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Heterotrinuclear [(Ni'L),Ln"™(NO3)] complexes (where HsL = 1,1,1-tris[(salicylideneamino)methyl]ethane and
Ln = Gd (1), Eu (2), Tb (3), and Dy (4)) were prepared by treating [Ni(H; 5L.)]Cly s with Ln(NO3)3+6H,0 in the pres-
ence of triethylamine. Complexes 1.2CH3;OH, 3-2CH30H, and 4.C,HsOH.0.5H,0 crystallized in the triclinic space
group, P1 (No. 2), with Z = 2, while 2.CH;0H-0.5H,0 crystallized in the tetragonal space group, /4, /a (No. 88), with
Z = 8. All the complexes had very similar structures. Each complex was a doubly face-sharing trinuclear molecule. The
Ni'l ion is coordinated by the L3~ ligand in an N3O3 coordination sphere, and the three phenolate oxygen atoms coor-
dinate to an Ln'" ion as bridging atoms. The Ln" ion is eight coordinate with six phenolate oxygen atoms of the two L3~
ligands and two oxygen atoms of NO3~. Coordination of the NO3 ™ group entails a bending of the Ni--Ln--Ni angle (ca.
140°). All the complexes involve 77— and CH—7T interactions between the neighboring molecules to form a three-
dimensional structure. Temperature-dependent magnetic susceptibility and field-dependent magnetization measurements
on 1 showed a ferromagnetic interaction between the Ni' and Gd™ atoms. A ferromagnetic interaction was also

suggested for Ni'-Tb"™! (3) and Ni'-Dy! (4).

Heterometallic 3d—4f complexes have attracted much atten-
tion in fields such as luminescence,! MOCVD,? and single
molecule magnets (SMMs).? To develop these studies further,
it is necessary to evolve synthetic procedures, and control of
the nuclearity of the complex is particularly important. Re-
cently, we have prepared di-, tri-, and tetranuclear Nill-Ggq!
complexes using the “complexes-as-ligands” strategy, and we
found that we could control the nuclearity of such complexes
by selecting an additional ligand on the Gd™ jon.*

We are interested in creating SMMs comprised of 3d—4f
systems. Lanthanide (Ln) metal ions have a large ground state
spin and a strong easy axis magnetic anisotropy, and the mag-
netic interactions of many 3d—4f complexes have been report-
ed to be ferromagnetic. All these properties are favorable for
3d—4f complexes behaving as SMMs. Polynuclear 3d—4f com-
plexes will meet the requirement to be identified as SMMs by a
smaller number of metal ions than the 3d-transition metal clus-
ters. Recently, we have observed that the heterodinuclear Nill-
Dy™ complex, [NiLDy(hfac),] (where HsL = 1,1,1-tris[(sali-
cylideneamino)methyl]ethane, Chart 1; Hhfac = hexafluoro-
acetylacetone), displays a frequency dependence of the out-of-
phase component (x,,”) characteristic of SMMs.’> However,
the blocking temperature, 75, was below 2 K, and we did not
observe any hysteresis in the magnetization of this sample. It
is natural to expect that Ni"-Ln™-Ni-type heterotrinuclear
complexes will more easily satisfy the conditions for SMMs,

Chart 1. Structure of the Hs;L ligand.

and we initiated a study along this line. Especially, we were
interested in the magnetic properties of Tb and Dy complexes,
because most of the 3d—4f complexes behaving as SMMs in-
volve the Tb™ and Dy™ ions. In this paper, we report on the
structure and magnetic properties of trinuclear [(Ni''L),-
La™(NO3)] complexes (where Ln = Eu, Gd, Tb, and Dy). Part
of this work has been reported in another publication.* Very
recently, Shiga et al.® described the magnetic properties of
Ni'-Ln"Ni"-type heterotrinuclear complexes of 2,6-di(ace-
toacetyl)pyridine.
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Table 1. Crystallographic Data for [(NiL),Gd(NO3)]-2CH;OH (1.2CH;0H), [(NiL),Eu(NO;)]-CH;0H.
0.5H,0 (2-CH30H-0.5H,0), [(NiL),Tb(NO;)]-2CH;0H (3-2CH;0H), and [(NiL),Dy(NO3)]-C,H;OH.

0.5H,0 (4-C,HsOH-0.5H,0)

1.2CH;0OH 2.CH30H-0.5H,0 3.2CH;0H 4.C,Hs0OH-0.5H,0
Formula C54H56GdN7Ni2011 C53H53EUN7N12010‘5 C54H56N7Ni2011Tb C54H55DyN7Ni201()_5
Formula weight 1253.73 1225.40 1255.40 1249.97
Crystal system triclinic tetragonal triclinic triclinic
Space group P1 (No. 2) 14, /a (No. 88) P1 (No. 2) P1 (No. 2)
a/;\ 13.2245(5) 17.3387(8) 13.2380(8) 14.0750(2)
b/A 13.8535(4) 17.3387(8) 13.9498(7) 14.1625(2)
c/A 16.4979(5) 37.3322(18) 16.4513(5) 16.3584(7)
o/ 90.290(2) 90 90.2050(16) 73.773(5)
B/° 104.022(2) 90 104.075(2) 89.486(2)
y/° 111.761(1) 90 111.6407(18) 67.7941(5)
V/z&3 2708.3(2) 11223.2(9) 2724.4(2) 2881.54(14)
Z 2 8 2 2
Degea/g cm™3 1.537 1.450 1.530 1.441
u/em™! 19.670 18.268 20.302 19.922
R [I > 2.00(])] 0.0522 0.0408 0.0539 0.0643
wR,® [all data] 0.1316 0.1264 0.1510 0.1736
T/°C —180 0 —180 —180

) Ri = Z|Fo| — |Fcll/ZIFo|. b) wRy = [E(W(F; — F2)*/ZwF})*]'/.

Results and Discussion

Synthesis and Structure of Complexes 1-4. Complexes
1-4 were prepared by treating [Ni(H;sL)]Clps with Ln-
(NO3)3+-6H,0 in the presence of triethylamine and isolated
as pale green (1.2CH;OH and 2-CH30H-0.5H,0) or red
(3:2CH;30H and 4-C,HsOH-0.5H,0) rhombic plates. They
are efflorescent and easily lose solvent (methanol, ethanol, or
water) molecules of crystallization, during which their color
turns to a dull greenish brown. To investigate the magnetic
properties of 2—4 that have the complicating effect of spin—
orbit coupling,” we tried to prepare analogous Zn"-Ln™ com-
plexes, [(Zn""L),Ln"(NO3)] using a similar procedure to that
used for 1-4. Despite our efforts, we could not prepare any
analogous Zn complexes. For example, the reaction of [ZnL]~
with Ln(NOs3)3-6H,0 yielded only the homometal trinuclear
Zn"'-Zn"-Zn"-type complex, [Zn;L,].8 The difference in re-
activity between [NiL]™ and [ZnL]~ with Ln(NO;3);-6H,0
may be related to the difference in ionic radius, 0.83 A for
six-coordinated Ni2* versus 0.88 A for six-coordinated Zn2*.?

Complexes 1.-2CH30OH, 3.-2CH3;OH, and 4-C,Hs;OH-
0.5H,0 crystallize in the triclinic space group, P1 (No. 2) with
Z =2, while 2.CH3;0H-0.5H,0 crystallizes in the tetragonal
space group, I4;/a (No. 88) with Z = 8. The crystallographic
data of 1-4 are listed in Table 1. The coordinate bond lengths,
Ni--Ln distances, Ni--Ni distances, and Ni--Ln--Ni angles,
along with their estimated standard deviation given in paren-
theses for 1.2CH30H, 3.2CH3;0H, and 4.C,HsOH.0.5H,O
are listed in Table 2, while similar values for 2.CH;OH-.
0.5H,0 are listed in Table 3. All the complexes have a similar
structure, and 1.2CH3;0H and 3-2CH;OH are isomorphous
with one another. We will describe the structure of 1.2CH;OH
as a representative example. The crystal structure consists
of one [(NiL);Gd(NOj3)] and two methanol molecules as an
asymmetric unit. Figure 1a shows the molecular structure of
1.2CH;0H, along with the selected numbering scheme. The
hydrogen atoms and methanol molecules have been omitted

Table 2. The Coordinate Bond Lengths (1&), Intermetallic
Distances (A), and Angles (°) with the Estimated Standard
Deviation (in Parentheses) for [(NiL),Gd(NO3)].2CH;0H
(1.2CH30H), [(NiL),Tb(NO3)]-2CH;0H (3.2CH;0H),
and [(NiL),Dy(NO3)]-C,HsOH-0.5H,O (4-C,HsOH-
0.5H,0)

1.2CH;0H 3.2CH;0H 4.C,HsOH-0.5H,0
Coordinate bond length//ok

Ln(1)-O(1) (I1)¥ 2.457(4) 2.444(4) 2.451(5)
Ln(1)-0(2) (1I1)» 2.275(4) 2.265(4) 2.260(6)
Ln(1)-0(3) (D¥ 2.372(4) 2.375(4) 2.367(5)
Ln(1)-04) (¥ 2.365(3) 2.363(4) 2.360(5)
Ln(1)-O(5) (IN)¥ 2.441(4) 2.435(5) 2.471(6)
Ln(1)-0(6) (IIH» 2.291(3) 2.279(4) 2.276(5)
Ln(1)-0(7) 2.499(3) 2.463(4) 2.463(6)
Ln(1)-0O(8) 2.480(4) 2.490(4) 2.477(5)
Ni(1)-0O(1) 2.117(4) 2.119(5) 2.126(6)
Ni(1)-0(2) 2.084(4) 2.086(5) 2.081(7)
Ni(1)-0(3) 2.074(3) 2.063(3) 2.052(4)
Ni(1)-N(1) 2.039(6) 2.050(6) 2.043(9)
Ni(1)-N(2) 2.057(4) 2.068(5) 2.061(7)
Ni(1)-N(3) 2.069(4) 2.066(5) 2.070(7)
Ni(2)-0(4) 2.085(3) 2.080(4) 2.082(5)
Ni(2)-0(5) 2.143(3) 2.141(4) 2.139(5)
Ni(2)-0(6) 2.072(4) 2.066(5) 2.064(7)
Ni(2)-N(4) 2.057(4) 2.052(4) 2.066(6)
Ni(2)-N(5) 2.032(5) 2.038(6) 2.022(9)
Ni(2)-N(6) 2.068(5) 2.066(5) 2.075(8)
Intermetallic distance/;%
Ln(1)--Ni(1) 3.1670(7)  3.1647(8) 3.1451(11)
Ln(1)--Ni(2) 3.1703(6)  3.1632(7) 3.1599(10)
Ni(1)--Ni(2) 5.9539(6)  5.9464(10) 5.9406(14)
Angle/°
Ni(1)--Ln(1)~Ni(2) 139.935(19) 140.01(2) 140.831(3)

a) I, II, and III denote Group I, Group II, and Group III, respective-
ly, of the Ln—O(phenolate) bonds (see text for definition).
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Table 3. The Coordinate Bond Lengths (A), Intermetallic
Distances (A), and Angle (°) with the Estimated Standard
Deviation (in Parentheses) for [(NiL),Eu(NOj)].CHj3-
OH-0.5H,0 (2-CH30H-0.5H,0)

Coordinate bond length/ A

Eu(1)-0(1) (I))¥ 2.481(3)
Eu(1)-0(2) (I)¥ 2.376(3)
Eu(1)-0(3) (II)» 2.288(2)
Eu(1)-0(4) 2.511(3)
Eu(1)-N(4) 2.912(5)
Ni(1)-0(1) 2.116(3)
Ni(1)-0(2) 2.068(2)
Ni(1)-0(3) 2.094(3)
Ni(1)-N(1) 2.047(3)
Ni(1)-N(2) 2.047(3)
Ni(1)-N(3) 2.029(3)
Intermetallic distance/A
Eu(1)--Ni(1) 3.1549(4)
Ni(1)-Ni(1)» 6.0171(5)

Angle/°

Ni(1)~Eu(1)-Ni(1)» 143.830(13)

a) I, II, and III denote Group I, Group II, and Group III, re-
spectively, of the Ln—O(phenolate) bonds (see text for defini-
tion). b) 1 —x, 1/2 -y, z.

for clarity. A view of the N3Ni(£-0);Gd(NO3)(14-O)3NiN;
core is shown in Figure 1b. Each Ni! ion is coordinated by
an L3~ ligand in an N3O3 coordination sphere, and the three
phenolate oxygen atoms coordinate to a central Gd' ion as
bridging atoms to form a doubly face-sharing trinuclear mole-
cule. The Ni-N lengths for 1.2CH3;OH are almost the same
(av. 2.054 A) as the Ni-N lengths (av. 2.047 10%) for the starting
mononuclear Ni'' complex.!® On the other hand, on complex-
ation with Gd™, the Ni~O bond lengths (av. 2.096 A) increase
from those in the starting mononuclear Nil complex (av.
2.078 A). The configuration around each Nil ion is chiral with
either a A or a A configuration due to the screw coordination
arrangement of the achiral tripodal ligand around the metal
ion. When two chiral molecules associate, both homochiral
(A-A or A-A) and heterochiral (A—A) pairs are possible.
Both the Ni units shown in Figure 1a have the A configuration.
Thus, this is a homochiral A—A pair. Examination of molecu-
lar models indicated that the heterochiral pair involved severe
steric repulsion between the aromatic groups of the terminal Ni
units. On the other hand, the homochiral pair does not involve
such steric congestion. Since the complex crystallizes in a cen-
trosymmetric space group, P1, molecules with A—A and A—A
pairs coexist in the crystal to form a racemic crystal. In other
words, 1-2CH;0H does not undergo spontaneous resolution.
The coordination geometry around each Nil! ion is distorted
from a regular octahedron toward that of a trigonal prism.
The trigonal twist angle, @, as defined in Figure 2, is a measure
of the degree of twisting (trigonal prism = 0° and octa-
hedron = 60°).!'! Both the values of ¢1 and ¢2 for the termi-
nal Nil and Ni2 ions were 45°. The values of ¢ are tabulated
in Table 4, together with those of the other complexes. The

Ni—Ln-Ni (Ln = Eu, Gd, Tb, and Dy) Complexes
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Figure 1. (a) ORTEP drawing of [(NiL),Gd(NO3)]-
2CH;0H (1), showing atom numbering and the 50% prob-
ability displacement ellipsoids. The hydrogen atoms and
solvent molecules of crystallization are omitted for clarity.
(b) A view of the N3Ni(u-0)3Gd(NO3)(14-O)3NiN3 core.

Figure 2. Definition of the trigonal twist angle, ¢, a mea-
sure of the degree of twisting (trigonal prism = 0°, octa-
hedron = 60°).

Gd™ jon is eight coordinate, with six phenolate oxygen atoms
of the two L3~ ligands and two oxygen atoms of the NO3~
taking part in the coordination. The dihedral angle between
the two planes, defined by three phenolate oxygen atoms (O1,
02, and O3 and 04, OS5, and O6) is 41.14° and the distance
between the centroids is 3.361 A. These data are also listed in
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Figure 3. Crystal structure of [(NiL),Gd(NO3)]-2CH30H (1): (a) r—r stacking (light blue broken lines) forming a 1D chain struc-

ture along the [101] direction. (b) projection on the ac plane.

Table 4. Trigonal Twist Angle ¢ (°)¥ and Dihedral Angle
(°) between Two Planes Defined by Three Phenolate Oxy-
gen Atoms, and Distance between Centroids® for [(NiL),-
Gd(NO3)]-2CH;0H (1-2CH30H), [(NiL);Eu(NO3)]-
CH;0H-0.5H,0 (2-CH30H-0.5H,0), [(NiL),Tb(NO3)]-
2CH3 OH (3 . 2CH3 OH), and [(NiL)sz(NO3)] . C2H5 OH.
0.5H,0 (4-C,HsOH-0.5H,0)

Distance between the

¢1/°  ¢2/° Dihedral angle/° centroids/A
1 45 45 41.14 3.361
2 43 37.83 3.404
3 43 44 40.45 3.352
4 44 43 40.23 3.364

a) See Figures 1 and 2, and text for definition.

Table 4 together with data for complexes 2—4. There are three
pairs of aromatic rings in the molecule, and one pair, Ring 1
(C21-C26) and Ring 2 (C31-C36), is m—7 stacked, with the
distance ca. 3.5A. The Gd-O (phenolate) bond length spans
a wide range (2.275(4)-2.457(4) A), and can be classified into
three groups: Group I is for phenolate oxygen atoms attached

to the m—m stacked rings (Gd1-03 = 2.372(4)1& and Gd1-
04 = 2.365(3) A); Group II is for oxygen atoms near the
nitrate ions, and has the longest bond lengths (Gd1-O1 =
2.457(4)A and Gd1-05 = 2.441(4) A); and Group III is for
the rings situated between the other two groups, and has
the shortest bond lengths (Gd1-02 = 2.275(4)10% and Gdl1-
06 = 2.291(3) 1&). The differences in the Gd—O bond length
seem to be related to the coordination of a nitrate ion. Coordi-
nation of a nitrate ion causes steric interaction with the neigh-
boring benzene rings (Group II), O7--C41 = 3.101(8)1& and
08--C7 = 3.104(9) A. Thus, the Gd1-O1 and Gd1-O5 bonds
become longer to alleviate the steric congestion. In crystals
of 1.2CH;0H, the Nil--Gdl, Ni2--Gdl, and Nil--Ni2 dis-
tances are 3.1670(7), 3.1703(6), and 5.9539(6) A, respectively
(Table 2).

In the crystal, adjacent molecules are connected by -7
stacking to form a one-dimensional (1D) chain structure along
the [101] direction (Figure 3). The average ;1— stacking dis-
tance is ca. 3.5A. A CH-7 interaction exists between the
chains along the b axis (Figure 4). The average CH-7 distance
is ca. 2.8 A. The two methanol molecules of crystallization,
and those created by a symmetry operation (2—x, 1 —y,
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Figure 4. Crystal structure of [(NiL),Gd(NO3)]-2CH3;0OH
(1), showing 71— stacking (light blue broken line circles)
and CH-7t interaction (orange broken lines) between the
chains along the b axis.

1 — z), are hydrogen bonded: O10--O11 = 2.782(9) A, O11--
010" = 2.808(8)1& (Figure S1). There is also an interaction
along the a axis through the hydrogen bonds between the
methanol molecules and CH—7 interaction between the chains
(Figure S1) to form a three-dimensional structure. The small-
est distances between the metal ions in the neighboring mole-
cules are: Gd-Gd = 9.8606(4) A, Ni~-Ni = 6.5858(9) A, and
Gd--Ni = 7.7637(6) A.

The crystal structure of 2.CH3OH-0.5H,0 is different from
the other structures. As Figure 5 shows, 1D chains are formed
by 7—7 stacking along the a axis and b axis. The average 71—
stacking distance is ca. 3.5 A. The chains along the two direc-
tions are further connected by CH-7T interactions to form a 3D
structure (Figure S2). The average CH—7 distance is ca. 2.8 A.
The shortest distances between the metal ions of neighboring
molecules of 2.CH30H.0.5H,O are: Eu-Eu = 9.67935(16)
A, Ni--Ni = 7.8866(6) A, and Eu--Ni = 8.2418(5) A.

It is relevant to compare the structures of 1-4. The structural
parameters about the two terminal Ni"" ions are similar to each
other. The average Ln—O bond length (Eu (2) = 2.41 A; Gd
(1) = 2.40A; Tb (3) = 2.39 A; and Dy (4) = 2.39 A) depends
on the size of the eight-coordinate lanthanide ion (Eu = 1.206
A; Gd = 1.193A; Tb = 1.180A; and Dy = 1.167 A).°

Magnetic Properties of 1-4. All the complexes are efflo-
rescent, and they easily lose the solvent molecules of crystal-
lization. The samples we used in our magnetic measurements

Ni—Ln—Ni (Ln = Eu, Gd, Tb, and Dy) Complexes

c

Figure 5. Crystal structure of [(NiL),Eu(NO;3)].CH;0H-
0.5H,0 (2-CH30H-0.5H,0): (a) 1D chains along the a
axis formed by -7 stacking, and (b) 1D chains along
the b axis formed by 77—t stacking. The light blue broken
lines show 777 stacking.

were formulated as [(NiL),Ln(NO;3)] (see the Experimental
section). Temperature-dependent molar susceptibility mea-
surements on powdered samples were carried out in an applied
field of 0.1 T in the temperature range 2—300 K. The data are
represented in X\, T versus T plots in Figure 6, where x,, is
the molar magnetic susceptibility and T is the absolute temper-
ature. The value of )T of 11is 12.604 cm?® Kmol~! at 300K,
which is larger than the value expected for two Ni'l (§ = 1)
and one Gd™ (4f7, 7 =7/2, L =0, S =17/2, 887/2) noninter-
acting ions (9.875cm?® Kmol™!). The profile of the curve for
1 is almost constant in the temperature range 50-300K and
shows a steady increase on reducing the temperature. The val-
ue of x\T increases rapidly below 10K, indicating that the
overall magnetic interaction between the metal ions is ferro-
magnetic. The maximum value of )y, T, 17.446 cm® K mol ™!
at 2.0K, is slightly smaller than the value of 17.875
cm? Kmol~! expected for an isolated S = 11/2 spin resulting
from ferromagnetic coupling between the two Ni'' (§ = 1) and
Gd™ (S = 7/2) ions in a trinuclear complex. Fits to the exper-
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Figure 6. Magnetic behaviors of [(NiL),Gd(NO3)] (1, ),
[(NiL),Eu(NO3)] (2, @), [(NiL);Tb(NO3)] (3, V), and
[(NiL),Dy(NO3)] (4, ®) in the form of xy,T versus T plots
in the temperature range 2-300 K. The solid line corre-
sponds to the best data fits for 1.

imental data were performed assuming for the Gd™ ion an
isotropic 887/2 state without orbital angular momentum and
using the following spin Hamiltonian, H = gB(Sni1 + Sniz +
Sca)H + DnilS%nitz + S(S +1)/31 + DyilSnizz + S(S+ 1)/3] +
2J(Sni1 *Scd + Sniz +Sca) in which g is an average g-factor for
the Gd™ and Ni" ions, H the applied field, Dy; the zero field
splitting (ZFS) parameter for Ni'l, and J the Heisenberg cou-
pling constant between each of the two Nill ions and the cen-
tral Gd™" ion. The inclusion of the ZFS term for Nill is consist-
ent with the analysis of the magnetization data (see later), and
allows for an improved fit at low temperatures.'> The best-fit
parameters to the data were g = 2.24, J (Ni-Gd) = 40.19
cm™!, and D = +2.1cm™". The calculated J (Ni-Gd) value is
lower than that of Costes et al.!’ for a Gd™-Ni" dinuclear
complex with two phenoxo bridges, of J = +3.6cm™!, but
is similar to the value observed by Chen et al.'* for a Gd™-
Nil compound with three phenoxo bridges, J = +0.56cm™!,
and to the value recently reported by Shiga et al. for a trinu-
clear Ni"Gd™Ni"" complex derived from 2,6-di(acetoacetyl)-
pyridine with two alkoxo bridges, J = +0.79cm™!.°

The field dependence of the magnetization at 2K was also
measured, and the M versus H curve is shown in Figure 7.
The data are qualitatively reproduced by Brillouin curve for
the S = 11/2 spin system, demonstrating that the spin ground
state is derived from the ferromagnetic coupling between Nil!
(S = 1) and Gd™ (S = 7/2) ions. The data were well simulated
(see the solid lines in Figure 7) including the ZFS for the same
spin systems, and the best fit to the experimental data yielded
the following values: g =2.06 and D = +0.15cm™". It is
worth noting that the D value obtained from the fit of the mag-
netization data refers to the S = 11/2 state, and can be com-
pared with the single ion values for Ni'l obtained from a fit
of the magnetic susceptibility using the Wigner—Eckart theo-
rem.'> Accordingly, Dj; /> can be written as a weighted combi-
nation of Dy;n and Dgqm, with a much larger weight of the lat-
ter term, and taking into account that Dgqm is negligibly small,

Bull. Chem. Soc. Jpn. Vol. 81, No. 5 (2008) 603
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Figure 7. Field dependence of magnetization at 2K for
[(NiL),Gd(NO3)] (1). The solid line corresponds to the
best data fit (cf. text).

it follows that Dy, < Dy;n. This justifies, at least qualitative-
ly, the smaller value of D, by one order of magnitude, obtained
from the fit of the magnetization data.

The magnetic data for 2—4 are also shown as plots of xyT
versus T in Figure 6. The profiles of 3 and 4 are similar to
each other. The x\T value of 16.32cm?Kmol~! at 300K
for 3 is larger than the calculated value of 13.82 cm? Kmol™!
for two independent Ni' (S =1) and Tb™ (4f%, J =6, S = 3,
L =3, "Fg), and the T value was almost constant in the
temperature range 100-300 K, and it decreases gradually with
decreasing temperature to 14.61cm’Kmol™' at 20K, but
then increases at lower temperatures reaching a maximum
value of 18.75cm? Kmol~! at 2K. The xy,T value of 20.03
cm?® Kmol~! at 300K for 4 is larger than the calculated value
of 16.17cm?® Kmol™! for two independent Nil (S = 1) and
Dy™ (4%, J =15/2, S =5/2, L =5, ®Hys;), and the xyT
value was almost constant in the temperature range 100-300
K, and it decreases gradually with decreasing temperature to
18.51 cm® Kmol~! at 18 K, but then increases at lower temper-
atures reaching a maximum value of 22.19 cm?® K mol~! at 2 K.
For 2, the xyT value of 4.19cm? Kmol~! at 300K is lager
than the calculated value of 2.00cm® Kmol~! for two inde-
pendent Ni'" (S = 1) and Eu™ (45, 7 =0, S =3, L =3, F),
and the value of xy,T decreases steadily as the temperature
decreases to 2.69 cm? Kmol™! at 2K.

It is difficult to study the magnetic properties of 2—4 because
of complications from spin—orbit coupling. We evaluated the
Ni™-Ln™ magnetic interactions (where Ln = Eu, Tb, and Dy)
of heterodinuclear complexes [(NiL)Ln(hfac),] using an em-
pirical approach developed by Costes et al.” and Kahn et al.'®
The magnetic susceptibilities were compared with those of
the isostructural Zn"-Ln™ complexes, [(ZnL)Ln(hfac),] con-
taining a diamagnetic Zn'' ion, so we could investigate the
nature of the magnetic interactions between Nill and Ln™>
Thus, we tried to prepare the analogous Zn"-Ln™ complexes,
[(Zn"L),Ln™(NO5)], using a similar procedure to that used for
1-4. Despite our efforts, we could not prepare any analogous
Zn complexes, and so we could not use the empirical method.
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We paid attention to the similarity between the y,,7-T pro-
files of 1-4 and those of [(NiL)Ln(hfac),;] (Ln = Eu, Gd, Tb,
and Dy), although the x\,T values of the trinuclear complexes
are larger than those of the dinuclear complexes over the entire
temperature range as expected. A ferromagnetic interaction
was indicated in [(NiL)Ln(hfac),] (Ln = Tb and Dy), while
the interaction was negligible in [(NiL)Eu(hfac),].’> Since
ferromagnetic interactions are suggested in 3 and 4 to occur
and these complexes have high x,,T values, we expected that
these complexes would be good candidates for SMMs. One of
the characteristics of an SMM is the observation of frequency
dependence in the ac susceptibility signals, and we carried out
ac susceptibility measurements on 3 and 4 in a 3.0 G ac field
oscillating at 201000 Hz in the temperature range of 2.0—
5.0K. However, neither 3 nor 4 exhibited any frequency
dependence in the ac susceptibility signals.

Conclusion

By using [NiL]™ as the ligand-complex, heterotrinuclear
complexes [(NiL),Ln(NO3)] (Ln = Gd (1), Eu (2), Tb (3),
and Dy (4)) were prepared. Complexes 1-4 are Nill-Ln!l-
Nil-type trinuclear complexes with a bent Ni--Ln--Ni angle
(ca. 140°). All complexes involve 77— and CH-7 interactions
between neighboring molecules to form a 3D structure. Tem-
perature-dependent magnetic susceptibility and field-depend-
ent magnetization measurements of 1 showed a ferromagnetic
interaction between the Ni'" and Gd™ sites. Although the na-
ture of the magnetic interactions between Ni'' and Ln™ (Eu,
Tb, and Dy) was not clearly shown in 2—4, ferromagnetic inter-
actions are expected for 3 (Tb) and 4 (Dy) from data in relation
to related complexes. That frequency dependence in the ac
susceptibility signals was not observed in 3 and 4 seems to be
related to the 3D structure of these complexes. We are now
trying to eliminate the intermolecular interaction by introduc-
ing suitable substituents on the tripodal ligand. We expect that
such a complex will easily satisfy the conditions for SMMs
with a high-spin ground state and a magnetic anisotropy.

Experimental

Materials. All the reagents and solvents used in the syntheses
were of reagent grade and were used without further purification.
The H;3L ligand!” and [Ni(H; 5L)]Cly5'® were prepared according
to literature procedures.

[(NiL);Ln(NO3)] (Ln = Gd (1), Eu (2), Tb (3), and Dy (4)).
All these complexes were prepared using a similar method. A rep-
resentative procedure is given for 1. A methanol solution (5 mL)
of Gd(NO3)3+-6H,0 (0.014 g, 0.03 mmol) and a methanol solution
(S5mL) of triethylamine (0.012 g, 0.12 mmol) were added to [Ni-
(H;5L)]Clp s (0.029 g, 0.06 mmol) in methanol (10 mL). The mix-
ture was left at room temperature to deposit pale green crystals.
These were collected by filtration and dried in a desiccator over
P,Oj9. The methanol molecules of crystallization were lost on
drying. Yield: 0.023g (64%). Anal. Calcd for Csp;HsgGdN7-
Ni,O9 = [(NiL),Gd(NO3)]: C, 52.50; H, 4.06; N, 8.24%. Found:
C, 52.10; H, 3.69; N, 8.16%. IR (KBr disk): v(C=N) 1631;
V(N=0) 1473; v(NO,) 1302cm~!.

2: Yield: 80%. Anal. Calcd for Cs5oHygEuN7Ni,Og = [(NiL),-
Eu(NO3)]: C, 52.73; H, 4.08; N, 8.27%. Found: C, 52.44; H,
3.79; N, 8.36%. IR (KBr disk): »(C=N) 1635; v(N=0) 1473;
V(NO,) 1300cm™".

Ni—Ln—Ni (Ln = Eu, Gd, Tb, and Dy) Complexes

3: Yield: 43%. Anal. Calcd for C52H4gN7Ni209Tb =
[(NIiL),Tb(NO3)]: C, 52.42; H, 4.06; N, 8.23%. Found: C,
52.03; H, 3.90; N, 8.08%. IR (KBr disk): v(C=N) 1633;
V(N=0) 1474; v(NO,) 1300cm™".

4: Yield: 67%. Anal. Calcd for CspHygsDyN;Ni;O9 =
[(NiL),Dy(NO3)]: C, 52.27; H, 4.05; N, 8.20%. Found: C,
52.15; H, 3.81; N, 7.99%. IR (KBr disk): v(C=N) 1634;
V(N=0) 14743; v(NO,) 1299 cm~!.

Physical Measurements. Elemental analyses (C, H, and N)
were performed using a Perkin-Elmer 24001l elemental analyzer.
The IR spectra were recorded using a JASCO FT/IR FT-550 spec-
trophotometer, with the samples prepared as KBr disks. Magnetic
susceptibility measurements were carried out using a Quantum
Design MPMS 2 SQUID magnetometer (located at Okayama Uni-
versity) in the temperature range 2-300K and under an applied
magnetic field of 0.1 T. Magnetization versus magnetic field mea-
surements were carried out using a Quantum Design MPMS-5SP
SQUID magnetometer (located at Kumamoto University) at 2K in
the field range 0—5T. For magnetic measurements, the samples
were placed into a gelatin capsule, which was then placed inside
a plastic straw. Pascal’s constants were used to correct for diamag-
netism.' The ac susceptibility measurements were carried out in a
3.0G ac field oscillating at 20-1000 Hz in the temperature range
of 2.0-5.0K at the University of Wroctaw.

X-ray Data Collection, Reduction, and Structure Determi-
nation. A suitable crystal obtained from an ethanol or a methanol
solution was placed in a capillary tube with a small volume of
mother liquid. The X-ray measurements were carried out using
a Rigaku RAXIS-IV imaging plate area detector (located at the
Okayama University of Science) employing graphite monochro-
mated Mo Ko radiation (A = 0.71069 A). The structures were
determined using direct methods (SHELXS97 or SIR97)'® and
expanded using Fourier techniques'® and successive Fourier dif-
ference methods with a full-matrix least-squares refinement on
F2. The nonhydrogen atoms were refined anisotropically. Hydro-
gen atoms were refined using the riding model. All calculations
were performed using the Crystal Structure 3.8 software pack-
age.?0 Crystallographic data for 1-4 have been deposited at the
Cambridge Crystallographic Data Centre, Deposition numbers
CCDC-676080, -676081, -676082, and -676083 for 1, 2, 3, and
4, respectively. Although the X-ray crystal structure analysis of
1 was carried out before and the crystallographic data were depos-
ited as deposition number CCDC-229922,* we analyzed the struc-
ture using the same X-ray data and obtained more reliable results,
and the data have been deposited as CCDC-676080. Copies of
the data can be obtained free of charge via http://www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystal-
lographic Data Centre, 12, Union Road, Cambridge, CB2 1EZ,
UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).
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Supporting Information

Crystal structures of [(NiL),Gd(NO3)] (1) (Figure S1) and
[(NiL);Eu(NO3)] (2) (Figure S2). This material is available
free of charge on the Web at: http://www.csj.jp/journals/bcsj/.
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