibility follows the Curie law with
C = 27.59 cni K mol™t in the equation Jy = T/C. The
constant value of 27.24 ¢k mol~* and the Curie constant
of C = 27.59 cni K mol~! are compatible with the value of
28.34 cni K mol~* expected for two magnetically isolated
Dy'"" (4, J = 1%, S =5, L = 5, 6Hys;) ions and two
diamagnetic Niions. TheywT value at 300 K of is 30.38
cm® K mol™%, a value that is compatible with the calculated
value of 29.09 crhiK mol~! expected for two CL(S= /)
and two Dyl (4f9, J = 15/2, 5/2, L =5, 6H;|_5/2)

Inorganic Chemistry, Vol. 42, No. 2, 2003 405
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Figure 11. Field dependence of the magnetization of [CuLDy(hfic)

(6) (@), [NiLDy(hfac)]2 (10) (O), and the differencé\(H) = Mcu2pyAH)

— Mni2py2(H) (A) at 2 K. The solid line represents the theoretical curve for
the sum of the Brillouin functions for two Ctuions withS= %/, andg =
2.00.

magnetically isolated ions. On lowering the temperature, the
xmT value of 6 is almost constant from 300 to 20 K, and
then, it slightly increases to reach a maximum value of 31.62
cm?® K mol~* at 10 K and finally decreases abruptly. The
differenceA(T) = (ymT)cuzoy2 — (YmT)nizpy2 is plotted and
inserted in Figure 10. On lowering the temperatuk€l)
increases gradually from 3.14 &k mol~* at 300 K, reaches

a maximum at 8 K, and finally decreases to 7.82 &nmol !

at 4 K, still above the value of 0.75 énK mol~* for two
noninteracting Cliions. The pronounced positive value of
Jeupy indicates a ferromagnetic interaction betweert @od
Dy'" ions.

Figure 11 shows the field dependence of the magnetization

up to 5 T at 2 K foré and10, with plots of the experimental
values ofM/Np versusH. On increasing the applied external
magnetic field, the magnetization d0increases to 11.Kj3

Kido et al.

firm the single-ion anisotropy of these fland Dy" ions,
which is well-known for rare earth ions. We can reasonably
expect that this single-ion anisotropy leads to the molecular
anisotropy of CuTh, and CuDy, clusters. However, it is in
principle difficult to characterize quantitatively the ground
state and the molecular anisotropy of the Tty and CuDy,
clusters not only from theoretical but also experimental
viewpoints. In principle, we have enough data for a fitting
of the magnetization of Glib, and CuyDy; clusters as a
function of H. However, there has been no reported theory
on the coupling of two or more lanthanide ions with first-
order angular momentum. Not only can no simple interaction
parameters (like the coupling constdrfor transition metal
clusters) be defined, but also no good quantum number (such
as spin or total quantum numb8randJ) can characterize
the ground and excited states of thefdluster. Actually,S
is a good quantum number only for the 'G@bns with zero
angular momentum, and we have seen discussion of the
ground state of transition metalanthanide clusters only for
Gd". For other lanthanide compoundsmay be a good
guantum number, but for a cluster with both lanthanide and
transition metal ions.

Concluding Remarks. Four pairs of cyclic cylindrical
tetranuclear complexes [CuLLn(hfak)and [NiLLn(hfac}].
with 4f6~° electronic configurations of the I'hions (Ln"
= EU", Gd", TH", and Dy') were synthesized, and the
magnetic properties were investigated by their temperature-
dependent magnetic susceptibility and field-dependent mag-
netization. Comparison of the magnetic properties of a
Cu',Ln", complex with those of the corresponding'Min'" ,
complex showed that the magnetic interaction betweéeh Cu
and EU' ions is weakly ferromagnetic or negligibly small
and that between Cand either of the G, Th"', and Dy"
ions is ferromagnetic. The ferromagnetic nature of the
interaction between Cuand either of the G, Th", and
Dy'"" ions for the present cyclic tetranuclear complexes is
consistent with the ferromagnetic nature of dinuclear @t

at 5 T but does not reach the expected saturation value of€OMPOUNds reported by Costes et'aand 2D ladder-type

20NB(10Ng per each DY ion). This is again due to crystal
field effects on the DY ion, which remove the 16-fold
degeneracy of theH;5, ground staté? The differenceA(H)

= McuzoydH) — Mniapy2(H) is plotted in Figure 11, together
with the sum of the Brillouin functions for two independent
Cu' ions, 2B »(H), calculated fog = 2.00. We see thak(H)
lies well above 2B(H) in the whole range oH, thus
confirming the ferromagnetic nature of the interaction
between Cliand Dy" ions.

Molecular Magnetic Anisotropy? We suggested the
presence of a large magnetic anisotropy in our tetrameric
clusters except for the GBd; cluster, mainly for the most
interesting Culh, and CyDy; clusters, only on the basis
of the nonsaturation of the magnetization verslsurves
for the NbTh, and NiDy; clusters to the values expected
for two isolated isotropic Th (g = %,, J = 6) and Dy"

(g = %5, J = Y9/,) ions, respectively. These curves con-

(17) Richardson, M. F.; Wagner, W. F.; Sands, DJHnorg. Nucl. Chem.
1968 30, 1275-1289.
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Ln"',Cu's compounds reported by Kahn et'&4lThe mag-
netization measurements for a pair of'@un'", and Ni',Ln",

are very effective in revealing not only the nature of the
Cu'—Ln" magnetic interaction but also the magnetic aniso-
tropy. This study has demonstrated that the-3ticyclic
cylindrical structure is a suitable molecular design to generate
a large magnetic moment and large magnetic anisotropy,
possibly leading to a single molecule magnet. Itis in principle
difficult to characterize quantitatively the ground state and
the molecular anisotropy for a cluster with both lanthanide
and transition metal ions, because there has been no theory
on the magnetic properties for a cluster with both lanthanide
and transition metal ions. Synthetic efforts and magnetic
measurements based on thefcclusters may lead to the
single molecule magnet.

Experimental Section

Materials. All chemicals and solvents used for the synthesis were
reagent grade and were obtained from Tokyo Kasei Co. Ltd. and
used without further purification.
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1-(2-Hydroxybenzamido)-2-(2-hydroxy-3-methoxybenzyli- g (85%). IR (cnY): vc—o0 1652;vc—n 1602;vcr 1255-1145. Anal.
deneamino)ethane (HL). Ethyl salicylate (16.627 g, 0.1 mol)and  Calcd for GsHz4NioEwLN4O6F24: C 34.64, H 1.83, N 2.99.
ethylenediamine (6.037 g, 0.1 mol) were mixed, and the mixture Found: C 34.87, H 1.79, N 3.18%.
was refluxed fo 5 h at 110°C. The mixture was cooled to room [NILGd(hfac) 2], (8). This complex was prepared by the same
temperature, and 50 mL of methanol was added. After the solution method as fo?7, using Gd(hfag(H,O), instead of Eu(hfagjH,0),.
was allowed to stand for 1 day, it was evaporated to dryness. Orange microcrystals. Yield: 0.198 g (84%). IR (th vc—o 1652;
Acetone (50 mL) was added to the reaction product and allowed y-_y 1602;vce 1254-1145. Anal. Calcd for €H3 Ni,GbN4O1dF24:
to stand for several hours. Meanwhile, an intermediate product wasC 34.45, H 1.82, N 2.98. Found: C 34.66, H 1.82, N 3.11%.
obtained. The intermediate product (4.413 g, 20 mmol) and  [NiLTb(hfac) ], (9). This complex was prepared by the same
3-methoxysalicylaldehyde (3.043 g, 20 mmol) were stirred in method as fo7, using Th(hfacYH-0), instead of Eu(hfagjH,0),.
ethanol fo 1 h with heating. The reaction product was recrystallized orange microcrystals were obtained. Yield: 0.194 g (83%). IR
from ethanol, producing yellow needles. Yield: 3.604 g (57%). IR (cm~1): e 1652;ven 1602;vcr 1255-1145. Anal. Calcd for
(Cmil): Ve=o0 1649;vc—y 1634. Anal. Calcd for GH1gN2O4: C Cs4H3z4Nio ThoN4O16F24: C 34.39, H 1.82, N 2.97. Found: C 34.62,
64.96, H 5.77, N 8.91. Found: C 64.85, H 5.80, N 8.89%. H 1.80, N 3.11%.

KICuL] (1). Copper(ll) acetate monohydrate (0.602 g, 3mmol)  [NiLDy(hfac) ], (10). This complex was prepared by the same
and HL (0.948 g, 3 mmol) were dissolved in methanol (60 ML).  mnethod as fof7, using Dy(hfac)H.O), instead of Eu(hfagjH;0),.
Potassiunt-butoxide (1.011 g, 9 mmol) was added to the resulting  orange microcrystals were obtained. Yield: 0.194 g (83%). IR
solution, and the mixture was stirredrf2 h with heating and then (cm™Y): ve—o 1653;vey 1602;vcr 1256-1145. Anal. Calcd for
filtered to give a violet powder. Yield: 0.914 g (74%). IR (cHt CaaHaaNiDyN4Or6F2s C 34.26, H 1.81, N 2.96. Found: C 34.28,
Ve—o 1644;vc—n 1600. Anal. Calcd for GH1sKCuN,O4: C 49.32, H 1.89, N 3.13%.

H 3.65, N 6.77. Found: C 49.28, H 3.66, N 6.72%.

” ) Physical MeasurementsElemental C, H, and N analyses were
K[NiL] -2.5H,0 (2). Nickel(ll) acetate tetrahydrate (0.749 g,

; ; carried out at the Elemental Analysis Service Center of Kyushyu
3 mmol) and HL (0.947 g, 3 mmol) were dissolved in methanol  yniyersity and at the Center for Instrumental Analysis of Kumamoto
(50 mL). Potassium-butoxide (1.014 g, 9 mmol) was added t0  niversity. Infrared spectra were recorded on a Perkin Elmer FT-
the resulting solution, and the mixture was stirredifdn and filtered IR spectrometer PARAGON 1000 using KBr disks. X-ray powder
to give an orange powder. Yield: 0.625 g (51%). IR (¢jn vc—o diffraction patterns were measured by a Rigaku X-ray diffractometer
1625;ve—y 1600. Anal. Calcd for GHz0KNiN2Oss C 44.96, H RAD-2A with Cu Ka. radiation at room temperature. FAB mass
4.44, N 6.17. Found: C 44.95, H 3j93’ N 6.18%. spectra were recorded M,N-dimethylformamide as solvent and
[Ln(hfac)s(H-0)]. These lanthanide(lll) complexes were pre- 3 pitrohenzyl alcohol matrix with a JEOL JMS600. Temperature-
pared by mixing Ln(OAGrnH,O and hexafluoroacetylacetone in - gependent magnetic susceptibilities in the temperature range@
1:3 mol ratio in water according to the literatufe. K under a constant external magnetic fielfl D T and field-
[CuLEu(hfac).] (3). A methanolic solution (20 mL) of (0.104 dependent magnetization measurements in an applied magnetic field
g, 0.25 mmol) was gently poured into a methanolic solution (20 fom 0 to 5 T at 2 Kwere measured with an MPMS5 SQUID
mL) of Eu(hfac}(H20), (0.203 g, 0.25 mmol) at ambient temper-  gysceptometer (Quantum Design, Inc.). The calibrations were

ature. The resulting solution was allowed to stand for several days. performed with palladium. Corrections for diamagnetism were
The solution became almost colorless, and the dark reddish purplegpplied using Pascal’s constafts.

crystals that formed were collected by filtration and dried in air.
The crystals were sparingly soluble everNiiN-dimethylformamide
(DMF), and recrystallization was not performed. Dark reddish
purple crystals were obtained. Yield: 0.208 g (88%). IR (&m
VY=o 1651;ve—n 1603;vce 1255-1143. Anal. Calcd for GuHz4
CWwEWN4O;6F24 C 34.47, H 1.82, N 2.98. Found: C 34.52, H
1.85, N 2.98%.

[CuLGd(hfac) 2], (4). This complex was prepared by the same
method as foB, using Gd(hfag(H,O), instead of Eu(hfagjH,O),.
Dark reddish purple crystals were obtained. Yield: 0.205 g (87%).
IR (Cmil): Ve=o 1652;vc—y 1604; v 1255-1144. Anal. Calcd

X-ray Data Collection, Reduction, and Structure Deter-
mination. X-ray data were collected on a Rigaku AFC7R diffrac-
tometer with graphite monochromated Moo Kradiation ¢ =
0.71069 A) and a 12 kW rotating anode generator. The data were
collected at a temperature of 2D 1 °C using thew—26 scan
technique to a maximumé2value of 50.0 at scan speeds of
8.0—16.C/min (in w). The weak reflectionsl (< 10.0s(1)) were
rescanned (maximum of 5 scans), and the counts were accumulated
to ensure good counting statistics. Stationary background counts
were recorded on each side of the reflection. The ratio of peak to
background counting time was 2:1. The intensities of three
for CsaH3CUGELN,OwgFzg: C 34.27, H 1.81, N 2.96. Found: C  opresentative reflections were measured after every 150 reflections.
34.37, H 1.85, N 2.95%. ) Over the course of the data collection, the standard reflections were

[CuLTb(hfac) o] (5). This complex was prepared by the same  monitored, and decay corrections were applied through a polynomial
method as foB, using Tb(hfac(H.0), instead of Eu(hfag]H,O).. correction. An empirical absorption correction based on azimuthal
Dark reddish purple crystals were obtained. Yield: 0.203 g (86%). gcans of several reflections was applied. The data were also

IR (cm™): ve—o 1651;vc— 1604;vcr 1252-1149. Anal. Calcd corrected for Lorentz and polarization effects. A correction for
for C54H34CU2Tb2N4016F24Z C 34.21, H 1.81, N 2.96. Found: C Secondary extinction was app“é.‘d

34.36, H 1.88, N 2.92%.

[CuLDy(hfac) ], (6). This complex was prepared by the same
method as foB, using Dy(hfac)(H.O), instead of Eu(hfagjH,O),.
Dark reddish purple crystals were obtained. Yield: 0.197 g (83%).

The structures were solved by direct metH8dsd expanded
using the Fourier techniq# The non-hydrogen atoms were refined

(18) Larson, A. CCrystallographic Computing, 291294, Ahmed, F. R.,

IR (cm™): ve—o 1653;vc—n 1604;vcr 1255-1144. Anal. Calcd Ed.; Munksgaard: Copenhagen, 1970 (eq 22, Witteplaced by the
for C54H34CU2Dy2N4016F24: C 34.08, H 1.80, N 2.94. Found: C cell volume).
0 (19) DIRDIF99: Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman,
34'45‘ H 188 N 307%". W. P.; de Gelder, R.; Israel, R.; Smits, J. M. Nlhe DIRDIF-99
[NiLEu(hfac) 2]z (7). Th!s complex was prepared by_ the same program systerriTechnical Report of the Crystallography Laboratory;
method as foB. Orange microcrystals were obtained. Yield: 0.195 University of Nijmegen: Nijmegen, The Netherlands, 1999.
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anisotropically. Hydrogen atoms at their calculated positions were were those of Creagh and HubBeAll calculations were performed
included in the structure factor calculation but were not refined. using the CrystalStructure crystallographic software pacRage.
Full-matrix least-squares refinement based on the observed reflec-

tions ( > 2.00s(1)) was employed, where the unweighted and . . S -
weighted agreement factors Bf= 5 ||Fo| — |Fell/S|Fol andRy = in-Aid for Scientific Research (14340209) from the Ministry

[SW(IFo| — |Fel)¥SWIFo2Y2were used. The weighting scheme was ©Of Education, Sciencg, and Culture,_ Japan. We are grateful
based on counting statistics. PlotsXof(|Fo| — |Fe|)2 versus|Fo, tq JSPS (Japan Society of Promotion for Science) for the
reflection order in data collection, si#f¥1, and various classes of ~ bilateral exchange program.

indices showed no unusual trends. Neutral atomic scattering factors Supporting Information Available: X-ray crystallographic files
were taken from Cromer and Watiénomalous dispersion effects i, c|F format for compoundg and5. This material is available
were included irFcacd the valuesAf andAf” were those of Creagh  oq of charge via the Internet at http://pubs.acs.org.

and McAuley?? The values for the mass attenuation coefficients
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