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ABSTRACT: The 3,5-dichlorobenzoate anion, L™, serves as a bridging ligand and 2,2'- 4

bipyridine, bipy, as a terminal bidentate ligand to yield, through hydrothermal syntheses,
the tetranuclear clusters Dy,Co,L(bipy),, 1, and Ln,Ni,L,,(bipy), where Ln is the
trivalent La, 2, Gd, 3, Tb, 4, Dy, §, or Ho, 6, ion. Single-crystal X-ray diffraction reveals that
the six complexes are all isomorphous with the monoclinic P2,/c space group and with
lattice parameters that decrease with the lanthanide contraction. The two cobalt(Il) or
nickel(I) and two Ln(III) cations are linked by the 10 L™ anions to generate Dy,Co, or
Ln,Ni, 3d—4f cationic heteronuclear clusters with a slightly bent Co---Dy---Dy---Co or Ni---
Ln---Ln---Ni arrangement. Direct current magnetic susceptibility studies reveal that the
complexes are essentially paramagnetic, with room-temperature yT values close to the
expected values for two cobalt(Il) or nickel(II) and two Ln(IIl) cations. The temperature
dependence of T for 1 and § is well reproduced by ab initio calculations with the
inclusion of weak magnetic exchange between the cobalt(Il) or nickel(II) and a
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dysprosium(III) and between two dysprosium(III) ions. The calculated magnetic exchange parameters are Joy-co =02 cm™! and
Joy-py = 0.02 cm™ for 1 and Joy—ni = —0.2 cm™ and Joy-py = 0.03 cm™! for 5. Alternating current magnetic susceptibility studies
reveal that 1 and § exhibit slow magnetic relaxation with effective energy barriers, U, for the reversal of the magnetization for 1
of 82(2) cm™' in a 0 Oe dc bias field and 79.4(5) cm™ in a 1000 Oe dc bias field and, for 5, 73(1) cm™ in a 0 dc bias field; the
calculated energies of 66.1(1) and 61.0(1) cm™" for the first excited spin—orbit state of dysprosium(III) in 1 and § agree rather
well with these effective energy barriers. The entire Arrhenius plots of the logarithm of 7, the relaxation rate of the magnetization
in 1 and $, have been fit with contributions from quantum tunneling, direct Raman scattering, and Orbach thermal processes.
The observation of a low-temperature magnetization reversal mechanism in S but not in 1 may be understood through the

calculated exchange energy spectrum in their ground state.

B INTRODUCTION

Because of their potential applications in information storage,
quantum computing, and spin-based molecular electronics,'
single-molecule magnet complexes exhibiting slow magnetic
relaxation are of special interest to physicists, chemists, and
materials scientists. Many examples of single-molecule magnet
complexes are polynuclear cation containing clusters in which
the electronic spins of the cations are coupled by strong
intramolecular exchange interactions to yield large effective
magnetic moments, often with a predominant uniaxial
anisotropy. These cation-containing clusters often combine
3d transition metal cations and 4f rare-earth cations, and
numerous 3d—4f heteronuclear cationic clusters have been
reported with magnetic properties that are significantly different
from those of homonuclear cationic clusters. Although many of
these clusters were copper(Il)—rare-earth cationic clusters,”
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complexes containing other 3d metal ions, such as cobalt(1l),?
nickel(11),* and iron(II),* have been synthesized.

Rogez et al.’® have suggested that to design 3d—4f
heteronuclear cationic clusters with good single-molecule
magnet behavior, nickel(I) is the best candidate among the
3d metal cations because it often exhibits a large single-ion
zero-field splitting. Further, they note that, among the 4f rare-
earth cations, terbium(III), dysprosium(III), and holmium(I1I),
with the "Fg, SHjs,,, and °I; ground-state electronic
configurations, respectively, are the best 4f cations to use
because of both their large ground-state J-values and their large
magnetic anisotropies.” For the organic ligands used in the
construction of the 3d—4f cationic clusters, several authors have
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Table 1. Crystal Data and Structural Refinement for 1-6

Dy,Co,Lyo(bipy),, 1

formula Dy,Co,CooHN,0,,Clyy
fw, g/mol 2655.17

T, K 153(2)
cryst syst monoclinic
space group P2,/c

a, A 18.490(4)

b, A 12.979(3)

¢ A 27.037(8)
a, deg 90

B, deg 130.742(19)
7, deg 90

v, A3 4916(2)

z 2

F(000) 2600

D (g/cm®) 1.794

GOF 1.032

Ry, wRy[I > 26(I)]°

0.0295, 0.0575
Tb,Ni,Lyo(bipy),, 4

formula Tb,Ni,CooH46N4,0,0Clyg
fw, g/mol 2647.713

T, K 153(2)
crystal syst monoclinic
space group P2,/c

a A 18.432(4)
b, A 13.017(3)

¢ A 27.049(8)
a, deg 90

f, deg 130.831(19)
7, deg 90

v, A3 4910(2)

V4 2

F(000) 2600

D (g/cm®) 1.791

GOF 1.007

Ry, wR,[I > 26(I)]*

0.046S, 0.0712

aRl = Z(lFo - Fcl)/leolr WRZ = [ZW(FOZ - FCZ)Z/ZW(FOZ)Z]I/Z'

La,Ni, L;p(bipy),, 2
LayNiyCooHy6N4050Clyg
2607.685

GdzNileo(biPY)zr 3
GdNi,CooH,6N,40,0Clyg
2644.365

153(2) 153(2)
monoclinic monoclinic
P2,/c P2,/c
18.626(4) 18.443(4)
13.001(3) 13.014(3)
27.197(8) 27.048(8)
90 90
131.057(19) 130.853(19)
90 90
4966(2) 4910(2)

2 2

2568 2596

1.744 1.788
1.001 1.049

0.0695, 0.1406
DYzNisz(biPY)zr S

0.0356, 0.0724
HozNileo(biPY)z; 6

Dy, Ni, CgoH6N4040Clyg Ho,Ni,CooHy6N4050Clyg
2654.865 2659.725
153(2) 153(2)
monoclinic monoclinic
P2,/c P2,/c
18.429(4) 18.404(4)
13.013(3) 13.004(3)
27.080(8) 27.060(8)
90 90
130.946(19) 130.986(19)
90 90

4905(2) 4889(2)

2 2

2604 2608

1.797 1.807

1.031 1.079

0.0447, 0.0720

0.0293, 0.0717

suggested® the use of simple carboxylate anions, such as the
formate, acetate, and benzoate anions, because they often serve
as excellent bridging ligands that can facilitate the preparation
of small polynuclear clusters. Finally, Schiff base ligands are
often used as the terminal ligands that are needed to produce
small polynuclear clusters.”

Herein the 3,5-dichlorobenzoate anion, L™, has been used as
a bridging ligand and 2,2'-bipyridine, bipy, has been used as a
terminal ligand to prepare the small polynuclear clusters
Dy,Co,L,o(bipy),, 1, and Ln,Ni,L,o(bipy),, where Ln is the
trivalent La, 2, Gd, 3, Tb, 4, Dy, §, or Ho, 6, ion. These clusters
represent a new class of 3d—4f cationic heteronuclear clusters
with a slightly bent Co---Dy--Dy--Co or Ni--Ln---Ln--Ni
tetranuclear chain of cations. As will be shown below, of these
six complexes only Dy,Co,L,o(bipy),, 1, and Dy,Ni,L,,(bipy),,
5, exhibit slow magnetic relaxation behavior with effective
energy barriers, U,g for the reversal of the magnetization of
118(3) K or 82(2) em™ in a zero dc applied bias field and
114(1) K or 79.4(5) cm™" in a 1000 Oe dc applied bias field for
1 and 104(1) K or 73(1) cm™ for § in a zero dc applied bias
field.
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B EXPERIMENTAL SECTION

The chemical reagents and solvents used were purchased commercially
and used as received without further purification.

Synthesis of Dy,Co,L,,(bipy),, 1. A mixture of Co(NO;),-6H,0
(0.087 g, 0.30 mmol), Dy(NO,);-6H,0 (0.091 g, 0.20 mmol), 3,5-
dichlorobenzoic acid (0.38 g, 2.0 mmol), and 2,2'-bipyridine (0.047 g,
0.32 mmol) was added to 6 mL of a S to 1 solution of water and
ethanol. The pH was then adjusted to 5.0 with Na,CO;. The resulting
mixture was sealed in a 25 mL Teflon-lined stainless steel vessel,
heated at 140 °C for 3 days in an oven, and then slowly cooled to
room temperature. Red block-shaped crystals of 1 were obtained with
a 43% vyield based on Dy. Anal. Calcd for Dy,Co,CqoH;sN,0,,Cl,: C
40.71, H 1.75, N 2.11. Found: C 40.80, H 1.70, N 2.19. IR (KBr): 7,
cm™, 3073(m), 1606(vs), 1562(s), 1442(s), 1384(s), 1170(m),
1095(m), 870(m), 785(m), 759(m).

Synthesis of La,Ni,L,o(bipy),, 2. The reaction conditions are
similar to those of the preparation of 1 described above except that
La(NO;);-6H,0 and Ni(NO;),:6H,0 replaced Dy(NO,);-6H,0 and
Co(NO;),-6H,0. Light blue-green block-shaped crystals of 2 were
obtained with a 38% vyield based on La. Anal. Calcd for
La,Ni,CogH,6N,050Cly: C 41.45, H 178, N 2.15. Found: C 41.58,
H 1.86, N 2.23. IR (KBr): v, cm™’, 3068(m), 1597(vs), 1560(s),
1444(s), 1396(s), 1156(m), 1093(m), 873(m), 785(m), 735(m).

Synthesis of Gd,Ni,Lo(bipy),, 3. The reaction conditions are
similar to those of the preparation of 1 described above except that
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Gd(NO;);-6H,0 and Ni(NOj;),-6H,0 replaced Dy(NO;);-6H,0 and
Co(NO,),-6H,0. Light blue-green block-shaped crystals of 3 were
obtained with a 35% yield based on Gd. Anal. Calcd for
Gd,Ni,CooHN,04,Cly: C 40.88, H 1.75, N 2.12. Found: C 40.79,
H 1.83, N 2.18. IR (KBr): v, cm™, 3070(m), 1595(vs), 1560(s),
1442(s), 1398(s), 1153(m), 1090(m), 874(m), 785(m), 736(m).

Synthesis of Tb,Ni,L,o(bipy),, 4. The reaction conditions are
similar to those of the preparation of 1 described above except that
Tb(NO;);:6H,0 and Ni(NO;),6H,0 replaced Dy(NO;);:6H,0 and
Co(NO;),-6H,0. Light blue-green block-shaped crystals of 4 were
obtained with a 40% yield based on Tb. Anal. Caled for
Tb,Ni,CooHyN4O50Clog: C 40.83, H 1.75, N 2.12. Found: C 40.84,
H 171, N 2.10. IR (KBr): v, cm™, 3072(m), 1581(vs), 1535(s),
1432(s), 1374(s), 1150(m), 1097(m), 861(m), 784(m), 722(m).

Synthesis of Dy,Ni,L;o(bipy),, 5. The reaction conditions are
similar to those of the preparation of 1 described above except that
Ni(NO;),-6H,0 replaced Co(NO;),-6H,0. Light blue-green block-
shaped crystals of § were obtained with a 40% yield based on Dy. Anal.
Calcd for Dy, Ni,CooH,6N40,0Cly: C 40.72, H 1.75, N 2.11. Found: C
40.75, H 1.71, N 2.07. IR (KBr): v, cm™", 3069(m), 1580(vs), 1530(s),
1432(s), 1374(s), 1150(m), 1090(m), 860(m), 780(m), 720(m).

Synthesis of Ho,Ni,L;(bipy),, 6. The reaction conditions are
similar to those of the preparation of 1 described above except that
Ho(NO,);-6H,0 and Ni(NO;),-6H,0 replaced Dy(NO;);-6H,0 and
Co(NO;),"6H,0. Light blue-green block-shaped crystals of 6 were
obtained with a 47% yield based on Ho. Anal. Calcd for
Ho,Ni,CooH,6N,0,0Cly: C 40.64, H 1.74, N 2.11. Found: C 40.69,
H 1.70, N 2.02. IR (KBr): v, cm™, 3069(m), 1533(s), 1442(s),
1374(s), 1150(m), 1090(m), 870(m), 785(m), 720(m).

Physical Methods. Elemental analyses have been performed by
using a PerkinElmer model 240 CHN elemental analyzer. Infrared
spectra were obtained between 4000 and 400 cm™" in KBr pellets by
using a Nicolet Magna-IR 560 infrared spectrometer.

X-ray Crystallographic Studies. Suitable single crystals of 1—6
were selected and mounted in air on thin glass fibers. Accurate unit cell
parameters were determined by a least-squares adjustment of these
parameters to agree with the 26 scattering angles, and the intensity
data were measured at 153(2) K by using a Rigaku R-axis Rapid IP
area detector with 0.71073 A Mo Ka radiation. The intensities were
corrected for Lorentz and polarization effects as well as for absorption
by using an empirical multiscan technique. All structures were solved
by direct methods and refined by full-matrix least-squares fitting on F*
by using SHELX-97."° All non-hydrogen atoms and ions were refined
with anisotropic thermal parameters. The positions of the hydrogen
atoms were calculated theoretically. The crystallographic data and
structural refinement parameters for 1—6 are summarized in Table 1,
and selected bond distances are given in Tables S1 and S2.

Magnetic Studies. Magnetic studies were performed on samples
of 1—6 anchored in Parafilm wax by using a Quantum Design MPMS
superconducting quantum interference magnetometer. The magnet-
ization has been measured from 0 to +6 or +£8 T with a Quantum
Design PPMS system.

The dc magnetic susceptibilities were measured between 300 and 2
or 1.8 K in a 0.01 and 0.10 T applied magnetic field; there were
virtually no differences between the results obtained upon warming
after zero-field cooling and upon subsequent cooling. The resulting
molar magnetic susceptibilities, yy, have been corrected for the
diamagnetic contribution of the sample holder and the wax used to
anchor the samples. The resulting y); values were also corrected for
the intrinsic diamagnetic susceptibilities of the compounds by using
the values of —0.001 322 emu/mol for 1 and —0.001 324 emu/mol for
2—6 obtained from Pascal’s constants.

The dc magnetizations have been measured at 2 K between +6 for
S and #8 T for 1—6. The magnetization of 5§ was subsequently
measured at seven different temperatures between 2 and 10 K in an
applied magnetic field of 0 to 8 T. In these magnetization studies, the
sweep rate of the applied field varied between 1 mT/s at the lower
field and 6 mT/s at the higher field.

Subsequently, the ac molar magnetic susceptibilities of 1 and 4—6
have been measured in a +3 Oe ac field and a zero dc bias field at
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several frequencies between 300 and 10 000 Hz during warming from
2 to 12 K for 1 and 2 to 17 K for 4, between 20 and 1500 Hz during
warming from 2 to 17 K for §, and between 2500 and 9500 Hz during
warming from 2 to 15 K for 6. The ac molar susceptibility of 1 was
subsequently measured in a +3 Oe ac field and a 1000 Oe dc bias field
at several frequencies between 300 and 10000 Hz during warming
from 2 to 12 K.

B RESULTS

Single-Crystal Structural Results. Single-crystal X-ray
structural analysis reveals that 1—6 are isomorphous; hence the
discussion will mostly concentrate on the crystal structure of
Dy,Ni,L,o(bipy),, 5. Complex § crystallizes in the monoclinic
P2,/c space group with an asymmetric unit that consists of one
independent nickel(II) cation, one independent dysprosium-
(III) cation, one 2,2'-bipyridine molecule, and five 3,5-
dichlorobenzoate anions, L™. As is shown in Figure 1, the

Figure 1. Structure of the Dy,Ni,Lo(bipy),, S, cluster showing the
coordination environments of its nickel(II) and dysprosium(III)
cations. The symmetry transformation for the #1 sitesis 1 —x,2 — y, 1
-z

nickel(II) cation is coordinated by four oxygens from two L~
anions and two 2,2'-bipyridine nitrogens, to yield a distorted
NiO,N, octahedral coordination environment; the dysprosium-
(1II) cation has a monocapped triangular prismatic coordina-
tion environment (see Figure S1 in the Supporting
Information) made up of seven oxygens from seven L~ anions,
with O6#1, O8, and O9 in one trigonal plane and O7#1, OS,
and O2 in the second trigonal plane; O4 is found at the capped
site and forms a bridge between the nickel(II) and the
dysprosium(I1I) ions. The Ni—O and Ni—N bond distances are
all in the range of 2.009(3) to 2.451(3) A, and the Dy—O bond
distances are all in the range of 2.259(3) to 2.473(3) A; all of
these distances are normal.”

The carboxylate moiety in the 3,5-dichlorobenzoate anions,
L™, adopts both bidentate and tridentate coordination modes in
the structure of 1—6; in two of the six L™ ligands O3 is bonded
to Col or Nil and O4 serves as a bridging ligand between the
Col or Nil and the Lnl cations. Further, in 2—6 the Nil—04
bond distance is always the longest and decreases from
2.558(6) A in 2 to 2.446(3) A in 6, and the Ln1—04 bond
distance is also always the longest and decreases from 2.559(6)
Ain 2 to 2.451(2) A in 6; the Ni—O4—Ln bond angle increases
from 101.90° in 2 to 104.67° in 6. In comparison, in 1 the
Co1—04 bond distance is much larger at 2.718(2) A, the Dyl—
04 is smaller at 2.424(2) A, and the Co—04—Dy bond angle is
smallest at 101.03°. It should be noted in Table 1 that the
refinement factors, R; and R,, for 1 are the best reported for the
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six compounds, and thus it seems that the substantially longer
Co—04 bond distance in 1 may be real. However, alternative
refinements starting with a range of Co—0O4 bond distances
while keeping the Co—Dy distance constant reveal that
reasonably acceptable refinements may be obtained with a
2.641(2) A Co—04 bond distance, a 2.491(2) A Dy—04 bond
distance, a 101.45(8)° Co—04—Dy bond angle, and a U, of
0.0485(7) A% the corresponding R;-factor has increased from
0.0295 to 0.0316, and the R,-factor has increased from 0.0575
to 0.0658. Thus, it may be best to consider that the Co—0O4
bond distance is in the range of 2.641(2) to 2.718(2) A.

The two nickel(Il) cations and two central dysprosium(III)
cations in § are linked by ten 3,5-dichlorobenzoate anions, L,
to generate the tetranuclear Dy,Ni, cluster with a slightly bent
Ni-Dy--Dy--Ni arrangement in which the nickel(Il) and
dysprosium(III) cations are linked by one tridentate and two
bidentate carboxylate anions; the two central dysprosium (III)
cations are linked by four bidentate carboxylate anions. In $ the
Ni--Dy and Dy--Dy distances are 3.887(2) and 4.049(4) A,
respectively, and the Ni—O4—Dy and Ni---Dy---Dy angles are
104.26(2)° and 153.95(4)°, respectively. In 1—6 the
tetranuclear clusters are, as expected, all very similar. The
bond metrics for the remaining compounds are given in Tables
S1 and S2.

No intermolecular hydrogen bonds were observed in the
structure of S; the closest intermolecular Ni--Ni and Ni---Dy
distances are 7.528(2) and 10.637(3) A, respectively.

Although a few Ln—Ni heteronuclear cationic complexes
have been reported,™'' tetranuclear Ln,Ni, clusters are
relatively rare, and they have always displayed a cubane
arrangement;ud’e the approximately linear but slightly bent
Ni---Dy'--Dzr---Ni arrangement found in § is much more
unusual."'*" Because of the terminal 2,2'-bipyridine ligands
and the bidentate bridging carboxylate ligands, the tetranuclear
clusters in 1—6 do not enter into intermolecular bonding to
form either one- or two-dimensional compounds.

In view of the differing magnetic properties of
Dy,Co,L,(bipy),, 1, and Dy,Ni,L,,(bipy),, 5, it was deemed
of value to study in detail both the dependence of the crystal
structures and the bonding upon the nature of the rare-earth
ions, Ln(1Il), and any differences observed for cobalt(II) and
nickel(II) in 1 and 5, respectively. In the following discussion
all the lattice parameters and distances have been obtained from
crystals studied at 153 K. The role that the lanthanide
contraction plays upon the crystal structure and bond distances
in 1—6, as well as the dependence of the Shannon and Prewitt
effective ionic radii'> upon the identity of the rare-earth ion, is
shown in Figure S2 and is discussed in detail in the Supporting
Information.

The dependence of the unit cell lattice parameters upon the
nature of the Ln(1Il) ion in 1—6 is shown in Figure 2. From
this figure it is immediately clear that the length of the a-axis of
3—6 decreases linearly with a slope of —0.012(3) A/atomic
number, a slope that is identical to that expected from the
lanthanide contraction; see Figure S2. In contrast the length of
the b-axis is close to constant and the c-axis is virtually constant
for 3—6.

The bond distances in 3—6 also reflect the importance of the
lanthanide contraction. Specifically, the Ln—Ni distance in 3—6
decreases linearly from 3 to 6 with a slope of —0.0078(4) A/
atomic number. Further, as expected, the 3.9732(11) A Dy—Co
distance in 1 is 0.0863(2) A longer than the 3.8869(13) A Dy—
Ni distance in S. In addition the Ln—OS and Ln—06 bond
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Figure 2. Dependence of the length of the unit cell axes on the Ln(III)
atomic number. The data for the nickel(II) compounds, 2—6, are
shown in black, and those for the cobalt(II) compound, 1, are shown
in red. The a-axis for 3—6 decreases with a slope of —0.012(3) A/
atomic number, as shown by the fit.

distances are clearly related to the lanthanide contraction (see
Figure 3), with slopes that are similar to the —0.0121(2) A/

2.56
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Figure 3. Dependence of the Ln—O bond lengths on the lanthanide
contraction. The data for the nickel(II) compounds, 2—6, are shown in
black, those for the cobalt(I) compound, 1, are shown in red, and the
expected lanthanide contraction obtained from the Ln(III) effective
ionic radii and a two-coordinate oxygen(—II) radius of 1.35 A is shown
in the center. The 3—6 Ln—0S5 and Ln#1—06 bond lengths decrease
with slopes of —0.0145(9) and —0.018(2) A/atomic number.

atomic number but with Ln—OS bond lengths that are longer
than would be expected and Ln—O6 bond lengths that are
shorter than would be expected from the Ln(IIl) and
oxygen(—II) effective ionic radii.

In conclusion it is apparent that for the nickel(Il) 2—6
compounds the g-axis lattice parameters are highly correlated
with the lanthanide contraction except for the ag-axis in
La,Ni,Lo(bipy),, 2, which is larger than expected; the b- and
c-axis parameters are not influenced by the lanthanide
contraction but rather are close to constant. In 3—6 the Ln—
05, Ln—06, Ln—07, and Ln—08 bond lengths all correlate
nicely with the lanthanide contraction, but, again, the
corresponding La—O bond lengths in 2 are longer than
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Inorganic Chemistry

Table 2. Modified Curie—Weiss Law Fits® of yT of 1—6

compound H, T Xo emu/mol C, emu K/mol 0, deg Hegy fip/mol 300 K yyT, emu K/mol
Dy,Co,L,o(bipy),, 1 0.01 0.0125(3) 30.67(7) —4.38(9) 15.66(2) 33.78
0.10 0.0049(3) 33.44(7) —4.78(9) 16.35(2) 34.09
La,Ni,L4(bipy),, 2 0.01 0.007 84(5S) 1.75(2) 9.2(9) 3.74(2) 4.18
0.10 0.004 82(1) 2.404(3) —0.58(5) 4.385(3) 3.85
Gd,Ni,L,,(bipy),, 3 0.10 0.000 344(9) 17.580(2) —0.016(5) 11.857(1) 17.68
Tb,Ni,L,o(bipy),, 4 0.01 0.0046(2) 24.49(4) —3.75(8) 13.99(1) 25.51
0.10 0.0018(1) 26.18(4) —3.89(7) 14.47(1) 2637
Dy, Ni,L,o(bipy),, § 0.01 0.0270(2) 26.59(5) —2.4(1) 14.58(1) 3435
0.10 0.0100(2) 30.22(6) -3.9(1) 15.55(2) 32.58
Ho,Ni,L,o(bipy),, 6 0.01 0.0336(3) 28.3(1) -6.0(2) 15.04(3) 37.60
0.10 0.0105(4) 33.05(4) —9.4(2) 16.26(1) 35.00

“The fits are over the temperature range of 30 to 300 K for 1—4 and 40 to 300 K for 5 and 6. The statistical errors are given in parentheses, and . =
(BKC/NPHV* = 2.828CY2 = 2.828[ (ym — 10)(T — 6)]Y% The accuracy for the 300 K y\T is ca. £0.02 emu K/mol.
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both insets the fit of 1/yy is mostly hidden by the data points.

expected based on the lanthanide contraction. The major
difference between Dy,Co,L;o(bipy),, 1, and Dy,Ni,L,,(bipy),,
S, resides in their unit cell parameters. In cobalt(II)-containing
1 the a-axis is substantially longer than in nickel(II)-containing
5. In addition, the monoclinic f-angle of 130.74(2)° in 1 is
smaller than the angle of 130.95(2)° in 5. Also in 1 and § there
are at most small differences in the Dy—Co and Dy—Ni
distances as well as in the bridging Dy—O bond lengths.
Magnetic Properties. Magnetic susceptibility measure-
ments have been performed on crystalline samples of 1—6 in
applied magnetic fields of 100 and 1000 Oe or 0.01 and 0.10 T
between 1.8 or 2.0 and 300 K. At both applied fields 1/y;,
which is virtually linear at higher temperatures, has been fit with
the Curie—Weiss law over the temperature range given in Table
S3. This table gives the resulting Curie constants, C, the Weiss
temperatures, 6, and the corresponding effective magnetic
moments, /g These results indicate that at these higher
temperatures the compounds are all essentially paramagnetic.
However, for paramagnetic compounds, the resulting y\/T and
corresponding . values are all higher and the Weiss
temperatures, 6, are more negative than would be expected.
This is an indication of the presence of a differing, but in several
cases a substantial temperature-independent paramagnetic
molar susceptibility, a presence that will also be apparent as a
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rather large positive slope in the temperature dependence of
xmT, as will be shown and discussed below.

As a consequence of the above observations, y/T has been fit
with the modified Curie—Weiss law,

cr

T =xT+ T—9

where y, is a temperature-independent contribution to the
molar magnetic susceptibility, i.e., predominately the second-
order Zeeman contribution, Na. The results of these fits are
given in Table 2 and reveal, with the exception of
Gd,Ni,L,o(bipy),, 3, both that the y, values are a factor of
10 to 100 times larger than that typically observed for many
related complexes and that, as would be expected, the observed
Xo values are always larger in a 100 Oe than in a 1000 Oe
applied field. Indeed, relative to the y, observed for
Gd,Ni,L,(bipy),, 3, the remaining values obtained at 1000
Oe range from 5.2 times larger for Tb,Ni,L,(bipy),, 5, up to
30.5 times larger for Ho,Ni,L,(bipy),, 6. In addition, many of
the resulting @ values are small and in the range of ca. +9 K;
most of these @ values are far smaller that those reported in
Table S3. Over the temperatures range included in the fits (see
Table 2), the y, values include the Na contribution from the
second-order Zeeman perturbation and may also model, in
part, the contribution from small changes in the Stark level
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populations, levels that are split by the weak crystal field at the
lanthanide(III) ions.

At least at higher temperatures, to a good first approximation,
the observed yyT obtained from the modified Curie—Weiss law
fit and given in Table 2 for 1—6 should be the sum of the T
of two Ln(III) ions and two cobalt(II) or nickel(II) ions if one
assumes S = 3/2 for the cobalt(II) cations and S = 1 for the
nickel(II) cations. In this approximation, in 2 each lanthanum-
(I11) ion will have a diamagnetic '], electronic ground state and
will make no contribution to the molar magnetic susceptibility
of 2 in the absence of any second-order Zeeman contribution.
In contrast, in 3 each gadolinium(III) ion will have an ®S,,
electronic ground state with g = 2 and will make a 7.877 emu
K/mol contribution to the y,,T of 3, each terbium(III) ion will
have a "F; electronic ground state, for ] = 6 with g; = 3/2, and
will make an 11.816 emu K/mol contribution to the yT of 4,
each dysprosium(III) ion will have a °H,g/, electronic ground
state, for | = 15/2 with g = 4/3, and will make a 14.171 emu K/
mol contribution to the yT of 1 and 5, and each holmium (III)
ion will have a °I; electronic ground state, for | = 8 with g=9 /
4, and will make a 14.067 emu K/mol contribution to the y\T
of 6. In all the compounds the C or yT values found over the
fitted temperature range (see Table 2) are in good to excellent
agreement with the values obtained from the sum of the
expected contributions given above.

Magnetic Properties of Dy,Co,L,q(bipy),, 1. The
temperature dependence of yyT obtained for 1 between 2.0
and 300 K in an applied field of 100 and 1000 Oe is shown in
Figure 4. At 100 Oe the y\T product decreases gradually with
decreasing temperature from 33.78(2) emu K/mol at 300 K to
a minimum of 27.14(2) emu K/mol at 17.6 K and then
increases sharply to 36.40(2) emu K/mol at 2.0 K. The
behavior is virtually the same at 1000 Oe except for the slightly
larger y\T of 34.09(2) emu K/mol observed at 300 K. The
slope in the linear portion of yyT above ca. 100 K is smaller at
1000 Oe than at 100 Oe, a difference that is indicative of the
presence of a temperature-independent paramagnetic molar
susceptibility in 1 as is shown in Table 2. As would be expected,
the 1/yy at both applied fields is essentially linear above 30 K;
see the insets to Figure 4.
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It is difficult to quantitatively fit the temperature dependence
of yuT for 1, but it appears that at least above 30 K the two
dysprosium(III) and the two cobalt(I) ions do not undergo
magnetic exchange coupling and that the increase in y,T above
ca. 30 K is probably the result of a combination of the small but
significant temperature-independent paramagnetic molar sus-
ceptibility, a change in the thermal population of the crystal-
field split Stark levels of the two crystallographically equivalent
dysprosium(III) ions, and, to a lesser extent, the presence of
zero-field splitting of the ground state of the two crystallo-
graphically equivalent cobalt(II) ions. Indeed, the 300 K yuT
values observed for 1 are indicative of the presence of two
paramagnetic dysprosium(III) and two paramagnetic cobalt(II)
ions if the latter ions have S = 3/2 and a g-factor of ca. 2.8,
where the latter value is somewhat high because of the large y,
reported in Table 2.

The increase in yyT for 1 below 17.6 K is most likely an
indication of the presence of some weak intramolecular
ferromagnetic exchange between the two well-separated
cobalt(II) ions as mediated by the two intervening dysprosium-
(III) ions. An ab initio calculation of the temperature
dependence of yyT for 1 is presented below and supports
the presence of weak ferromagnetic exchange both between
dysprosium(I1I) and cobalt(II) and between dysprosium(I1I)
and dysprosium(III).

The right most inset to Figure 4 indicates that the 2 K, 8 T
magnetization of 1 is 16.93(3) Nf and appears to be close to
saturatlon However, the expected saturation magnetization is
given' by

Mg = 2(gDy(IH)]max + gco(n)SCO(H))

=2{(4/3)(15/2) + 2(3/2)]

or M, = 26 Nf, which is substantially higher than the observed
value as an apparent consequence of the large magnetic
anisotropy associated with 1. Ab initio calculations, presented
below, show that the magnetization could saturate at or slightly
below 18 NJ. Further, the +15 Oe coercivity observed at 2 K
for 1 is experimentally no different from zero. Hence 1 exhibits
no hysteresis at 2 K when the applied field sweep rate is as slow
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as a few mT/s. Strictly speaking 1 cannot be considered to be a
single-molecule magnet material, but, as shown below, ac
magnetic studies do reveal slow relaxation of the magnetization.
However, the 2 K quantum tunneling time of the magnetization
of ca. 10™* s is much shorter than the seconds to minutes of
typical time required for a change in applied field during the
recording of the magnetization shown in the inset. Hence, the
magnetization relaxes many times during the change in field at
and near a zero applied field, and, as a consequence, no
remanence nor hysteresis is observed in the 2 K magnetization
of 1. The presence of quantum tunneling at 2 K is also
confirmed by the ab initio calculations; see below.

The temperature dependence of the ac magnetization of 1
has been measured between 2 and 12 K in a 3 Oe oscillating
field, in both a 0 and a 1000 Oe dc bias field, at several
frequencies between 511 and 10 000 Hz. The temperature and
frequency dependence of yy; is shown in Figures S3 and $4,
respectively. A Cole—Cole plot of yy," vs vy is shown in Figure
S. In this figure the solid lines correspond to fits with the
generalized Debye model'* by using the expressions given in
the Supporting Information. In these fits, four parameters were
fitted for each temperature, y,, the adiabatic susceptibility
extrapolated to infinite frequency, y,, the isothermal suscept-
ibility extrapolated to zero frequency, 7, the magnetization
relaxation time, and @, a parameter that quantifies the width of
the 7 distribution; if @ = 0, the Cole—Cole plot will be a
semicircle, and if a is greater than zero, the plot will become
semioval shaped. For 1 all the a-values are between 0.1 and 0.2,
values that are typical of this type of compound.

The temperature dependence of the logarithm of 7 yields
details on the magnetic relaxation pathways for the magnet-
ization of 1. A detailed analysis of the logarithm of 7 in an
Arrhenius plot was therefore undertaken. The corresponding fit
of the Arrhenius plot for 1 from 2 to 10 K includes
contributions from quantum tunneling, direct, Raman scatter-
ing, and Orbach thermal processes through the expression

T = TQTM_I + AHT + CT® + 7, " exp(=Ug/ksT)

(1)

where TQTM_l corresponds to the relaxation frequency of the
quantum tunneling relaxation process, A is the coefficient of the
direct process, and C is the Raman scattering coefficient. The
last term in this equation corresponds to a thermally activated
Orbach process, where 7, is the attempt frequency and U, is
the effective magnetization reversal barrier. In a zero applied dc
field, the AH*T term in eq 1 vanishes and the fit for a zero bias
field shown in Figure 6 yields a quantum tunneling frequency,
Torm Y of 6.9(5) X 10* 5!, a Raman coefficient, C, of 1.9(6)
sTT K3, an attempt frequency, 7,7!, of 54 x 10° s7), and an
effective magnetization reversal barrier, U,y of 118(3) K or
82(2) cm™". In fitting the observed temperature dependence of
the logarithm of 7, it was noticed that the attempt frequency,
7,"!, was poorly defined and the frequency was kept constant to
obtain the fit shown in Figure 6. This constant value is in the
range usually observed for various slow relaxing clusters and
molecules." In the presence of the 1000 Oe bias field, the term
AH’T in eq 1 and the effect of the field on the quantum
tunneling process should be taken into account. Unfortunately,
in the absence of measurements at different applied bias fields,
it was not possible to make a reasonable estimate of the A and
B, coeflicients in the field-dependent terms of the relaxation
frequency, as given by eq 2,
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B
T = AH’T + -

1+ B,H )

Hence, A and B, were fixed to zero in the fit shown in Figure
6, a fit that yields a quantum tunneling frequency, ’Z'(%TM_I, of
1.98(6) x 10* s!, a Raman coefficient, C, of 2.0(1) s™" K5, an
attempt frequency, 7, ', of 54 X 10° s7', and an effective
magnetization reversal barrier, U, of 114.2(7) K or 79.4(5)
cm™" Tt is clear that the 1000 Oe applied bias field reduces the
quantum tunneling frequency, ie., the temperature-independ-
ent magnetization reversal frequency. The Raman coefficient, C,
and the effective magnetization reversal barrier, Uy, are not
affected by the applied bias field. As is shown in Figure 6, below
ca. § or 0.2 K™, the relaxation departs from that expected for a
thermally activated process and becomes, at least in part, a
quantum tunneling process'®'” with a relaxation time that
tends to reach a constant value.

The effective energy barrier for relaxation of the magnet-
ization, U, of 118(3) K or 82(2) cm™ observed in the
absence of a bias field for 1 matches the largest U, linear fit
value reported at high temperature for another Dy,Co,
cobalt(II) complex.'® However, it should be noted that the
use of eq 1 to analyze the Arrhenius plot, rather than a linear fit,
as is usually the case in many studies, is responsible for perhaps
half of the larger U observed in 1. Indeed, if a linear fit of the
Arrhenius plot between 7 and 10 K is used, a U, of 47(1) K or
33(1) em™! and 54(1) K or 38(1) cm™ results in the 0 and
1000 Oe dc bias field.

Magnetic Properties of La,Ni,L,o(bipy),, 2. The
magnetic properties of 2 (see Figure 7), which arise from the
two paramagnetic nickel(II) ions at an intramolecular distance
of 11.740(1) A, are unusual because the y,T obtained in a 1000
Oe dc applied field is not constant but rather decreases linearly
with decreasing temperature from 3.847(5) emu K/mol at 300
K to 2.562(5) emu K/mol at 40 K and then decreases more
dramatically to 0.923(5) emu K/mol at 1.8 K. This type of
behavior is indicative of the magnetic properties of a nickel(II)
ion in the presence of zero-field splitting and an extensive
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second-order Zeeman contribution, Na, to its molar magnetic
susceptibility. This is confirmed by an excellent fit of 3T from
1.8 to 300 K, which yields, for S = 1, a zero field splitting of D =
7.05(2) em™, with g = 2.178(1), and Na = 0.00485(1) emu/
mol. This essentially perfect fit is shown in Figure 7, and the
components of this fit are shown in Figure SSA. A statistically
slightly better, but visually identical, fit with S = 1, zero field
splitting, and an axial g-tensor was obtained with D = 6.34(6)
cm™, g = 2.38(2), &=8 = 2.083(8), and Na = 0.004 85(1)
emu/mol.

Because of the rather high value of Na in the above fits, the
magnetic susceptibility of 2 was subsequently measured in a
100 Oe applied field in order to determine whether or not Na
would increase as expected in a smaller applied field; a
comparison of the 100 and 1000 Oe results is shown in Figure
S6. This is indeed the case, as is confirmed by a fit of 3T for 2
obtained from 1.8 to 300 K in a 100 Oe applied field that yields
an essentially perfect fit with a zero-field splitting of D =
7.05(2) em™, g = 2.050(2), and Na = 0.006 60(2) emu/mol;
see Figure S7A. It should be noted that the Na value is similar
to the y, value reported in Table 2. At 100 Oe the fit obtained
with an isotropic g-factor was statistically as valid as that
obtained with an anisotropic g-factor.

Conventional wisdom indicates that for a zero-field splitting
as small as +7 cm ™ the fits of T should be equally as good
for either a positive or negative D-value. However, as is shown
in Figures SSA—C, and S7A,B, this is clearly not the case for
compound 2 in either a 100 or 1000 Oe applied field. From
Figure S5C, it is clear that between 1.8 and 20 K the calculated
T values are very different for a positive or a negative D-value
and that a positive D of 7.05(2) cm™' yields an excellent fit,
whereas a negative D-value of —7.05 cm™' yields a totally
unacceptable fit.

Finally, as expected, a fit of the y\T observed for 2 with an
isotropic Heisenberg exchange coupling Hamiltonian com-
pletely fails at both 100 and 1000 Oe applied fields. This failure
may result from the long intramolecular distance between the
two nickel(II) ions and contrasts with the successful fit** of the
temperature dependence of yyuT observed for [L,Ni,La]-
[ClO,], in which the two nickel(II) ions are close enough to
lead to an intramolecular antiferromagnetic exchange inter-
action. However, as noted above, the shortest Ni(II)---Ni(II)
intermolecular distance in 2 is 7.514(2) A, and the possibility of
a combination of zero-field splitting and a weak intermolecular
antiferromagnetic exchange coupling contribution to the
decrease in y\T below ca. 15 K is possible.

The 2 K magnetization of 2 is clearly not saturated in an 8 T

applied magnetic field, but the observed value of 3.06(3) NJ is
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consistent with the four unpaired electrons per mole expected
in 2. It should be noted that the 2 K magnetization of 2 is lower
at all applied fields than twice that expected for a Brillouin
curve for S = 1. This may be an indication that at 2 K there is
some weak intermolecular antiferromagnetic exchange coupling
that leads to an increasing canting of the antiferromagnetic
moments with increasing applied field, a canting that is not fully
complete even at 8 T.

Magnetic Properties of Gd,Ni,L,o(bipy),, 3. The
magnetic properties of 3 indicate that it is fully paramagnetic
and its y,/T obtained in a 1000 Oe dc applied field arises from
the sum of two paramagnetic gadolinium(III) and two
paramagnetic nickel(II) ions. The observed yyT of 3 is
17.68(2) emu K/mol at 300 K and is essentially constant upon
cooling to 17.54(2) emu K/mol at 12 K and then decreases
slightly to 16.52(2) emu K/mol at 1.8 K. An essentially perfect
fit of y\T for 3 between 1.8 and 300 K is obtained with two
paramagnetic gadolinium(III) ions with § = 7/2 and g = 2 and
two nickel(II) ions with S = 1 that exhibit zero-field splitting
with D = 5.81(3) ecm™, g = 1.912(7), and Na = 0.000 334
emu/mol; see Figures 7 and S8.

The 2 K magnetization of 3 is not quite saturated by an 8 T
applied field, but the observed value of 17.17(3) Njf is
consistent with the 18 unpaired electrons per mole expected in
3 and the expected My, = 2(gGa(m/max + SninSnian) = 2[2(7/
2) +2(1)] = 18 NJ. The solid line in the right inset in Figure 7
is the magnetization curve calculated with the program' PHI
for two paramagnetic gadolinium(III) ions with S = 7/2 and g =
2 and two nickel(II) ions with the parameters obtained from
the fit of yjT. The good agreement between the experimental 2
K magnetization and the solid line indicates that the two
gadolinjum(III) and two nickel(II) ions are completely
independent, and there is no intramolecular exchange
interaction in 3. This behavior again contrasts with the
intramolecular ferromagnetic interactions observed® in
[L,Ni,Gd][ClO,4].

Magnetic Properties of Tb,Ni,L,y(bipy),, 4. The
temperature dependence of y\T for 4 obtained between 1.8
and 300 K in a 100 and 1000 Oe applied field is shown in red in
Figure 8. At 100 Oe y,,T decreases with decreasing temperature
from 25.51(2) emu K/mol at 300 K to 21.06(2) emu K/mol at
12 K and then decreases more rapidly to 14.81(2) emu K/mol
at 1.8 K. The behavior is virtually the same at 1000 Oe with
xmT decreasing from 26.37(2) emu K/mol at 300 K to
21.00(2) emu K/mol at 12 K and then more rapidly to
15.65(2) emu K/mol at 1.8 K. As a consequence of this smaller
xmT at 300 K the slope in the linear portion of y\T above ca.
100 K is smaller at 1000 Oe than at 100 Oe, a difference that is
indicative of the presence of a temperature-independent
paramagnetic molar susceptibility in 4, as shown in Table 2.
As would be expected the 1/y\ at both applied fields is
essentially linear above 30 K; see the insets in Figure 8.

It is difficult to quantitatively fit the temperature dependence
of yuT for 4, but it appears that at least above 30 K the two
terbium(III) and the two nickel(II) ions do not undergo
magnetic exchange coupling for the same reasons as mentioned
above for 1. The 300 K y\T values observed for 4 are also
indicative of the presence of two paramagnetic terbium(III) and
two paramagnetic nickel(Il) ions if the latter ions have S = 1
and a g-factor of ca. 2.

Below ca. 12 K the more rapid decrease in yyT for 4 may
result from a combination of zero-field splitting of the
nickel(I), very weak intramolecular antiferromagnetic ex-
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change between the terbium(III) and/or nickel(II) ions, and
weak intermolecular antiferromagnetic exchange.

The magnetization of 4 obtained at 2 K and +8 T (see
Figure 9) is essentially saturated at 8 T at 20.17(3) NJ, a value
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Figure 9. Magnetization at 2 K of Tb,Ni,L,o(bipy), 4, red,
Dy,Ni,L,,(bipy),, 5, black, and Ho,Ni,L,,(bipy),, 6, blue.

that agrees well with the M,,, = 22 Nf obtained for 4 with the
expression given above gryqm = 3/2 and J,, = 6. No
experimentally significant hysteresis is observed in the 2 K
magnetization of 4. Similar magnetization curves have been
observed® for some LnNi, clusters.

The temperature dependence of y, T shown in Figure 8 for 4
above ca. 50 K is rather similar to that exhibited* by
[L',TbNi,][ClO,], where L"*™ is {(S)P[N(Me)N=CH-C¢H,-
2-0-3-OMe];}*". More specifically, the yyT of [L’,TbNi,]-
[ClO,] first decreases very gradually and almost linearly from
ca. 13 to 12 emu K/mol between 300 and 30 K, then increases
slightly to ca. 13.5 emu K/mol at ca. § K, and finally decreases
to ca. 12.3 emu K/mol at 2 K. The rather different behavior
below 50 K may be attributed to the more separated nature of
the Ni---Tb---Tb---Ni bridging arrangement in 4 as compared to
the Ni---Tb--Ni bridging arrangement in [L’,TbNi,][ClO,].

No frequency dependence of the in-phase, yy, or out-of-
phase, y\”, components of the ac susceptibility of 4 was
observed between 2 and 17 K and 20 to 9500 Hz; see Figure
S9.

Magnetic Properties of Dy,Ni,Lo(bipy),, 5. As might be
expected, the temperature dependencies of yyT for
Dy,Co,L,o(bipy),, 1, and Dy,Ni,L,,(bipy),, 5, are quite similar
except for a small difference in their magnitudes. The
temperature dependence of yT for § obtained between 300
and 2 K in a 100 and 1000 Oe applied magnetic field is shown
in black in Figure 8. At 100 Oe the y\T of 5 decreases almost
linearly from 34.35(2) emu K/mol at 300 K to 25.60(2) emu
K/mol at 12.6 K and then increases to 29.49(2) emu K/mol at
2 K. Qualitatively very similar results are obtained at 1000 Oe
except that the T of 32.58(2) emu K/mol obtained at 300 K
decreases to 27.43(2) emu K/mol at 12.6 K. The smaller 300 K
mT value obtained at 1000 Oe as compared to the value at 100
Oe indicates, as expected, a smaller value of the temperature-
independent paramagnetic molar susceptibility of $ in the larger
applied field. Again, the 300 K yyT values observed for $ are
indicative of the presence of two paramagnetic dysprosium(III)
and two paramagnetic nickel(II) ions if the latter ions have S =
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1 and a g-factor of ca. 3.4, a factor that is large because of the
large y, reported in Table 2 at 100 Oe.

As was observed for 4 above, the T shown in Figure 8 for
S has a rather different temperature dependence from that
observed*® for [L',DyNi,][ClO,], which exhibits an essentially
constant )T between 100 and 300 K. Below 100 K both
compounds show a minimum in yuT at ca. 30 K for
[L’,DyNi,][ClO,] and at 12.6 K for § followed by an increase
at lower temperatures. Another distinct difference is that
[L',DyNi,][ClO,] exhibits a decrease in yyT below ca. 7 K, a
decrease that is not observed in .

The magnetization of Dy,Ni,L,o(bipy),, 5, obtained at 2 K
and +6 T is shown in Figure 9, and the magnetization obtained
between 0 and 8 T is shown in the inset in Figure 10. The

Magnetization, Nf
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Figure 10. Isothermal magnetization of Dy,Ni,Lo(bipy), S, as a
function of H/T obtained between 0 and 8 T and between 2 and 10 K.
Inset: The 2 K magnetization of S.

magnetization of § increases rapidly up to ca. 1 T, and at fields
between 1 and 8 T increases more slowly to unsaturated values
of 15.87(3) and 17.11(3) N at 10 and 2 K, respectively. These
clearly unsaturated values are significantly smaller than the M,
24 Npf as calculated (see above) on the basis of two
dysprosium(IIT) ions with g, ) = 4/3 and ], = 15/2 and the
spin-only contributions®® of two nickel(II) cations with S = 1.
Ab initio calculations, presented below, show that the
magnetization could saturate at or slightly below 18 Nj.

The variation in the nonsuperimposable isothermal magnet-
ization of § with H/T (see Figure 10), in conjunction with both
the rapid increase of the magnetlzatlon at low fields and its
failure to saturate even at 8 T, indicates'® the presence of either
a significant magnetic anisotropy and/or low-lying excited
states. Further, the +15 Oe coercivity observed at 2 K for § is
experimentally no different from zero. Hence S exhibits no
hysteresis at 2 K, when the magnetization is measured with a
sweep rate of a few mT/s, and strictly speaking cannot be
considered to be a single-molecule magnet, but, as is shown
below, ac magnetic studies do reveal slow relaxation of its
magnetization even in the absence of any bias field.

The temperature dependence of the ac magnetization of §
has been measured between 2 and 12 K in a +3 Oe oscillating
field, in the absence of a bias field, at several frequencies
between 20 and 1500 Hz; the temperature and frequency
dependence of y,, and y;,” for S is shown in Figure 11, and a
Cole—Cole plot of yy" vs y\ obtained for S between 2 and 6.5
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Figure 11. Temperature and frequency dependence of the in-phase,
', and out-of-phase, )", components of the ac susceptibility of §
obtained in the absence of any dc bias field. The increasing frequencies
correspond to 20, 50, 100, 200, 300, 500, 600, 1000, and 1500 Hz.

K is shown in Figure 12. Again, in this figure the sohd lines
correspond to fits with the generalized Debye model* by using

9 -

' 00e
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ee, emu/mol

6
Xy, emu/mol

Figure 12. Cole—Cole plot for Dy,Ni,L,,(bipy),, S, obtained at
selected temperatures between 2 and 6.5 K. The solid curved lines
represent the best fit with the generalized Debye model.

the expressions given in the Supporting Information. In these
fits, four parameters were fitted for each temperature, y,,, the
adiabatic susceptibility extrapolated to infinite frequency, y,, the
isothermal susceptibility extrapolated to zero frequency, 7, the
magnetization relaxation time, and @, a parameter that
quantifies the width of the 7 distribution. For § all the a-
values are ca. 0.2, values that are typical of this type of
compound.

In a zero applied dc field, the AH?T term in eq 1 vanishes
and the fit for § (see Figure 13) yields a quantum tunneling
frequency, TQTM 1 of 120(14) s}, a Raman coeflicient, C of
0.44(4) s K_ , an attempt frequency constrained to a 7, ' of
54 x 10° s7', and an effective magnetization reversal barrier,
Ug of 105(1) K or 73(1) cm™. In fitting the observed
temperature dependence of the logarithm of 7, it was noted that
the attempt frequency, 7,7, was poorly defined and the
frequency was kept constant to obtain the fit shown in Figure
13. Fits with 7,”" constrained between 54 X 10° and 10" s™*
were statistically equivalent, and the effective magnetization
barrier varied between 73(1) and 87(1) cm™. This range of
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Figure 13. Arrhenius plot for Dy,Ni,Lo(bipy),, 5. The red points
have been obtained from the ac susceptibility measurements obtained
between 50 and 1500 Hz shown in Figure 11. The black points have
been obtained from the fit of the Cole—Cole plots shown in Figure 12.
The red line is a least-squares fit, obtained with eq 1 and the
parameters given in the text, of all the results obtained between 2 and
7 K.

attempt frequencies covers the values usuallgf observed for
various slow relaxing clusters and molecules."”> The quantum
tunneling frequency obtained for § is much smaller than that
obtained for 1, in agreement with the effect of the applied dc
bias field on the magnetic relaxation of 1. However, as is shown
in Figure 13, no clear temperature-independent relaxation time
is observed above 2 K and, as a result, the 10% accuracy on the
quantum tunneling frequency is somewhat poor.

The effective energy barrier for relaxation of the magnet-
ization, U,g of 105(1) K or 73(1) cm™ observed for § is
among the largest Uy values reported for other Ln—Ni-

. . 11b,d,21
containing single-molecule magnet compounds®™'>**" for

which the highest reported energy barrier is ca. 85 K or 59
cm~'.*! However, it should be noted that use of eq 1 to analyze
the Arrhenius plot, rather than a linear fit as is often the case in
many studies, is responsible for approximately one-half of this
larger U value. Indeed, if a linear fit of the Arrhenius plot
between 5 and 7 K is used, a U, of 52(1) K or 35(1) cm™
results.

Magnetic Properties of Ho,Ni,L,¢(bipy),, 6. The
temperature dependence of y\T for 6 obtained between 1.8
and 300 K in a 100 and 1000 Oe applied magnetic field is
shown in blue in Figure 8. At 100 Oe the y\T of 6 decreases
smoothly from 37.60(2) to 21.91(2) emu K/mol between 300
and 1.8 K; at 1000 Oe the decrease in yyT is from 35.00(2) to
22.86(2) emu K/mol between 300 and 1.8 K. The y\T is
approximately linear above 150 K, but curvature in 1/yy is
clearly present in 6, as is expected, at lower temperatures.

The value of yT observed at 300 K and 100 Oe of 37.60(2)
emu K/mol is substantially higher than the 30.13 emu K/mol
expected for two holmium(III) ions and two nickel(II) ions if
the latter each have S = 1 and g = 2. The higher value of yT is
a result of the presence of a large y, (see Table 2) and also
perhaps because the nickel(II) ions may have a small orbital
contribution to their moments.

The continuous smooth decrease in yyT shown in blue in
Figure 8 for 6 is c#)uite different from the temperature
dependence observed*” for [L',HoNi,][ClO,]. At this point
it is difficult to understand the basis for these differences,
differences that may be based on differing exchange coupling in
the Ni---Ho---Ho--"Ni bridging arrangement in 6 as compared
to that of Ni---Ho-Ni in [L’,HoNi,][ClO,].

The magnetization of Ho,Ni,L,(bipy),, 6, obtained at 2 K
and +8 T is shown in Figure 9, and the results indicate that its
magnetization at +8 T is £15.06(3) N/ and not fully saturated.
This value is substantially smaller than the 24 N that would be
expected (see the expression given above) for two holmium-

Table 3. Ab Initio Calculated Energies of Low-Lying Cation Spin—Orbit States in a Pseudo-octahedral Crystal-Field and

Magnetic Properties for the Fragments

fragment
DyZnL(bipy) LuCoL(bipy) DyZnL(bipy) LuNiL(bipy)
complex 1 1 S S
cation Dy(III) Co(11) Dy(111) Ni(II)
ground state *Hs), *Fy,, or 4Tlg 5H15/2 3E, or 3A2g
S 5/2 3/2 S/2 1
pseudospin, S 1/2 1/2 1/2 1
state Kramers Kramers Kramers non-Kramers
energy, cm™" 0 0 0 0
66.1(1) 101.5(1) 61.0(1) 6.3(1)
124.4(1) 1644.1(1) 130.8(1) 10.1(1)
166.8(1) 1758.4(1) 169.8(1) 7504.0(1)
213.8(1) 2413.8(1) 221.9(1) 7625.2(1)
252.8(1) 2471.5(1) 263.8(1) 7770.9(1)
391.0(1) 407.4(1) 8610.9(1)
451.8(1) 455.4(1) 8648.5(1)
e 0.041 5.80 0.031 2.30
& 0.083 4.04 0.052 227
g 19.36 1.94 19.41 223
ey U 0.020 2.90 0.015 230
Hy Hp 0.041 2.02 0.026 227
Py Hp 9.68 0.97 9.71 223
9795 dx.doi.org/10.1021/ic501374q | Inorg. Chem. 2014, 53, 9785—-9799
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(II1) ions with gyo(ry = 5/4 and J,,, = 8 and two nickel(II) ions
with g =2 and S = 1. No experimentally significant hysteresis is
observed in the 2 K magnetization of 6.

No frequency dependence of the in-phase, yy, or out-of-
phase, yy”, components of the ac susceptibility of 6 was
observed between 2 and 17 K and 20 to 9500 Hz; see Figure
S10.

Ab Initio Calculations of the Magnetic Properties. In
order to obtain more insight into the magnetic properties of
Dy,Co,L1(bipy)y 1, and Dy,Ni,Lyo(bipy), S, fragment ab
initio calculations have been carried out by using the Molcas 7.8
program.”?

The structures of the fragments used in the electronic and
magnetic calculations are shown in Figure S11. The calculation
of the electronic properties of a cobalt(Il) or nickel(II) cation
used a fragment in which the near-neighbor dysprosium(III)
cation was replaced by its diamagnetic equivalent lutetium(III)
cation. The calculation of the electronic properties of the
dysprosium(III) cation used a fragment in which the near-
neighbor cobalt(I) or nickel(II) cation was replaced by the
diamagnetic equivalent zinc(II) cation. Thus, the cobalt(II) and
nickel(II) calculations used the LuCoLs(bipy) fragment for 1
and the LuNiL(bipy) fragment for S, and the dysprosium(I1I)
calculations used the DyZnL(bipy) fragment for both 1 and §.
Details of the basis sets used in these calculations are given in
Table S3. Because of the presence of an inversion center in 1
and S, only one dysprosium(IlI) and one cobalt(Il) or
nickel(I) fragment has to be used in the calculations. In
these calculations the Cholesky decomposition threshold was
set at 0.5 X 1077 in order to save disk space.

A complete active space self-consistent field (CASSCF
calculation has been carried out with seven 4f-type orbitals in
the active space for dysprosium(IIl) and 10 3d and 3d’ orbitals
in the active space for nickel(II) and cobalt(Il). The 3d’-type
orbitals have been included in order to test the double-shell
effect,” which is considered to be important for a good
description of excited states of transition metal cations. The
second-order perturbation theory CASPT2 calculations were
carried out only for the nickel(II) and cobalt(II) fragments with
an imaginary shift of 0.1, where the imaginary shift in energy
denominators is used to avoid intruder states. Further, all spin-
free states of cobalt(II) and nickel(II) were mixed by spin—
orbit coupling by using the SO-RASSI program.>* In the case of
the dysprosium(III) cation all 21 sextet states, 128 quartet
states, and 130 doublet states were mixed because of disk space
limitations. On the basis of the calculated ener§ies of the spin—
orbit states, the SINGLE-ANISO program ® was used to
compute the local magnetic properties of the fragments under
study. The spin—orbit energies of the dysprosium(III),
cobalt(Il), and nickel(II) fragments are shown in Table 3.
The accuracy of the calculated spin—orbit energies is +5 X 107°
hartree or +0.1 cm™.

The exchange coupling interactions between the magnetic
metal cations were considered within the Lines model”’ as
implemented with the POLY-ANISO program.”® This model
uses effective magnetic exchange coupling parameters with a
Hamiltonian applied for the ab initio fragment wave functions.
The magnetic properties of complexes 1 and 5 have been
calculated in a fully ab initio approach, the only fitted parameter
being the exchange coupling constant parameter J.

As we can see from Table 3, in both complexes 1 and $ the
dysprosium(III) cations are close to axial and the first excited
Kramers doublets are placed at 66 cm™ in 1 and at 61 cm™ in

)23
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5 above the ground state. Therefore, the main difference in
their magnetic properties is due to the presence of the
cobalt(II) or nickel(II) cations. The zero-field splitting is much
larger in the case of the cobalt(Il) ion than in the case of the
nickel(II) ion. To account for the exchange coupling, the
following Lines Hamiltonian,>”

H = =2];,_uSpySu = Jpy_pySpySpy

has been used, where M = Ni(II) or Co(II), and § is the spin
operator for the Dy(III), Co(II), and Ni(II), with Sp, = 5/2,
Sco = 3/2, and Sy; = 1.

The best fitting of the magnetic susceptibility data obtained
at 1000 Oe is shown in Figure 14 and corresponds to the
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Figure 14. Temperature dependence of yyT of Dy,Co,L,(bipy),, 1,
black, and Dy,Ni,L,o(bipy),, S, obtained in a 1000 Oe applied field,
and the fit, solid lines, obtained between 2 and 85 K with the model
described in the text. Left inset: The analogous yy results and fits.
Right inset: The analogous 1/y) results and fits. In the plots the solid
line corresponding to the fit is almost completely hidden by the data
points.

exchange parameters Jp,_c, = 0.2 cm™! and Joy-py = 0.02 cm™!
for 1 and Jp,_; = —0.2 cm™! and Joy-py = 0.03 cm™! for 5. The
directions of the local magnetic moments in the ground
exchange doublet of 1 and § are shown in Figure 15. The local
magnetic moments of the dysprosium(III) cation from the
ground exchange doublet are aligned along the main magnetic
axis of dysprosium(IIl) in both 1 and S. In contrast, the local
magnetic moments of the cobalt(I) and nickel(II) cations are
not aligned along the dysprosium(III) axis because of the
influence of the local anisotropy. The anisotropy of cobalt(II) is
revealed directly by its g-tensor values, whereas the anisotropy
of nickel(II) comes from the zero-field splitting, which is larger
than the strength of the magnetic exchange interaction. In
reality, the direction of the cobalt(Il) and nickel(II) local
moments is dictated by the interplay between the main
magnetic and anisotropy axes, for cobalt(II) and nickel(II),
respectively, and the exchange interaction of the transition
metal cations with the dysprosium(IIl) cations.

To better understand the differences in the ac susceptibility
behavior of Dy,Co,L,o(bipy),, 1, and Dy,Ni,L,,(bipy),, S, the
barriers for the reversal of their magnetizations have been
constructed following a newly proposed methodology;*® see
Figure 16. The magnetic moment of the ground exchange
doublet, arising in an applied magnetic field along the main
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Figure 15. Calculated magnetic structure of 1 (a) and S (b). The
arrows indicate the orientation of local magnetic moments in the
ground exchange doublet state. Color scheme: Dy, purple; Co, light
gray; Ni, green; O, red; Cl, yellow; N, blue; and C, gray. The hydrogen
atoms have been omitted for clarity.

magnetic axis of this doublet, is obtained as a vector sum of
induced noncollinear local magnetic moments of Dy(III) and
M = Co(II) or Ni(II) (see Figure 15), g = 2(sp, + pyr). The
absolute value of the induced total moment is |ul = 3.95 uy for
1 and lpl = 5.6 py for S.

It is apparent in Figure 16 that the reversal barrier for 1 is less
than 1 cm™!, whereas in § it is ca. 8 cm™'. Therefore, the
detection of this reversal barrier in 1 would require magnetic
measurements below 1 K. In contrast, for S, in which the
barrier is ca. 8 times larger, the reversal can be detected by
measurements well above 1 K. Indeed, from Figure 13 it is
apparent that at least two or more relaxation processes occur in
5. One process at lower temperatures is associated with the
reversal of exchange states, and a second process at higher
temperatures is associated with relaxation through spin—orbit
states of the individual dysprosium(III) cations.

The ab initio calculated first excited Kramers doublets of the
individual dysprosium(III) cations are found at 66 and 61 cm™
in 1 and S, respectively (see Table 3), values that are in good
agreement with the experimentally determined reversal barriers
of 82(2) and 73(1) cm™, respectively, in the absence of an
applied field. A similar coexistence of distinct mechanisms for
blocking the reversal of the magnetization has been reported in
a Dy"™,Co", complex.'® If the exchange interactions were
stronger in 1 and/or the measurements were carried out at
temperatures below 1 K, then the coexistence of different
relaxation mechanisms would be observed for 1 as well.

Bl CONCLUSIONS

One new tetranuclear heterometallic cluster complex,
Dy,Co,L,o(bipy),, 1, and five new tetranuclear heterometallic
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Figure 16. Low-lying exchange energy spectrum and the position of
the magnetization reversal blocking barrier (dashed line) in
Dy,Co,L1o(bipy)y, 1 (a), and Dy,Ni,Lo(bipy),, 5 (b). The exchange
states (short bold lines) are placed on the diagram according to their
magnetic moments. The horizontal red arrows indicate the tunneling
transitions within each doublet state, whereas the nonhorizontal
curved blue arrows indicate the spin-phonon transition paths. The
numbers at the paths are averaged transition moments in pg
connecting the corresponding states. The blue arrows correspond to
the maximal transition probability from a given state, therefore
depicting the relaxation barrier for reversal of magnetization within the
ground exchange doublet.

cluster complexes, Ln,Ni,L,o(bipy), 2—6, where Ln is a
lanthanum(I1I), gadolinium(III), terbium(IIl), dysprosium-
(IIT), or holmium(III) cation, have been synthesized. In these
complexes, the clusters have an approximately linear Co---Dy---
Dy--Co or Ni---Ln--Ln---Ni cationic arrangement. All the
complexes are paramagnetic above ca. 30 or 40 K.

The dc magnetic properties of the six complexes have been
measured between 2 and 300 K. Whereas complexes 2—4 and 6
behave essentially as paramagnetic complexes between 2 and
300 K, complexes 1 and S5 exhibit more unusual magnetic
properties. The presence of magnetic anisotropy in both 1 and
5 is evidenced by both the nonsuperimposability of the
isothermal magnetization curves of 5 and their nonsaturated
magnetization in an 8 T applied field. Further, the slow
relaxation of the magnetization of 1 under a dc-applied field of
1000 Oe and of $ under zero applied field is observed in the
frequency and temperature dependence of their ac suscepti-
bility. High effective energy barriers for the thermal activation
of the reversal of the magnetization of 114.2(7) K or 79.4(5)
em™ for 1 and 105(1) K or 73(1) cm™ for 5 have been
observed. These effective barriers are obtained from fits of the
full Arrhenius plots of the logarithm of 7, the relaxation rate of
the magnetization in 1 and §, with contributions from quantum
tunneling, direct Raman scattering, and Orbach thermal
processes.
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The magnetic susceptibility of 1 and $ has been calculated by
ab initio methods, and the temperature dependence of their
JumT product has been well fit with only two parameters: the
exchange coupling parameters between the cobalt(II) or
nickel(II) and the dysprosium(III) ions and between the two
dysprosium(III) ions. The two reversal processes of the
magnetization observed in 5 are analyzed through a new
methodology. The calculated low-energy barrier of exchange
type in § is calculated to be ca. 8 cm™, whereas it is smaller
than 1 cm™ and thus unobservable at temperatures above 1 K
in 1. The calculated high-energy barrier involves relaxation
through excited Kramers doublets of the dysprosium(III) ions
at 66 and 61 cm™', for 1 and §, respectively, in very good
agreement with the measured energies of the magnetization
reversal barriers.

Hence, we conclude that the slow magnetic relaxation of 1
and § results predominately because of the magnetic anisotropy
of the dysprosium(III) cations, a conclusion that is in
agreement with the observations reported®'”'® for other 3d
transition metal cationic clusters containing dysprosium(III)
cations. Further the difference in the relaxation mechanism of 1
and $ results from the difference in the transition metal cations.
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