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Eighteen trinuclear Ni',Ln" complexes of 2,6-di(acetoacetyl)pyridine (HoL) (Ln = La—Lu except for Pm) were prepared
by a “one-pot reaction” of HyL, Ni(NO3),*6H,0, and Ln(NOs);-nH,0 in methanol. X-ray crystallographic studies
indicate that two L2~ ligands sandwich two Ni" ions with the terminal 1,3-diketonate sites and one Ln" ion with the
central 2,6-diacylpyridine site, forming the trinuclear [Ni,Ln(L),] core of a linear NiLnNi structure. The terminal Ni
assumes a six-coordinate geometry together with methanol or water molecules, and the central Ln assumes a
10-coordinate geometry together with two or three nitrate ions. The [Ni,Ln(L).] core is essentially coplanar for large
Ln ions (La, Ce, Pr, Nd) but shows a distortion with respect to the two L?~ ligands for smaller Ln ions. Magnetic
studies for the Ni,Ln complexes of diamagnetic La" and Lu" indicate an antiferromagnetic interaction between the
terminal Ni" ions. A magnetic analysis of the Ni,Gd complex based on the isotropic Heisenberg model indicates a
ferromagnetic interaction between the adjacent Ni'" and Gd" ions and an antiferromagnetic interaction between the
terminal Ni" ions. The magnetic properties of other Ni,Ln complexes were studied on the basis of a numerical
approach with the Ni;La complex and analogous Zn,Ln complexes, and they indicated that the Ni'-Ln" interaction
is weakly antiferromagnetic for Ln = Ce, Pr, and Nd and ferromagnetic for Ln = Gd, Th, Dy, Ho, and Er.

Introduction on 3d-4f heteronuclear complexes have become important
because of the increased attention devoted to43¢based
magnetic materials. Many studies on-3tf mixed-metal
complexes have been reportéd:® but most of the studies

Magnetic studies of discrete heteronuclear metal com-
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are confined to the complexes of 'Cand Gd' ions. Bencini

4f1—41f% configurations, whereas it is ferromagnetic for the

et al. first reported a ferromagnetic interaction between the Ln ions with 4f—4f13 configurations*® To evaluate the mag-

adjacent Cliand Gd' of trinuclear CUGd" Cu' complexes,

netic interaction in MLn"" complexes, an empirical approach

and subsequent studies have verified that the magneticbhased on a comparison of analogoud IM'"' complexes of

interaction in the Cli—Gd" pair is ferromagnetic, irrespec-
tive of the ligand naturé??

However, magnetic interaction in the CulLn'"' pair with
paramagnetic L't except for G# has not been fully studied

diamagnetic M' was adopted. Kahn et al. studied the mag-
netic properties of [MsLn"'5],, (M = Cu, Ni) compounds in
comparison with analogous [Z#.n",], compounds and
observed the ferromagnetic nature of théd-NMb", M"'—

because of the first-order angular momentum in the Ln ions Dy", and M'=Gd" interactions?® Costes et al. examined

of the 4f—41f% and 4f—4f%2 electronic configurations. Kahn
et al. have suggested that the magnetic nature in tie-Cu
Ln" pair is apparently antiferromagnetic for the Ln ions with
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the magnetic properties of dinuclear 'Ca"' complexes
using analogous NiLn" (Syi = 0) complexes as the reference
to observe that the CCa-Ln'"" interaction is antiferromagnetic
for Ln = Ce, Nd, Sm, Tm, and Yb, whereas it is ferromag-
netic for Ln= Gd, Th, Dy, Ho, and E¥2They demonstrated
the significance and utility of the empirical approach based
on systematic synthesis to evaluate the magnetic interaction
between Cliand LA" ions. Previously, we studied the mag-
netic properties of a series of Gun'"' complexes of a linear
Cu'Ln"Cu" structure, in comparison with analogous,Zn

Ln complexes, and observed that the'€un"' interaction

is antiferromagnetic for L= Ce, Pr, and Sm but ferromag-
netic for Ln = Gd, Th, Dy, Ho, and E}’@ These studies
indicate that the magnetic interaction in the'€db", Cu'—

Dy"', and CU—Gd" pairs is apparently ferromagnetic, but
there are some inconsistencies among these studies concern-
ing the Cli—Ln"" interaction for other Ln ions.

To systematically examine the magnetic interaction irr 3d
4f compounds further, a series of'®in" complexes of 2,6-
di(acetoacetyl)pyridine (H.) were prepared in this work.
The complexes crystallized in four different types: JINi-
(L)2(NO3)2(MeOH)]NO3z-MeOH (type A: Ln=La (1), Ce
(2), Pr @), Nd (4), Sm 6-A), Eu (6-A), Gd (7-A)); [NioLn-
(L)z(NOg)Q(HzO)z(MeOH)Q]NO3’2H20'M€OH (type B: Ln
= Sm (-B), Eu (6-B), Gd (7-B)); [NizLn(L)2(NOs)s-
(MeOH),] (type C: Ln= Gd (7-C), Tb (8), Dy (9)); and
[N|2Ln(L)2(N03)2(H20)(MeOH);]N03~EtzO'MeOH (type
D: Ln = Ho (10), Er (11), Tm (12), Yb (13), Lu (14)). All
of the complexes were structurally characterized, and the
[NioLn(L)2] core structures of types-AD are discussed in
terms of the size of the Ln ions. Our main focuses are the
systematic synthesis of the NiLn"" compounds and the
elucidation of their magnetic interaction with respect to the
electronic structure of the Ln ion.
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Table 1. Yield and Elemental Analysis for [MLn(L)2(NOsz)3(H20)4]-nH0 (1'—14)
[NizLn(L)2(NOsz)3(H20)4]-nH-0

%C %H %N %Ni
found found found found
complex Ln n yield (%) (calcd) (calcd) (calcd) (calcd) IR data (cm?)

) La 3 75 29.38 3.32 6.74 10.97 1613 1593 1385
(29.49) (3.43) (6.61) (11.09)

(2) Ce 2 70 30.01 3.20 6.85 11.21 1613 1594 1385
(29.97) (3.29) (6.72) (11.26)

3) Pr 3 76 29.64 3.21 6.67 11.40 1611 1595 1385
(29.44) (3.42) (6.60) (11.07)

@) Nd 3 73 29.40 3.26 6.61 10.77 1609 1596 1385
(29.34) (3.41) (6.58) (11.03)

(5) Sm 4 55 28.78 3.45 6.50 10.93 1613 1595 1385
(28.69) (3.52) (6.43) (10.79)

(6" Eu 4 57 28.78 3.29 6.51 10.35 1613 1596 1385
(28.65) (3.51) (6.43) (10.77)

(7 Gd 4 46 28.64 3.40 6.45 10.88 1615 1596 1385
(28.51) (3.50) (6.39) (10.72)

(8) Th 2 84 29.49 3.17 6.64 11.01 1613 1596 1385
(29.44) (3.23) (6.60) (11.07)

(9) Dy 2 82 29.12 3.25 6.61 11.04 1614 1596 1386
(29.34) (3.22) (6.58) (11.03)

(20) Ho 2 88 29.27 3.21 6.63 10.71 1613 1597 1385
(29.27) (3.21) (6.56) (11.00)

(11) Er 2 81 29.09 3.17 6.57 10.74 1614 1596 1385
(29.21) (3.21) (6.55) (10.98)

12) ™™ 2 83 29.02 3.22 6.55 10.60 1613 1597 1385
(29.16) (3.20) (6.54) (10.96)

(13) Yb 2 75 28.84 3.24 6.51 10.86 1614 1597 1385
(29.05) (3.19) (6.51) (10.92)

(14) Lu 2 82 28.76 3.21 6.48 11.04 1614 1597 1385
(29.00) (3.18) (6.50) (10.90)

Materials maximum 2 value of 55.0. A total of 44-75 images, correspond-

ing to 220.0—225.0C oscillation angles, were collected with two
different goniometer settings. Exposure time was-@® min per
degree. Readout was performed in the 0.100 mm pixel mode. Data
Ni,Ln Complexes.A solution of HL (1.0 mmol) and triethy- were processed by the _PROCES_S'AUTO program package. A
lamine (1.0 mmol) in methanol (10 @mwas added to a solution symmetry-related absorption correction using the program ABSCOR
of Ni(NO3),+6H.0 (1.0 mmol) and Ln(N@)z-nH,0O (0.5 mmol) in was applied® The data were corrected for Lorentz and polarization
hot methanol (10 cA), and the mixture was stirred for a while. ~ €ffects.
The reaction mixture was slowly evaporated at ambient temperature Al calculations were performed using the teX$awrystal-

2,6-Di(acetoacetyl)pyridine () was prepared according to the
literature method? Other chemicals were of reagent grade and were
purchased from commercial sources.

to afford green crystals of [MLn(L)2(NO3),(MeOH),JNO3-MeOH lographic software package from Molecular Structure Corporation.
(type A: Ln=La (1), Ce @), Pr @), Nd (4), Sm 6-A), Eu (6-A), Hydrogen atoms were included but not refined. Crystallographic
Gd (7-A)); [NizLn(L)2(NOs)2(H20)(MeOH)INOz-2H,0-MeOH data for the structures reported here have been deposited at the
(type B: Ln= Sm (-B), Eu 6-B), Gd (7-B)); and [NiLn(L),- Cambridge Crystallographic Data Centre (CCDC) as supplementary

(NOs3)s(MeOH)] (type C: Ln= Gd (7-C), Tb (8), Dy (9)). The ~ publication numbers CCDC 62314823166.

Nl\l/lngHcomgleéesocl\); gzavy LnD!OES,_[&th(i)oz(Nan)lz(le)- Magnetic Measurements Magnetic measurements fat—14
(MeOH)INO5Ety € (type D: Ln=Ho (10), Er (11), Tm were carried out on powdered samples with a Quantum Design
(12), Yb (13), Lu (14)), were prepared as green crystals when the ;

. . . . . SQUID MPMS-5XL magnetometer in the temperature range of
reaction mixture was diffused with diethyl ether. The complexes . L :
were converted into [NLN(L)o(NO2)s(H,0)-NH,0 (I'—14) on 2—300 K and under an applied magnetic field of 500 Oe. Field

dependencies of magnetization were measute?l ld under an

desiccating at 100°C in vacuo and exposing to air at room S . . . .
temperature. The analytical data 14 are summarized in applied field up to 50 kOe. Diamagnetic corrections were applied

Table 1. using Pascal’'s constants. Effective magnetic moments were calcu-
Zn,Ln Complexes.The ZnpLn complexes, [Za.n(L)2(NOs)s- lated by the equatioper = (8xmT)"2

(H20),]-nH,0O (Ln = La—Er except for Pmn = 0 or 1), were Elemental Analyses and Spectroscopic Measurementg&l-

prepared by the method described previod&ty. emental analyses of C, H, and N were performed at the Elemental
X-ray Structure Determination. All measurements were made  Analysis Service Center of Kyushu University. Nickel analyses were

on a Rigaku Raxis-Rapid Imaging plate diffractometer with made on a Shimadzu AA680 atomic absorption/flame emission

graphite-monochromated Mo oK radiation ¢ = 0.71069 A). spectrophotometer. Infrared spectra were measured on KBr disks

Indexing was performed from two or three oscillations, which were with a Perkin-Elmer Spectrum BX FTIR system.

exposed for 1.8610.0 min. The camera radius was 127.40 mm.

The data were collected at a temperature-®&0 + 1 °C to a

(48) Program for Absorption CorrectignRigaku Corp.: Tokyo, Japan,

1995.
(47) Fenton, D. E.; Tate, J. R.; Casellato, U.; Tamburini, S.; Vigato, P. A.; (49) teXsan: Crystal Structure Analysis Packaddolecular Structure
Vidali, M. Inorg. Chim. Actal984 83, 23. Corporation: The Woodlands, TX, 1985 and 1999.
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Results and Discussion Scheme 1. Schematic Drawings of the Structures of TypesB
with Respect to the Exogenous Donor Groups
Preparation. It is known from our previous work thatthe [ Type A Type B
ligand HL has a specificity to accommodate the'Qon o o
with the terminal 1,3-diketonate site and the'Lion with /,'4\ /plq
; L ; ; ; MeOH 07 O MeOH HO o”" ™ H0
the central 2,6-diacylpyridine site, producing trinucleag-Cu hal S ; oo :
Ln pomplexgs of a linear CuLnCu structure. In this study, a \.)lﬁ\':;‘\./ 'A-;‘\./
series of NiLn complexes was produced by a one-pot ~p~ s NT =iy Ry OWT
reaction of HL, Ni(NO3),*6H.0, and Ln(NQ)z'nH,O in N bn I N N Ln T N

methanol. The NLn complexes of light Ln ions could be W = N; =~

easily obtained, but the yield decreased in complexes of : F ' ! F !
heavier Ln ions. In practice]l—9 (Ln = La—Dy) were MeOH Osy-° MeO MeOH o \-° MeOH
crystallized on slow evaporation of each reaction solution, ' '

\

but 10—-14 (Ln = Ho—Lu) could not be obtained by this ° °
method. Eventually,10—14 were obtained by diffusing Type C Type D
diethyl ether into each reaction solutidhand6 crystallized Q o °
in two different forms (A and B), and crystallized in three o/"‘o 0’“\0 Meor 0 N%0  MeoH
different forms (A, B, and C). The different crystalline forms MeOH ' " MeOH ooy :
of 5, 6, and7 were manually separated and characterized by oS \l/r,\”m
X-ray crystallography, as discussed below. Type A was the \{ﬁ/ﬁ‘”"\c‘f’}/ Sy ey
main product in the synthesis 6fand6, and type C was e o Ln oMo L LGN N
the main product in the synthesis Bf S > g I -
The crystals ofl—14 were efflorescent, and the coordi- " AR MeiOH d 0 E
nated methanol molecules and the lattice solvent molecules Osy° MeoH \rll/ "0
were replaced with atmospheric water. The resulting aqua ) o

complexes, [NiLN(L)2(NOs)s(H20)a]-nHO (1'—14), re- 03* = 2.004(3) A) are longer than those between Ni and
tained the linear trinuclear core structure and were used forina gutside oxygen atoms (NO1= 1.981(3) and Ni-O4*
magnetic studies. All of the compounds showed characteristic — 1.976(3) A), because the inside oxygen atoms are attracted
IR bands assigned to twg-diketonate-chelate sites and py the central Gd ion. The average Ni-to-donor distance is
nitrate ions (Table 1). 2.032 A. The Ni-Gd and Ni-Ni* (*, symmetry operation
Description of Structure. X-ray crystallographic results  (—x, —y, —2)) separations are 3.692 and 7.383 A, respec-
for 1-14 demonstrated that twoL ligands sandwich two tively. One nitrate ion and one MeOH molecule are free from
Ni" ions with the terminal 1,3-diketonate sites and on€ Ln  coordination and alternately occupy the crystallographically
ion with the central 2,6-diacylpyridine site, affording af{Ni  equivalent space with an occupancy factor of 0.5 in the
Ln(L),] core of a linear NiLnNi structure. The structures of |attice.
the complexes are classified into four types;B, on the The structural characteristics of type A complexes are
basis of the space group and the molecular geometry (Schem@ummarized in Table 3. The bMN, Ln—O(L), and
1). Crystal parameters for selected complexes are given in_n—Q(nitrate) bond distances generally decrease in the
Table 2. Structural characteristics of all of the complexes order1 > 2 > 3 > 4 > 5-A > 6-A > 7-A, in accord with
are summarized in Table 3. Crystal parameters and selectedhe lanthanide contraction. The average—Bi distance
bond distances for all of the complexes are listed in Tables varies from 2.025 to 2.032 A. The NLn and Ni~Ni*
S1and S2. separations are practically invariant with the Ln ions,
Type A. [NizLn(L) 2(NO3)(MeOH)4NO3MeOH (Lnh = because the trinuclear NiLnNi structure is fixed by twd L
La (1), Ce (2), Pr (3), Nd (4), Sm (5-A), Eu (6-A), and ligands.
Gd (7-A)). This type crystallizes in the triclinic system with Type B. [NioLn(L) 2(NO3)2(H20)2(MeOH),]JNO3-2H,0-
space grouf1. The structure of-A is given in Figure 1as ~ MeOH (Ln = Sm (5-B), Eu (6-B), Gd (7-B)).This type
an example. The asymmetric unit consists of each half of crystallizes in the triclinic system with space groBp.
[Ni>Gd(L),(NO3)(MeOH)] ", NOs~, and MeOH. The Gdion  The structure of7-B is given in Figure 2. The asymmetric
is located at the inversion center. TheJ&d(L),] core forms unit consists of one [NGd(L)(NOs)z(H20).(MeOH),]*
a near plane, affording an,N, hexagonal base for the Gd cation, one nitrate ion, two water molecules, and two
ion and an Qtetragonal base for the Niion. The Gd assumes MeOH molecules. The [NGd(L),] core shows a distortion
a 10-coordinate geometry together with two didentate nitrate with respect to two B ligands; the dihedral anglep(,)
groups above and below the hexagonal base. The in-planedefined by the two pyridine rings in the core is 24.8he
Gd—N and Gd-O(L) bond distances are 2.719 and 2.524 two Ni atoms are not equivalent but have a similar
A, respectively, and the axial GdD(nitrate) distance is 2.498  six-coordinate geometry with one water and one MeOH
A. Each Ni has a six-coordinate geometry with two methanol molecule at the axial sites. The water molecule on Ni(1) and
molecules at the axial sites. The bond distances between Nithat on Ni(2) are situated cis with respect to the [Bd-
and the inside oxygen atoms (ND2 = 1.992(3) and Nt (L),] base.

Inorganic Chemistry, Vol. 46, No. 9, 2007 3495



Table 2. Crystal Parameters for Complex@ésA, 7-B, 7-C, and14
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7-A 7-B 7-C 14
formula QlestGdNizozz C29H42N56dNi2024 C30H33N5GdNi2021 C34H50N5Ni2LU023
fw 1107.31 1119.32 1079.3 1189.16
cryst color blue blue green green
cryst syst triclinic triclinic monoclinic triclinic
No. P1(2) P1(2) C2/c (15) P1(2)

a(h) 7.8220(4) 7.9047(8) 14.103(1) 10.8349(7)
b (A) 9.3686(5) 16.786(2) 17.2153(9) 14.809(2)
c(A) 14.4871(9) 17.040(2) 16.3096(8) 16.448(2)
o (deg) 92.321(3) 68.804(6) 109.124(3)
£ (deg) 104.321(3) 78.224(4) 99.328(3) 100.140(3)
y (deg) 91.211(2) 78.643(4) 110.188(5)
V (A3) 1027.26(9) 2044.8(3) 3907.5(4) 2212.4(4)
Z value 1 2 4 2

T (°C) —90 —60 —90 —90

1A 0.71069 0.71069 0.71069 0.71069
u(Mo Ka) (cm™1) 25.97 26.14 27.26 31.47

D¢ (grcm3) 1.790 1.818 1.835 1.785

no. observations (all) 4536 8742 4428 9811
R1a (I > 2.00(1)) 0.034 0.038 0.047 0.030

RP (all obsd) 0.056 0.064 0.085 0.049

Ry¢ (all obsd) 0.091 0.135 0.066 0.094
GOF 1.00 1.00 1.00 1.00

ARL = Z||Fo| — IFcll/Z|Fol. ® R = Z|Fe? — F2|/ZFo? ¢ Ry = [E[W(|Fol? — |Fel)?/Zw|F?7 Y2

Table 3. Summary of Structural Characteristics bf 14

intermetallic separation (A)

bond distance (A)

oL Oni© average
complex Ni=Ln Ni—Ni? (deg) (deg) Ni—O Ln—N Ln—0Op Ln—0ax jonic radius of LA
NiLa @) 3.696 7.393 0 0 2.032 2.762 2.569 2.616 1.06
NiCe @ 3.691 7.383 0 0 2.032 2.753 2.556 2.590 1.03
NiPr 3) 3.688 7.376 0 0 2.029 2.740 2.546 2.568 1.01
NioNd 4) 3.682 7.365 0 0 2.027 2.736 2.537 2.550 0.99
NizSm 5-A) 3.686 7.371 0 0 2.028 2.723 2.529 2.516 0.96
NizEu ©6-A) 3.680 7.360 0 0 2.025 2.719 2.519 2.501 0.95
Ni,Gd (7-A) 3.692 7.383 0 0 2.027 2.719 2.524 2.498 0.94
Ni,Sm 6-B) 3.664 7.325 24.6 33.7 2.028 2.679 2.516 2.509 0.96
NizEu 6-B) 3.655 7.308 24.8 34.7 2.024 2.668 2.501 2.482 0.95
Ni,Gd (7-B) 3.681 7.361 25.0 35.0 2.037 2.675 2.513 2.483 0.94
Ni,Gd (7-C) 3.635 7.255 32.3 47.8 2.025 2.672 2.479 2.506 0.94
NizTh ® 3.635 7.256 31.1 47.3 2.028 2.662 2.476 2.491 0.92
NizDy 9 3.626 7.239 31.7 48.1 2.026 2.657 2.469 2.480 0.91
NizHo (10 3.583 7.165 42.6 65.2 2.034 2.588 2.419 2.455 0.89
NiEr 1y 3.585 7.168 42.8 65.5 2.033 2.584 2.413 2.444 0.88
NizTm (12 3.580 7.160 43.0 66.0 2.036 2.583 2.408 2.438 0.87
Ni2Yb (13 3.576 7.151 43.4 66.7 2.039 2.579 2.403 2.441 0.86
NioLu (149 3.569 7.137 43.6 67.0 2.034 2.571 2.395 2.416 0.85

aThe values mean NiNi* separation for types A and C (* indicates the symmetry operatiexy ¢y, —2) for type A, (—X, y, —z + 1/5) for type C), and
Ni1—Ni2 separation for types B and B Distortion about Ln defined by the dihedral angle between two pyridine ringstortion about Ni defined by the
dihedral angle between the least-squares planes defined by four oxygen atoms of two 1,3-diketonate sites and Ni.

The structural characteristics of type B complexes are molecules at the axial sites. The Gd atom is located at the

given in Table 3. The dihedral angle. () varies from 24.6
to 25.0. Because of this distortion, the in-plane+N and
Ln—O(L) bond distances d&-B, 6-B, and7-B are shortened
relative to those ob-A, 6-A, and 7-A, respectively. The
average Ni-O distance falls in the range of 2.022.037
A. The Ni—Ln and Ni(1)-Ni(2) separations 06-B, 6-B,
and 7-B are also short, relative to those BA, 6-A, and

7-A, respectively.

Type C. [NizLn(L) 2(NO3)3(MeOH),] (Ln = Gd (7-C),
Th (8), Dy (9)). This type crystallizes in the monoclinic
system of space group2/c. The structure o¥-C is shown

special equivalent position and has a 10-coordinate environ-
ment together with two unidentate nitrate groups and one
didentate nitrate group. The [M@d(L);] core shows a
distortion with respect to two% ligands; the dihedral angle
(¢pLn) is 32.3.

The structural characteristics of type C complexes are

given in Table 3. Type C has a larger distortion in the

trinuclear core compared with type B complexes; the
value falls in the range of 31:432.3. For of this reason,
the Gd-N, Gd—O(L), Ni—Ln, and Ni=Ni’ (', symmetry

in Figure 3. The two Ni centers are equivalent and have operation X, y, —z + /,)) bond distances of-C are
a six-coordinate geometry together with two MeOH shortened relative to those @fB.
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o7*

Figure 1. ORTEP drawings of NiGd complex7-A (type A).

Type D. [N|2Ln(L) 2(N03)2(H20)(M€OH)3]N03’Et20'
MeOH (Ln = Ho (10), Er (11), Tm (12), Yb (13), and Lu
(14)). This type crystallizes in the triclinic system &fl.
The structure ofl4 is shown in Figure 4 as an example.
The [Ni;Lu(L),] core shows a large distortion with respect
to two L2~ ligands; the dihedral anglep(,) is 43.6. Two
didentate nitrate groups coordinate to the Lu ion, affording
a 10-coordinate environment about the metal. The twb Ni
ions are not equivalent; Ni(1) has two MeOH molecules at

Figure 2. ORTEP drawings of NiGd complex7-B (type B).

is essentially coplanar in type A, whereas it shows a
distortion ) in types B, C, and D in the increasing order
B < C < D. This distortion is the necessary result when the
central NO4 cavity accommodates a small Lrion while
maintaining the terminal Ni geometry with ordinary bond
distances. The LaAN, Ln—0O(L), and Ln—O(nitrate) bond
distances shorten in the order-AB ~ C > D. The distortion

of the trinuclear core also accompanies a distortion about
the terminal Ni ¢n;); the average dihedral angle between

the apical sites, whereas Ni(2) has one water and one MeOHthe least squares planes defined by Ni and four O atoms

molecule at the apical sites.

The structural data of the type D complexes are in-
cluded in Table 3. They, value varies from 42.6 to 436
and increases in the ord@d < 11 < 12 < 13 < 14. The
average La-N, Ln—O(L), and Ln—O(nitrate) bond distances
decrease in this order. In contrast, the averageO\distance
slightly increases relative to those of types-&.

It is obvious from the above crystallographic studies that
the size of the LW ion is a dominant factor determining the
trinuclear core structure (Table 3). Large'l-aNd" ions
(ionic radius 1.06-0.99 A) preferentially afford type A, and
subsequent Sth—-Gd" ions (0.96-0.94 A) afford both type
A and type B. Type C is produced with @e-Dy" ions of
medium size (0.940.91 A), and type D is produced with
small Hd"—Lu" ions (0.89-0.85 A). The [NjLn(L),] core

increases in the order A{D< B (34.47) < C (47.73) <
D (66.08). However, the average NO bond distance is
practically independent of the Ln ions and falls in the range
of 2.031+ 0.008 A. That is, the terminal Ni ions keep their
geometries while allowing an optimal coordination environ-
ment for the central Ln ion.

It is useful to compare the structures of the,lMi
complexes with those of the analogousGucomplexes’2
In the latter complexes, the bis(1,3-diketonatd)@upiety
prefers a planar geometry irrespective of the kind of Ln ion.
Furthermore, the CaN and Cu-O(L) bonds are short,
relative to the corresponding bonds of thelli complexes.
For these reasons, the [€Lm(L),] core is nearly coplanar
except for a slight displacement of the central Ln from the
N0, hexagonal base.
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Figure 3. ORTEP drawings of NGd complex7-C (type C). Figure 4. ORTEP drawings of NLu complex14 (type D).

Magnetic Properties. 1—14 were used for magnetic 3F ' ' i

studies in the temperature range of300 K under an

applied field of 500 Oe. The magnetic properties are

discussed in three group4&' and 14 (group I) have a

diamagnetic LH ion, so these complexes serve to evaluate

the magnetic interaction between the terminal' Ni

ions through the LY ion. Ni,Gd complex7' is the only

member of group Il for which the theoretical evaluation

of the Ni'—Ln" interaction is possible, because 'GHas ok . .

no orbital angular momentum. The remaining complexes, 0 100 200 300

2—6' and8—13 (group lll), have a Ln ion with a first- T7K

order angular momentum. The magnetic nature of tHe-Ni Figure 5. ywT versusT plots of1’ (inset for14). The solid lines represent

. . . . . the theoretical curve (text).

Ln" interaction of this group was evaluated in comparison

with 1" (NizLa) and analogous 4hn complexes. ThemT 1) based on the isotropic Heisenberg modieH —2JSyi*

versusT plots of the ZaLn analogs and the magnetization  §;,),

curve forl'—14 and the ZgLn analogs 82 K are given in

FigureS S4-S5 and S8-S9. 2Ng\“2ﬁ2 5 exp(6() —+ exp(Z()
Group | (1" and 14). The ywT versusT curve of1' is WMkt s exp(6) + 3 exp(X) + 1

given in Figure 5. The effective magnetic moment is 2.51

[

I/ emu mol' K

+ Na

. J
emu mot! K at room temperature, and the moment W'thxzﬁ )
decreased with decreasing temperature to 1.06 emu
mol™! K at 2 K. Complex14 also shows a similagymT In this expressionN is Avogadro’s numberg is the

versusT curve (2.43 emumol K at 300 K and 1.01 emu  Landeg factor, 3 is the Bohr magnetork is the Boltzmann
mol* K at 2 K. See the inset). Magnetic analyses were constant,J is the exchange integrall is the absolute
carried out using the magnetic susceptibility expression (eqtemperature, antlla is the temperature-independent para-
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magnetism. Here, other small magnetic contributions J _J

(intermolecular interaction, single ion zero-field splitting, with X_k_T y_k_T ®)
etc.) are included in the paramefdior simplicity. As shown

by the solid line in Figure 5, thewT versusT curve of 1’ In this expressiong; andgeq are theg factors associated
can be simulated by eq 1 using the best-fit parameteds of With Ni' and Gd', respectively. In practice, magnetic
= —0.63 cnTl, g = 2.22, andNo. = 320 x 10-6 emumol. simulations were carried out usigg; = 2.20 and)'= —0.64

The discrepancy factdR(yw) defined by eq 2 was 1.49 cm ! (the mean values fat' and14). As indicated by the

1072, and the discrepancy fact®u.r) defined by eq 3was  solid line in Figure 6, the cryomagnetic property Hfwas
6.37 x 10°3. reproduced by eq 5 using the best-fit parameters of

+0.79 cn1?, ggg = 2.02, andNo. = 320 x 106 emumol™.
R _ -~ 2 2112 2 The discrepancy factorR(ym) andR(uer), were 1.46x 1071
Orv) [Z(X°b5d Kealed Z(X"bs‘)] @ and 1.65x 1072, respectively. The result clearly demon-

R — _ 2 21172 3 strates a ferromagnetic interaction between the adjacént Ni

Wer) [Z(ﬂeﬁ"“d Heft ) Z(ﬂeﬁ"“f) ] ) and Gd' ions. The magnetization curve adds support to the
ferromagnetic interaction between the'Mind Gd' ions of
7' (Figure S1). The magnetization per .8id sharply
increases with applied magnetic field to reach 11N

- 22'17' andNa. = 320 x 10‘63emgmol‘1 (ROm) = 1.06x under 5 T, and th&/l versusH curve exceeds the Brillouin
107* andR(uer) = 3.28 x 107). Itis notable thal’ and14 function for S= 2/, + 7/, + 2/, which corresponds to two

have similar exchange integrals in spite of a large difference Ni' and one GH magnetically isolated ions. However, it
in thgqui .valu.e. This fact suggests 'that the antiferromagnetic lies below the curve fos = Y, arising from the parallel
contribution in these complexes is hardly affected by the alignment of the spins of two Niand one GH ions (Figure

central Ln ion, a distortion in the [blin(L)] core, and the g1y |15 suggested that a ferromagnetic interaction between

intermolecular structure. _ . Ni" and Gd' ions and weak antiferromagnetic contributions
Group Il (7"). The ymT versusT curve of 7' is shown in exist.

Figure 6. The effective magnetic moment at room temper- Group Ill (2 '—6 and 8—13). The magnetic moments

ature is 10.70 emmol~*K, which is close to the spin-only ¢ >_g' and8—13 at room temperature are summarized
value (9.88 emumol~*-K) for two magnetically isolated Ni in Table 4, along with the magnetic moments14f7', and
and one GH ions. The magnetic moment increased with 14 |4 Table 4 are also given the magnetic moments
decreasing temperature to reach 16.22 enulr -K at 3 K.
This value is close to the spin-only magnetic momentSor

Similarly, theyuT versusT curve of14 can be reproduced
by eq 1 using the best-fit parameterslof —0.65 cnt?, g

calculated by eq 6 for two Niand one LH magnetically

. : isolated ions,
= 11, (17.88 ememol~*-K) resulting from the ferromagnetic
coupling of two NI' and one Gt ions. The spin Hamiltonian 2 % 0y’S(Sy + 1) + 9,90 + 1)
for the linear N¥Gd"'Ni" system is given as follows: I Teated = e g (6)
H=—2)SuSa T Sui"Sed ~ 2SS (4) In this equatiory; is theg factor of the ground terms of
Ln" and is expressed as
wherelJ is the exchange integral between the adjace#t Ni
and Gd' ions andJ is the exchange integral between the 3, 9S+1)—L(L+1)
terminal Ni' ions including other magnetic contributions. The 973 2J0+ 1) @
magnetic susceptibility expression for this system is given
by eq 5: In the calculation ofymTcacs the gni was fixed at 2.20

(the average value of1' and14). Each magnetic moment
of 2—5 and 8—13 is close to the respective calculated
moment, indicating that the Ni-Ln"'" magnetic interaction

_ NB?FU
M — mﬁ
FU = 286[(52; + 9105,)/143F exp(3X + 6y) )

+ 165[(3Qyy; + 6995,)/99F exp(2k + 6y) + 84[(12g,
+ 5195,)/63] exp(1X + 6y) + 35[(—2gy;
+ 370950)/35) exp(5¢ + 6y) + 10[(—12g,,

+ 2795)/15] exp(8)) + 165[(22; + 779:)/99F exp

(25x + 2y) + 84[(4gy; + 59/63] exp(16 + 2y)

+ 35[(—10gy; + 4505,)/35] exp(X) + 849, exp(1&) )

FD = 6 exp(3X + 6y) + 5 exp(2Kk + 6y) + 4 exp(1x 0 100 _ 200 300
+ 6y) + 3 exp(X + 6y) + 2 exp(§) + 5 exp(2X% + 2y)

Figure 6. ymT versusT plots of 7'. The solid lines represent the theoretical

+ 4 exp(1& + 2y) + 3 exp(X + 2y) + 4 exp(1&) curve (text).

+ Na

_
W

10r b

I/ emumol’ K

W
T
1
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Figure 7. ymT versusT plots for 1'—6' and 14'. 1' (red), 2’ (pink), 3'
(light blue), 4 (greenish yellow)5' (blue), 6" (purple),14' (black).

Table 4. Observed and Calculated Magnetic Moments¥or14' at
300 K

no. of f

complex electron(s) [of} T amT caled
NisLa @) 0 0 251 242
Ni>Ce @) 1 87 3.18 3.22
NioPr 3) 2 s 3.88 4.02
NioNd @) 3 811 3.93 4.06
Ni>Sm ®) 5 27 2.77 2,51
NizEu ©") 6 0 4.18 2.42
Ni>Gd @) 7 2 10.70 10.30
Ni2Th @) 8 3/, 14.18 14.23
Ni>Dy 9) 9 43 16.39 16.59
NizHo (10) 10 54 16.65 16.48
NioEr 1) 11 85 13.29 13.90
NiTm 12) 12 Is 9.33 9.57
Ni2Yb (13) 13 817 4.85 4.99
NisLu a4) 14 0 243 2.42

2 ymTcalcd Values were obtained by eq 6 usigg = 2.20.

is weak, if it operates at all (Table 4). A subnormal magnetic
moment of6’ is associated with Etithat has the thermally
accessiblel = 1 andJ = 2 excited terms.

TheymT versusT curves of2'—6" and8 —13 are shown
in Figures 7 and 8, respectively. For comparison, thé&
versusT curves ofl’ and14 are included in Figure 7 and
the ymT versusT curve of 7 is included in Figure 8.

The ymT values of2’—6' decrease with decreasing tem-
perature as well a¥ and14'. TheymT versusT curve of6'

Shiga et al.

Figure 8. ymT versusT plots for7'—13. 7' (red),8 (pink), 9' (light blue),
10 (greenish yellow) 11 (blue),12 (purple),13 (black).

Figure 9. AxmT versusT plots for 2'—6'. 2' (pink), 3' (light blue), 4
(greenish yellow)5' (blue), 6’ (black).

Kahn et al®® and used a modified equatiof\ymT =
amT(Nizkn) — ymT(ZnLn) — ymT(NizLa), as an indication

of ferromagnetic AymT > 0) or antiferromagneticAymT

< 0) interaction, whereymT(NizLn), ymT(ZnLn), and
amT(NioLa) are theywT values of a NiLn complex, its
reference ZgLn complex andl’, respectively. Here, we
identify the trinuclear core structure of Zm compounds
with those of NjLn compounds and ignore the differences
in intermolecular structures between them (Figures S2, S3).

shows a rather rapid decrease because of the depopulatiofhis treatment is based on the assumption that the-Ni"

of the thermally accessiblé= 1 andJ = 2 terms of EU'.
The ymT values of10—13 also decrease with decreasing
temperature, whereas thaT values of8' and9' increase at
low temperature. Apparently, the 'NiTh" interaction in
8 and the Ni—Dy" interaction in9' are ferromagnetic,

interaction is hardly affected by the !'rion throughou®' —
13, which is confirmed by the results of group |. ThguT
versusT curves for2'—6' and7'—11' are given in Figures 9
and 10, respectively. (The curves fo2 and 13 are not
given because the reference,Zm and ZnYb complexes

whereas it is unclear from Figures 7 and 8 whether any have not been obtained in sufficient purity.)

magnetic interaction operates betweet Ald LA" ions in
2'—6" and10—-13.
The cryomagnetic properties &—6" and 813 are

The AymT values for2'—6' fall in the range of-0.179 to
0.068 ememol~1-K at room temperature. In the case obNi
Nd compound4’, AymT values decrease with decreasing

governed by three factors: the thermal population of the temperature dowrot2 K (Figure 9), which clearly demon-

Stark components of I'h the Ni'---Ni" interaction (includ-
ing intermolecular interaction), and the"NiLn"" interaction.
To evaluate more explicitly the nature of the"NiLn'"

strates the operation of the antiferromagnetic interaction
between the Ni and Nd" ions. NiPr compound3’ also
shows essentially antiferromagnetic behavior except for a

interaction, we adopted the empirical method reported by small increase below 6 K. The increase would reflect an
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pyridine (HL). Eighteen structures were determined by
single-crystal X-ray diffraction analysis, and the complexes
were classified into four different types: [Nin(L)2(NOs),-
(MeOH)]NO3z-MeOH (type A: Ln=La (1), Ce @), Pr (3),
Nd (4), Sm 6-A), Eu 6-A), Gd (7-A)); [NioLn(L)2(NOs).-
(H20),(MeOH)]NO3:2H,0-MeOH (type B: Lh= Sm (-
B), Eu (6-B), Gd (7-B)); [NizLn(L)2(NOz)3(MeOH)] (type
C: Ln=Gd (7-C), Tb (8), Dy (9)); and [NiLNn(L)2(NO3).-
(H20)(MeOH)]NO3-Et;O-MeOH (type D: Ln= Ho (10),
Er (12), Tm (12), Yb (13), Lu (14)). The structural types
A—D consist of the linear [NLn(L),] core and exogenous
donor groups (nitrate ions, methanol, water), and each Ni
has a six-coordinate geometry together with two molecules
of methanol or water, and Ln has a 10-coordinate geometry
together with two or three nitrate groups. The JINi(L),]
Figure 10. AymT versusT plots for 7—11'. 7' (red),8' (pink), 9' (light core is essentially coplanar in type A, but shows a distortion
blue), 10' (greenish yellow) 11" (blue). in types B, C, and D with increasing order of distortion<B
. I . . C < D. The distortion results when the centralQy cavity
effect of slight commingling of a paramagnetic impurity or accommodates a small Ln ion while maintaining the Ni

_Ia_ﬁllffAerer_}ce (I)f mte;n’llc_)lgcular mtera;t,mn beltwé?é{amdl' " geometry in the ordinary bond distance. The crystals-af4
€Ayw! values ol [iy.€ compound are aimost Zero N~ \yara efflorescent and converted into JN(L)2(NO3)s-

the range until 18 K, and then slightly decrease, which could (H,0)4]-nH,0 (1'—14). Magnetic properties were studied
pe rega_rded as an effect of a yery weak amtiferromagneticusing 1'—14. 1' (NisLa) and14 (Ni,Lu) indicate a weak
|nteract|on_ between Niand Cé! ions. In the case of Sm antiferromagnetic interaction between the termindl. Nhe
(5) and NiEu (), the Ay T versusT plots do not clearly  uu_) qin'jnteraction is weakly antiferromagnetic 21(Ni»-
show thg decrease. Thgy T valugs of5" are smaller than Ce), 3 (Ni,Pr), and4' (NioNd); however, interactions i’
zero until 18 K; hovi/lever, they increase below 18 K and ;' s ande’ (Ni,Eu) were not clearly established by the
reach 0'34’4 emmol ™K at 2 K. Nonetheless, theyywT numerical approach. Nonetheless, thé-Nin" ferromag-
yalues of6" are larger than z’ero uht2 K with a small netic interaction in7’ (Ni,Gd), 8 (Ni,Tb), 9 (Ni.Dy), 10
Increase. The results & a’?dG qud be affected by the (NizHo), and 11 (NizEr) was clearly demonstrated. We
following factors: (1) The ligand field effect on the central presume the Ni-Tm'" interaction ofL2 and the Ni—Yb'"

i in g5 i i
Ln™ ions in 5 and &' is different from that of ,ZELn interaction of1l3 also to be ferromagnetic, analogous to the
analogues because the aqua complekesand 6' are magnetic interaction i7'—11

essentially mixtures of types A and B in the crystalline form.
(2) Sm" and Elf' have relatively low excited states, and ~ Acknowledgment. This work was supported by a Grant-
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