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ABSTRACT: We report herein the syntheses and investigation of
the magnetic properties of a Co", compound, a series of trinuclear
CoII Lo™ (L™ = Nd™, Sm™, Gd™, TbIII Dy"™) complexes, and a
Co", complex. The homometallic Co", core was obtained from the
reaction of Ln(NO;);xH,0/Co(NO;),*6H,0/H,vab/Et;N in a
0.5:0.5:1:2 ratio in methanol. Variation in synthetic conditions was
necessary to get the desired Co”"—Ln™ complexes. The Co"—Ln™
assembly was synthesized from Ln(NO;);«H,0/Co(OAc), o
4H,0/H,vab/NaOMe in a 0.4:0.5:1:1 ratio in methanol. The Co',
isostructural Co",Ln"" complexes have a core structure with the

general formula [Co,Ln(Hvab),(NO;)](NO;),"MeOH-H,0,

(where Hyvab = 2-[(2-hydroxymethyl-phenylimino)-methyl]-6-methoxy-phenol) with simultaneous crystallization of Co",
complex in each reaction. The magnetic investigation of these complexes reveals that both homometallic complexes and four
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1. INTRODUCTION

Since the first single molecule magnet (SMM), Mn,Ac, was
discovered in the 1990s, many magnetic molecules exhibiting
slow relaxation of magnetization have been synthesized and
magnetically characterized. A large negative zero-field splitting
parameter (D) and large ground state spin (S) are regarded as
two essential factors necessary to obtain an SMM with a high
relaxation barrier (U,g) and blocking temperature (Tj). These
factors play a crucial role in the potential technological
applications of SMMs, such as quantum computers, spintronics
devices, and high—density information storage."

In order to increase spin, magnetic anisotropy, and
subsequently the energy barrier, much of the current SMM
research has been shifted toward 3d—4f aggregates due to the
strong magnetic anisotropy of 4f ions, which can provide an
essential basis for tuning the properties of technologically
applicable magnetic materials.”

As Co possesses significant magnetic anisotropy, the
combination of Co" with Ln™ ions might present a potentially
interesting protocol to design SMMs. Recent literature reports
of Co"—Ln"™ compounds stimulated us to investigate more
Co"—Ln™ entities to further explore the effect of magnetic
interactions between Co" and Ln™ on SMM behavior.” The
difficulty encountered when developing new strategies for the
generation of Co"—Ln"™ compounds with promising magnetic
output is to determine the contribution of the lanthanide ion to
the magnetic properties by comparing a series of Co"—Ln™
aggregates. Keeping these in mind, we have employed a
vanillin-based versatile Schiff base ligand, H,vab, for the
generation of Co'-Ln™ complexes. In this paper, synthetic
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d™) display behavior characteristic of single molecule magnets.

experience and adaptability are demonstrated while aiming to
synthesize new Co"—Ln" compounds. One synthetic scheme
using Co(NO;),*6H,0, Ln(NO;);«H,0, H,vab, and Et;N
yielded only a new Co", cubane compound, whereas a modified
synthetic approach involving Ln(NO;);«H,0, Co(OAc),’
4H,0, H,vab, and NaOMe produced desirable Co",Ln™
compounds along with the simultaneous generation of a Co'.,
compound.

Herein, we report the synthesis and characterization of
[Co",(vab),(H,0),]*4THF-4H,0 (1), an isostructural series
of trinuclear Co™,Ln™ compounds with the general formula,
[Co,Ln(Hvab),(NO;)](NO;),sMeOH-H,0, (where H,vab =
2-[(2-hydroxymethyl-phenylimino)-methyl]-6-methoxy-phenol
and Lo™ = Nd™ 2, Sm™ 3, Gd™ 4, Tb™ s, DYHI 6) and
[Co",(vab)s](NO;),-2H,0 (7). To date, only a few Co",Ln™
cores are reported in the literature.”* " The rarity of this series
of heterometallic Co"—Ln™ complexes led us to study the
magnetic properties of such systems and evaluate their potential
as SMMs.

2. EXPERIMENTAL SECTION

2.1. General Information. 2-Amino benzyl alcohol, o-vaniline,
Ln(NO;);:xH,0, and sodium methoxide were procured from Aldrich
Chemical Co. Inc. (Germany) and used as received. Co(NO,),*6H,0,
Co(OAc),"4H,0, and triethylamine were purchased from SRL Pvt.
Ltd., Mumbai, India. Commercially available solvents were purified
according to standard literature methods.”™ All the reactions were
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carried out under aerobic conditions. The Schiff base ligand 2-[(2-
hydroxymethyl-phenylimino)-methyl]-6 methoxy phenol (H,vab) was
prepared according to literature procedures.”® Elemental (C, H, and
N) analyses were conducted by a Perkin—Elmer 2400 II analyzer.
Fourier transform infrared (FTIR) spectra were recorded in the region
from 400—4000 cm™' on a Perkin—Elmer RXI FTIR spectropho-
tometer with samples prepared as KBr disks. ESI-MS experiments
were carried out in Waters on a MICROMASS Q-TOF mass
spectrometer in LC—MS grade solvent. An energy dispersive X-ray
(EDX) analysis was done by field emission scanning electron
microscopy (FESEM—JEOL JSM 7600F). Powder X-ray diffraction
(PXRD) patterns were acquired for complexes 2 and 6 using a
PANaylitical XPERT-PRO diffractometer (Netherland). Magnetic
measurements were performed at the Department of Chemistry,
University of Florida. Variable temperature dc and ac magnetic
susceptibility data were collected on dried solids using a Quantum
Design MPMS-XL SQUID susceptometer equipped with a 7 T
magnets and operating in the 1.8—300 K range. Samples were
embedded in solid eicosane to prevent torquing. Pascal’s constants
were used to estimate the diamagnetic correction, which was
subtracted from the experimental susceptibility to give the molar
paramagnetic susceptibility (yy,)-

2.2. Synthesis of [Co,(vab),(H,0),]-4THF-4H,0 (1). Co(NO;),
6H,0 (0.145 g, 0.5 mmol) and Ln(NO;);«H,0 (0.5 mmol) were
dissolved in 10 mL of methanol followed by the dropwise addition of
15 mL of methanolic solution of H,vab (0.257 g, 1 mmol) under
stirring conditions. To the resulting solution, Et;N (0.277 mL, 2
mmol) was added dropwise. The resulting mixture was stirred for 2 h,
and consequently a precipitate was formed. After complete
evaporation of the solvent, the reddish precipitate was dissolved in a
minimum amount of THF. X-ray diffraction quality single crystals
were obtained after 2 days in 0.079 g, 46% (based on Co) yield. FT-IR
(KBr), cm™: 3431(br), 1608(vs), 1542(m), 1463(s), 1442(m),
1230(s), 1185(m), 758(w), 737(m), 560(w), 538(w), 446(w). C/H/
N analysis, caled. for CrH;0oN;0,,Co, (1689.32 g mol™): C, 54.03;
H, 5.97; N, 3.32%. Found: C, 53.85; H, 5.69; N, 3.20%.

2.3. General Procedure for the Syntheses of [Co,Ln-
(Hvab),(NO5)I(NO;),-MeOH-H,0 (2-6) and [Co,(vab)s] (NO;),:
2H,0 (7). The trinuclear heterometallic and heptanuclear homo-
metallic complexes were obtained by the following general synthetic
methodology under aerobic conditions. A methanolic solution of
NaOMe (1 equiv) was added to the methanolic solution of H,vab (1
equiv) and was stirred for 15 min. The methanolic solution of
Ln(NO;),«H,0 (~04 equiv) was added dropwise to the ligand
solution under continuous stirring. After stirring for ~4 h, solid
Co(OAc),*4H,0 (0.5 equiv) was added, and the solution was
vigorously stirred for a further ~12 h. The final reaction mixture was
filtered off, and the filtrate was evaporated to dryness under reduced
pressure. The red colored solid was left overnight in a vacuumed
calcium chloride desiccator. The resulting solid was redissolved in a
mixture of methanol/acetonitrile (1:1). Crystals of the hetero- and
homometallic clusters suitable for single crystal X-ray diffraction
studies were simultaneously obtained by slow diffusion of diethyl ether
into this 1:1 (MeOH/MeCN) solution mixture over a period of 1
week. Two types of crystals were separated manually and washed with
n-hexane. The specific quantities and stoichiometry of the reactants
involved in each reaction, yield of the products, and their
characterization data are given below.

[Co,Nd(Hvab),(NO3)]I(NO3),-MeOH-H,0 (2). Quantities: H,vab
(0257 ¢, 1 mmol), Nd(NO;)*6H,0 (0.167 g, 0.381 mmol),
Co(OAc),4H,0 (0.124 g, 0.5 mmol), NaOMe (0.54 mg, 1 mmol).
Yield: 0.081 g, 38% (based on Co). FT-IR (KBr), em™: 3393 (br),
1612(vs), 1553(m), 1467(vs), 1385(vs), 1296(m), 1238(s), 1183(m),
1098(m), 761(m), 740(s), 558(w), 540(w), 451(w). C/H/N analysis,
caled. for CgHg,N,0,3Co,Nd (1523.28 g mol™): C, 48.10; H, 4.10;
N, 6.44%. Found: C, 47.8; H, 3.90; N, 6.04%.

[Co,Sm(Hvab),(NO3)I(NOs),- TMeOH-H,0O (3). Quantities: H,vab
(0257 g 1 mmol), Sm(NO;),»6H,0 (0.169 g, 0.381 mmol),
Co(OAc),4H,0 (0.124 g, 0.5 mmol), NaOMe (0.54 mg, 1 mmol).
Yield: 0.079 g, 39% (based on Co). FT-IR (KBr), cm™": 3393 (br),

1612(vs), 1553(m), 1467(vs), 1385(vs), 1296(m), 1238(s), 1183(m),
1098(m), 761(m), 740(s), 558(w), 540(w), 450(w). C/H/N analysis,
caled. for Cq;Hg,N,0,3Co,Sm1 (1529.40 g mol™'): C, 47.90; H, 4.09;
N, 6.41%. Found: C, 47.73; H, 3.72; N, 5.98%.

[Co,Gd(Hvab),(NO;)](NO;),- 1MeOH-H,O (4). Quantities: H,vab
(0257 g 1 mmol), Gd(NO,;),"6H,0 (0.172 g, 0.381 mmol),
Co(OAc),4H,0 (0.124 g, 0.5 mmol), NaOMe (0.54 mg, 1 mmol).
Yield: 0.073 g, 42% (based on Co). FT-IR (KBr), cm™: 3394 (br),
1612(vs), 1554(m), 1465(vs), 1385(vs), 1296(m), 1238(s), 1183(m),
1098(m), 761(m), 740(s), 556(w), 540(w), 452(w). C/H/N analysis,
caled. for Cq;Hg,N,0,3C0,Gd (1536.29 g mol™): C, 47.69; H, 4.07;
N, 6.38%. Found: C, 47.46; H, 3.77; N, 5.95%.

[Co,Tb(Hvab),(NO3)](NO;),-MeOH-H,O (5). Quantities: H,vab
(0257 g, 1 mmol), Tb(NO;),.SH,0 (0.165 g 0.381 mmol),
Co(OAc),.4H,0 (0.124 g, 0.5 mmol), NaOMe (0.54 mg, 1 mmol).
Yield: 0.081 g, 38% (based on Co). FT-IR (KBr), cm™": 3395(br),
1611(vs), 1553(m), 1463(vs), 1384(vs), 1296(m), 1238(s), 1183(m),
1098(m), 761(m), 740(s), 556(w), 540(w), 450(w). C/H/N analysis,
caled. for CgHgN,0,3C0o,Th (1537.97 g mol™): C, 47.64; H, 4.06;
N, 6.38%. Found: C, 47.18; H, 3.86; N, 6.18%.

[Co,Dy(Hvab) ,(NO3)[(NO;3),- TMeOH-H,O (6). Quantities: H,vab
(0257 g 1 mmol), Dy(NO;),SH,0 (0.167 g, 0.381 mmol),
Co(OAc),*4H,0 (0.124 g 0.5 mmol), NaOMe (0.54 mg, 1
mmol).Yield: 0.088 g, 35% (based on Co). FT-IR (KBr), cm™":
3395 (br), 1611(vs), 1552(m), 1465(vs), 1384(vs), 1296(m), 1238(s),
1183(m), 1098(m), 761(m), 740(s), 555(w), 540(w), 450(w). C/H/N
analysis, calcd. for CgHg,N,0,3Co0,Dyl (1541.54 g mol™): C, 47.53;
H, 4.05; N, 6.36%.Found: C, 47.17; H, 3.76; N, 6.08%.

[Co,(vab)sl(NO3)»2H,0 (7). Quantities: Hyvab (0.257 g, 1 mmol),
Ln(NO;),*H,0 (0.381 mmol), Co(OAc),4H,0 (0.124 g, 0.5
mmol), NaOMe (0.54 mg, 1 mmol). Yield: 0.065 g, 27% (based on
Co). FT-IR (KBr), ecm™: 3439(br), 1614(vs), 1557(m), 1469(vs),
1384(vs), 1300(m), 1242(s), 1181(m), 1095(m), 767(m), 733(s),
561(w), 541(w), 450(w). C/H/N analysis, calcd. for CyyHg,Co,NgOs4
(2104.15 g mol™): C, 51.37; H, 3.93; N, 5.33%. Found: C, 50.92; H,
3.66; N, 5.08%.

2.4, X-ray Structural Studies. Diffraction data for 1—7 were
collected at 296 K using a Bruker Nonius Apex II CCD diffractometer
with graphite monochromator and Mo K, radiation (1 = 0.71073
A).The program SMART® was used for collecting frames of data,
indexing reflections, and determining lattice parameters, SAINT® was
used for integration of the intensity of reflections and scaling,
SADABS®™ for absorption correction, and SHELXTL®* for space
group, structure determination and least-squares refinements on F~
The structures were solved by direct methods and refined by full-
matrix least-squares calculations using SHELXTL software.”® All non-
hydrogen atoms were refined in the anisotropic approximation against
F? of all reflections. The location of the Ln and Co atoms were easily
determined, and O, N, and C atoms were subsequently determined
from a difference Fourier maps. The hydrogen atoms attached to
carbon atoms were placed in calculated positions and refined riding on
their parent atoms. All the hydrogen atoms of the Opeqyic groups,
coordinated and non-coordinated water (OH,) molecules were
determined from a difference Fourier map and refined isotropically.
The crystallographic figures were generated using Diamond 3.0
software.” The crystal parameters of the clusters are shown in Table S1
(Supporting Information). CCDC: 1483752—1483758 contain
supplementary crystallographic data for this paper. These data can
be obtained free of charge from the Cambridge Crystallographic Data

Centre via www.ccdc.cam.ac.uk/data_request/cif.

3. RESULTS AND DISCUSSION

3.1. Synthetic Outcome and Characterization. The
ligand 2-[(2-hydroxymethyl-phenylimino)-methyl]-6-methoxy-
phenol (H,vab) contains a {NO,} donor set that possesses
both chelating and bridging capabilities with two distinct
coordination pockets (I and II) as shown in Scheme 1. It is
based on a basic phenol framework and contains two
unsymmetrically disposed substituents. Adjacent to the phenol
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Scheme 1. (Top) Structure of the Ligand H,vab Consisting
of Two Distinct Coordination Pockets and (Below) Binding
Mode of the Deprotonated H,vab

gl
o

e’ uy

o |
g
3@

sy uy

5

1

1 3
nenig s

unit on one side is a 2-amino benzyl alcoholic group and on the
other side a methoxy group. Previously, the four potential
coordination sites (one phenoxo, one imino, one methoxo, and
one benzylic alkoxo) and their multiple coordination abilities
have facilitated the synthesis of several homo- and hetero-
metallic Cull,™ Nil,® Ni'lPr® NilGd™ 5 NillLalll*

ZnlL, P 7l Gt NI THIL ¢ Ni',Ho",,* and
Ni',Lu™,,* cluster compounds including Ni",Dy™,,*¢ SMM.
These types of Schiff bases with a vanillin backbone are well-
known for their versatility as evidenced from a very recent
review.”

As depicted in Scheme 2, the first synthetic protocol
involving Co(NOs;),/Ln(NO;);/H,vab/Et;N in 0.5:0.5:1:2
ratio resulted a new homometallic Co", cubane species
(complex 1). We have changed the reactant ratio and sequence
of addition, but even after several attempts Coll—Ln™
aggregates are not accessible by this synthetic route. Therefore,
modified reaction schemes were tried using a stronger base,
different metal salts, different reactant ratio, and altered
sequence of addition. Finally, Ln(NO,);/Co(OAc),/H,vab/
NaOMe in a 0.4:0.5:1:1 ratio in methanol followed by slow
evaporation of the solvent afforded crystalline compounds of
Col,Ln! (Ln' = Nd™, Sm'l, G, Tb, Dy™) 2—6. All of
these reactions also yielded single crystals of a heptanuclear,
homometallic Co"; species, 7. This compound was separated
manually, and the identity of the secondary compound also was
established by single crystal X-ray diffraction studies.

The Schiff bases as N,O-donors are capable of forming
multiple coordinate bonds with the metal ions through
azomethine, as well as the phenolic, benzylic, and methoxy
groups. The characteristic FT-IR band of the coordinated
ligand and the counteranion are displayed in Figure S1 in the

Scheme 2. Synthetic Route of Complexes 1-7

[Co",Ln"(Hvab),(NO;)]2NO;MeOHH,0 (2 - 6)
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Supporting Information. In the FT-IR spectrum, strong and
sharp bands due to the azomethine v (C=N) of free H,vab is
observed at 1618 cm™. In 1—7, this band is shifted to lower
frequency and appears at 1608—1614 cm™, indicating a
decrease in the C=N bond order due to the bond formation
between Co' and the imine nitrogen lone pair of the Schiff
base. It is consistent with the X-ray diffraction results obtained
for 1—7. The metal—nitrogen and metal—oxygen bonds are also
confirmed by the new bands in the spectra of the complexes at
446—452 and 555—462 cm™!, respectively, assigned in the low
frequency region. The strong phenolic 7 (C—0) at 1259 cm™
in the free ligand is red-shifted due to coordination at 1230—
1242 cm™". In the FTIR spectra of 2—7, the characteristic
frequencies of nitrates appear at 1385 cm™'. The broad IR
absorption in the region 33913430 cm™' is attributed to the
O—H stretching frequency of H,O/MeOH molecules. In order
to investigate the presence of heterometals, specifically in the
representative heterometallic complex 3, and confirm the
homogeneity of the crystals, energy dispersive X-ray spectros-
copy (EDS) measurements were performed. The results
confirm the presence of both Co and Tb (lanthanide) ions
with a Co/Tb ratio 68.5:31.5 in corroboration with the results
obtained from single crystal X-ray diffraction (shown in the
Supporting Information, Figure S2). As the crystal qualities of 2
and 6 are not good enough, we have provided PXRD data to
support the structures (Figure S3). In order to confirm the
stability of the synthesized complex in solution, ESI-MS
experiments were carried out in acetonitrile solvent. For
complex 1, the molecular ion peak was observed at 1257.82
amu which corresponds to [{Co,(vab),] + H*]" (see Figure
S4). For complex 7 two molecular jon peaks were observed: a
[Co,(vab)4]** core was observed at 971.545 amu (70%), while
a hydrated core, [Co,(vab)s + H,0]*, appeared at 980.91 amu
(Figure SS). The ESI-MS spectra of Co,Tb displayed
numerous fragmented peaks (see Figure S6). Close inspection
of the spectrum shows removal of varying degrees of Co',
NO;, and Hvab™ from the core of [Co,Tb(Hvab),(NO,)]**
giving rise to the multitude of observed peaks. The molecular
integrity of the complex in solution was affirmed by the
presence of the isotopic peak at 1363.14 amu, which
corresponds to [Co,Tb(Hvab),(vab)(NO,;)]*. Isotopic peaks
at 1300.003, 1243.01, 1102.86, and 10482 amu signify the
species [Co,Tb(Hvab),(vab),]*, [CoTb(Hvab),]*, [Co,Tb-
(Hvab)(vab),(NO;)]*, and [CoTb(Hvav);(NO,)]*, respec-
tively.

3.2. Structural Studies. X-ray crystallographic data reveal
that 1 crystallizes in the tetragonal space group I4,/a with Z =
4. The molecular structure of 1 is shown in Figure 1, and the
selected bond distances and angles are summarized in Table 1.
The central motif of 1 is a cubane [Co",(u;-O),]* core
composed of two interconnected tetrahedrons of four Co"
centers and four fi3-Opep,y;c atoms originating from four doubly
deprotonated tridentate vab®~ utilizing the 7':n':n*u; coordi-
nation mode, respectively (see Figure S7 and Scheme 1).The
asymmetric unit of 1 contains quarter of the molecule along
with one tetrahydrofuran and one water solvent molecule of
crystallization. The six coordination sites of Co' ions are
occupied by four oxygen atoms and one nitrogen atom from
vab*” and a water molecule results in distorted octahedral
geometry (see Figures S8 and S9 and Tables S2a and S3).'”"
Three corners of the octahedron are occupied by the O-atoms
from the benzylic arms of three vab>~, which act as bridges to
the remaining metal atoms within the cubane core. Other

®con
®o
e
¢cC

Figure 1. Molecular structure of 1 (hydrogen atoms, except those
present in coordinated water molecule and solvent molecules of
crystallization were omitted for clarity). Symmetry transformations
used to generate equivalent atoms: a = 5/4 —y,1/4 + x,5/4 —z; c =
-1/4 +y,5/4 —«x, 5/4 — z

positions are occupied by phenolic—O and imine—N of the
ligand and one O-atom of the exogenous water molecule. All
the Co—O and Co—N bond lengths are in the range of
1.976(4)—2.250(5) A and 2.105(5) A, respectively; the Co—
O,ater bond length being the longest (2.250(5) A). The charge
balance and the bond lengths confirm that the metal centers are
in the +2 oxidation state and the protonation level of the y;-O
atoms is as OR™ atoms, which is also in accord with the bond
valence sum (BVS) analysis (see Table S4 and Table $5)."* An
interesting feature of 1 is the stabilization of the cubane core by
intramolecular hydrogen bonds between the exogenous H,O
molecules and the Ophenolace (€€ Figure S10 and Table S6). The
structural cohesion is ascribed to weak C—H---z interactions
(3.4—4.1 A) between methoxy carbon C7 of o-vanillin to the
benzylic 7 planes of the adjacent molecules, as shown in the
packing diagram (see Figure S11)."* The structural features of 1
are similar to the previously published Co", compounds.'*

Single crystal X-ray diffraction reveals that complexes 2—6
crystallize in the triclinic system, and according to the observed
systematic extinctions, their structures were solved in the PT
space group with Z = 2. As complexes 2—6 are isostructural, the
structure of § is described in detail as a representative example.
The structural details of all the other compounds are given in
the Supporting Information (Figures $12—S15 and Tables S7—
S10).

The crystal structure the dicationic heterometallic trinuclear
[Co,Tb(Hvab),(NO;)]*" cluster consists of one Tb'™ ion, two
Co" ions, four Hvab’~ ligands, and one coordinated nitrito
ligand along with two nitrate counteranions and two lattice
solvent molecules as shown in Figure 2. The important
geometrical parameters of S are tabulated in Table 2. The
central nonplanar [Co",Tb"™(y,-0),]* core surrounded by
four Hvab~ ligands, utilizes the n'm*n'n'iyu, coordination
mode and is capped by an nitrate ion from one side (Scheme
1). Each tetradentate Hvab™ ligand connects Co™ and Tb", the
Obpengyiic and Nj. coordinates exclusively to the Co"! center,
while the O,ox, binds to Tb™, and Ophenolate bridges Co" and
Tb"™. The oxidation states of the cobalt ions and the assignment
of the protonation level of the coordinated oxygen atoms in
Hvab™ were performed by inspection of the metric parameters,
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Table 1. Selected Geometrical Parameters (Distances/A and Angles/deg) for 1¢

Col-01 1.1976(4)
Col-04 2.250(5)
Col-N1 2.105(5)
Col--Cola 3.1200(10)
Col—03-Cola 93.55(12)
Col1-03-Colc 97.52(13)

Col1-03 2.125(3)
Col-03a 2.024(3)
Col-03c 2.157(3)
Cola--Colc 3.2416(11)
Cola—03—Colc 101.63(14)
03—Col-N1 169.18(15)

“Symmetry transformations used to generate equivalent atoms: a = 5/4 — y, 1/4 + x, 5/4 —z; c = —=1/4 + 3, 5/4 — x, 5/4 — z.
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Figure 2. Molecular structure of § (all the hydrogen atoms except
those present in coordinated benzylic oxygen atoms, counteranions,
and the solvent molecules of crystallization were omitted foe clarity).

charge-balance considerations, and BVS analysis (see Tables S4
and SS). A structural examination of the core reveals the
presence of two puckered COTb(Oppenclare)> units with a
dihedral angle 21.54° (a) and 21.67° (ff) connected via central
Tb™ in a twisted manner resulting in a nearly linear Co"—
Tb"™—Co" arrangement (170.68°) with average an Co—Tb
distance of 3.62 A (see Table 2). The two least-squares planes
defined by CoTb(O,penolate)> units maintain a dihedral angle of
30.30° (y) (see Figure S16). As shown in Figure 3, both Col
and Co2 show six-coordinated distorted geometry composed of
Nipine (av. 204 A), O penoiate (av. 2.04 A), and Opepyyc (av. 2.2
A). The Tb1 ion is surrounded by Ophenolate A4 Oppeghony Of the
four Hvab™ ligands and capped by a 7":17":p, nitrito ligand to
create a distorted 10-coordinate polyhedral geometry. The
three types of Tb—O bond lengths of av. 2.62 A (for Tb—
Omethoxy), av. 244 A (for Tb—0,;,,), and 2.40 A (for Tb—
Ophem,late) are in typical range of Ln—O distances. Continuous

Figure 3. Intra- and intermolecular hydrogen bonding in complex §.
Symmetry transformations used to generate equivalent atoms: d = x, 1
+yz

shape measurement analyses reveal (see Tables S2a and S2b)
that the actual polyhedral shape for cobalt center appears to be
in between an octahedron (O;) and a trigonal prism (Dsy),
while for the terbium center a bicapped square antiprism (D,;)
and a sphenocorona (C,,), delimitate the experimental shape
(see Figure S8). Interestingly, the four protonated benzylic
oxygen atoms are actively engaged in hydrogen bonding with
coordinated and noncoordinated nitrate groups. As shown in
Figure 3, 5§ possesses an intra-molecular moderately strong
hydrogen bonding involving capping nitrate and two Opepyyiic
(av. 2.73 A), while the other two Opp,yic form intermolecular
hydrogen bonding with counteranions {Table S6). The closest
intermolecular distance between Tbl ions in the supra-
molecular assembly is 11.995 A with significant C—H-z
interactions between neighboring molecules in the crystal
packing as shown in Figure S17.

Table 2. Selected Geometrical Parameters (Distances/A and Angles/deg) for 5

Col-01 2.051(4) Tb1-01
Col-03 2.245(5) Tb1-04
Col-04 2.020(6) Tb1-07
Col-06 2.194(5) Tb1-010
Col—-N1 2.042(6) Tb1-02
Col—-N2 2.083(5) Tb1-05
Tb1-08
Tb1-011
Tb1-013
Tb1-014
Col---Tbl 3.626 Col--Co2
Col-01-Tb1 106.75(17) Col-Tb1-Co2
Col—04-Tb1 113.1(2)
Col-02—Tbl1(a) 21.54 Co2—02-Tb1(f)

2.457(5) Co2-07 2.042(5)
2.323(5) Co2—09 2.226(5)
2.316(5) Co2-010 2.033(4)
2.505(5) Co2-012 2.218(6)
2.615(5) Co2—N3 2.072(5)
2.600(5) Co2—N4 2.044(7)
2.619(5)
2.651(4)
2.446(5)
2.443(S)
7.228 Co2--Tbl 3.626
170.68 Co2—07-Tbl 112.45(18)
C02—010—Tb1 105.57(17)
21.67 Col Tb102—Co2 Tb102(y) 30.30

“Dihedral angle, a = angle between Co101Tb1 and Col1O4Tb1 planes; f = angle between Co107Tb1 and Co2010Tb1 planes; y = dihedral angle

between two CoTbO,square planes
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Table 3. Structural and Magnetic features of Co",Ln""Assemblies”

COH‘“COH
complex Co™-Ln™ (A) (A)

[Co,Gd(L"),]-NO;-2CHCl,4 3.307 6.614
[Co,Th(L"),]-NO;-2CHCI, 3.331 6.621
[Co,Dy(L"),]-NO;-2CHCI, 2.281 6.652
[Co,Ho(L"),]:'NO;-2CHCl, 3.269 6.654
[Co,Eu(L"),]-Cl-2CHCl, 3.331-3.339 6.669
[Co,Gd(L*),]-NO;3CH,0H 3.313-3.322 6.634

3.331 6.662
[Co,Tb(L?),]-NO;-3CH;0H 3.302—-3.303 6.604

3.306 6.612
[Co,Dy(L?),]:NO;-3CH;0H 3.301-3.304 6.606
[Co,Nd(piv)s(CoH,N),(NO;)] 4.067—4.070 7.493
[Co,Nd(piv)s(CoH,N),(NO3)] 4.067—4.070 7.493
[Co,La(L?),(H,0),][Cr(CN)4]-nH,0 3.693—3.722 7.368

[Co0,Gd(L?),(H,0),][Cr(CN),]-nH,0 3.667 7.323

[Co,Tb(us-OH)(nic)s(N;)], 3.396—3.693 3.812
[C0,Gd(u;-OH) (nic)s(N;)], 3.409—3.699 3.810
[Co,Dy(u5-OH)(nic)(N;)], 3.326—3.627 3.810
[Co,Eu(u5-OH) (nic)s(N3) ], 3.419-3.703 3.808
[Co,Sm(u5-OH) (nic)s(N;)], 3.429-3.702 3.803
[Co,Nd(Hvab),(NO;)](NO,), (2) 3.669 7.316
[Co,Sm(Hvab),(NO;)](NO3), (3) 3.632—3.636 7.246
[Co,Gd(Hvab),(NO;)](NO;), (4) 3.648—3.651 7274
[Co,Tb(Hvab),(NO3)](NO,), (5) 3.626 7.228
[Co,Dy(Hvab),(NO,)](NO;), (6) 3.631 7.239

Co--Ln™...ColL

(deg) local geometry of Ln'™ center magnetism ref
180 12-coordinated, distorted SMM 3a
icosahedrons
180 12-coordinated, distorted SMM 3b
icosahedrons
180 12-coordinated, distorted SMM 3b
icosahedrons
180 12-coordinated, distorted SMM 3b
icosahedrons
177.48 12-coordinated, distorted non SMM 3b
icosahedrons
178.41 8-coordinated SMM 3c
107.23
177.86 8-coordinated SMM 3c
178.42
178.2 8-coordinated SMM 3c
134.10 8-coordinated, distorted antiferromagnetic ~ 4a
dodecahedron
134.10 8-coordinated, distorted ferromagnetic 4b
dodecahedron
167.12 10-coordinated antiferromagnetic ~ 4c
173.42 10-coordinated ferromagnetic 4c
64.91 7-coordinated ferromagnetic 4d
monocappedtriagonal prism
64.67 7-coordinated ferromagnetic 4d
monocappedtriagonal prism
65.02 7-coordinated ferromagnetic 4d
monocappedtriagonal prism
64.49 7-coordinated ferromagnetic 4d
monocappedtriagonal prism
64.33 7-coordinated ferromagnetic 4d
monocappedtriagonal prism
170.94 10-coordinated antiferromagnetic  this
work
170.98 10-coordinated SMM this
work
170.60 10-coordinated SMM this
work
170.68 10-coordinated weak SMM this
work
170.71 10-coordinated weak SMM this
work

“Abbreviation: H;L' = (S)P[N(Me)N=CH-C¢H;-2-OH-3-OMe]; H;L* = N,N’,N”-tris(2-hydroxy-3-methoxybenzilidene)-2-(aminomethyl)-2-
methyl-1,3-propanediamine, Hpiv = pivalic acid, H,L* = 2,6-di(acetoacetyl)pyridine), Hnic = nicitenic acid.

It is interesting to compare the trinuclear Co™,Ln™ core of
the current members with those reported in the literature
compiled in Table 3. In its essential features, if we consider only
the phenolate/enolate bridged species, the structural pattern of
2—6 could be related to only four previous reports.”*~%* A
close scrutiny of the previous reports reveals the following
characteristics: (i) Ohba and co-workers utilized 2,6-di-
(acetoacetyl)pyridine to construct Co",Ln" core where each
Co"—Ln"™ connection was established by two enolate bridges.*
(ii) Chandrasekhar et al. published two reports exploiting a
tripodal, phosphorus-based tris hydrazone ligand containing
vanillin moiety, L'Hs, which results in triple phenolate bridged
Co''~Ln™ connectivity displaying SMM behavior.**" (i)
Following similar synthetic consideration of using a vanillin-
based tripodal ligand in 2010, Wernsdorfer and co-workers
used N,N’,N”-tris(2-hydroxy-3-methoxybenzilidene)-(amino-
methyl)-2-methyl-1,3-propanediamine to generate a series of
Co'™,Ln™ cores where Co" and Ln™ are connected by means of
triple phenolate bridge and exhibit characteristics like SMM.
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If we further streamline these observations, it could be said
that only two different ligand systems have been used to date to
generate an enolate/phenolate bridged Co'",Ln™ assembly,
namely, acetoacetylpyridine** and vanillin containing tripodal
ligands™ ¢ of which the last category of ligand system
promotes SMM behavior in the resulting compounds.

We have utilized a nontripodal vanillin containing a Schiff
base ligand which spans its coordinating activity by nesting Co"
ina prridine/ Ophenolate POCket and LnHI in an Ophenolate/ Omethoxy
pocket. Here, Co" and Ln™ are connected via two Ophenolate
resulting in a near planar CoLnO, diamond like core. In terms
of magnetic properties (vide infra), it is only the third ligand
system that builds Co",Ln SMMs (Table 3).

X-ray crystallography reveals that the centrosymmetric
wheel-shaped heptanuclear cluster having the general formula
[Co™,(vab)s](NO,),2H,0 crystallized in P2,/c with Z = 2.
The asymmetric unit comprises four crystallographically
independent cobalt ions (Col, Co2, Co3, and Co4) with
three independent vab*~ ligands along with one counter nitrate
anion and water solvent molecule. The molecular structure of 7
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is shown in Figure 4, and the selected bond distances and
angles are summarized in Table 4. Three symmetry related
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Figure 4. Molecular structure of 7 (all the hydrogen atoms, counter
anions, and the solvent molecules of crystallization were omitted for
clarity). Symmetry transformations used to generate equivalent atoms:
a=1—-x1-y1-=z

Co02—Co2a, Co3—Co3a, and Co4—Co4a pairs associated with
central Col are ligated by six f£,-Ophenolate ad 8iX p3-Operyyyiic t0
give a [Co™;(1,-0)¢(13-0)6]2+ core with the nearest Co-Co
distance of 3.099 A. It can also be visualized as six distorted
missing-corner cubanes sharing the neighboring faces of one
another as shown in the Supporting Information (Figure S18).
All cobalt atoms are assigned as Co" ions, and y3-O and p,-O
atoms as OR™ atoms as revealed by the BVS calculated results
and charge balance considerations (Tables S3 and S4). The six
doubly deprotonated vab®~ ligands bridge the six outer Co"
ions via the 77':17%:7":17°:1, binding motif (see Scheme 1) and sit
alternately above and below the {Co™,(1,-0)4(15-0)s}** plane.
The coordination sphere of the central cobalt ion (Col)
consists of six oxygen atoms from the benzylic arms of vab*~
ligands and connects the central cobalt ion to the outer cobalt
ions in a pt3-Oyey, fashion (Col—Opeyyic = 2.105(5)—2.148(5)
A (Figures S8 and S9 and Tables S2a and S3). Each cobalt ion
situated on the rim is coordinated with two Opeyppic two
Ophenolate (Co—O = 1.984(5)—2.438 A), one N, (Co—N =
2.061(6)—2.074(6) A), and weakly coordinated O, 05 (Co-**

Ohmethoxo = 2:415—2.438 A) of vab’™ in a highly distorted
geometry between octahedron and trigonal prism (Table S2a).
The peripherial cobalt centers are connected by the 1,-Openoxo-
The core of the cluster can be described as an almost planar
Cog moiety with a crystallographically imposed S,-symmetry
with adjacent Co--Co distances of 3.099—3.195 A. A 2D
supramolecular architecture is assembled by the propagation of
multiple interactions between the NO;~ counteranions and the
individual [Co",(vab)s] moieties in the crystal packing (see
Figures S19 and S20 and Table S6). This type of Co", core
structure has already been encountered in the literature."

3.3. Magnetic Studies. dc Magnetic Susceptibility
Studies. dc magnetic susceptibility data on microcrystalline
powdered samples 1—7 were recorded in the temperature range
of 5.0—300 K, using an applied field of 0.1 T. The sample was
restrained in eicosane to prevent torquing.

Figure S shows the plot of T vs T for complex 1. The yy T
for 1 remains constant at a value of approximately 13.70 cm?®
mol ™" K at 300 K down to 60 K before it steadily decreases to a
value of 10.05 cm® mol ™" K at 5.0 K, indicating the presence of
antiferromagnetic exchange interactions between the metal
centers at lower temperature. The y)T value at 300 K is higher
than the predicted spin-only (g = 2.00) value of 7.5 cm® mol™
K expected for four noninteracting Co>* ions; this is likely due
to the unquenched spin orbital angular momentum observed
for octahedral Co* ions. The decrease in yyT with decreasing
temperature indicates antiferromagnetic interactions over the
entire temperature range. Figure 5 shows the plot of y\T vs T
for complexes 2—6. The yT for 2 steadily decreases from a
value of 7.01 cm® mol™ K from 300 K to a value 4.65 cm’®
mol™ K at S K, indicating predominant antiferromagnetic
interactions between the metal centers. The yT for 3 remains
fairly constant at a value of 6.15 cm® mol ™" K from 300 to 120
K before slightly decreasing to a value of 5.11 cm® mol™" K at
20 K and then slowly increasing to a value of 6.30 cm® mol™' K
at S K, indicating the presence of antiferromagnetic interactions
at higher temperatures before ferromagnetic interactions are
observed at low temperatures. The T for 4 steadily increases
with decreasing temperature from 14.19 cm® mol ™" K at 300 K
to 15.21 cm® mol™ K at 40 K, before dramatically increasing to
a value of 23.67 cm® mol™! K at 5.0 K. The y,T value at 300 K
is higher than the predicted spin-only (g = 2.00) value of 11.625
cm® mol™" K expected for two noninteracting Co>* and one
noninteracting Gd** ion indicating the presence of predom-
inant ferromagnetic exchange interactions between the metal

Table 4. Selected Geometrical Parameters (Distances/A and Angles/deg) for 7

Col-03 2.148(5) Co2—08
Col-06 2.105(5) Co2-N1
Col-09 2.109(5) Co3-01
Co2-01 1.993(S) Co3—-02
Co2-03 2.039(5) Co3—04
Co2—06 2.168(5) Co3-06
Co2—07 2.053(5) Co3—09
Col--Co2 3.118 Col--Co4
Col--Co3 3.099 Co2---Co3
Col—06—Co2 93.72(18) Col—09—Co4
Col-03-Co2 96.2(2) Col—-03-Co4
Co1-06—Co3 96.54(18) Co02—07-Co4
Col—09a—Co3 92.8(2) C02—03—Co4

2.438 Co3—N2 2.061(6)
2.071(6) Co4-03 2.178(5)
2.033(5) Co4—04a 2.037(5)
2413 Co4—05a 2415
1.984(5) Co4—07 2.003(5)
2.047(5) Co4—09 2.048(5)
2.170(5) Co4—N3 2.074(6)
3.125 Co2--Co4 3.195
3.184 Co3--Co4a 1.191
97.5(2) Co2—-01-Co3 104.6(2)
92.48(19) C02—-06—Co3 98.11(18)
104.0(2) Co3—04—Co4a 105.0(2)
98.5(2) Co3—09—-Co4a 98.3(2)

“Symmetry transformations used to generate equivalent atoms: a=1—x,1 -y, 1 — z
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Figure S. /T vs T plot for complexes 1—7 in a 1000 G dc field.

centers over the entire temperature range. The yyT for §
slightly decreases with decreasing temperature from 17.30 cm®
mol™ K at 300 K down to 14.13 cm® mol™ K at 5.0 K,
indicating the presence of antiferromagnetic interactions
between the metal centers. The yyT for 6 slightly decreases
with decreasing temperature from 18.24 cm® mol™' K at 300 K
down to 13.82 cm® mol ™! K at 5.0 K, suggesting the presence of
antiferromagnetic interactions.

Figure 5 shows the plot of y T vs T for complex 7. The y T
for 7 remains fairly constant at a value of approximately 16.29
cm® mol™ K at 300 K down to 25 K before it dramatically
increases to a value of 24.73 cm® mol™ K at 5.0 K ,indicating
the presence of ferromagnetic exchange interactions between
the metal centers at lower temperature. The T value at 300 K
is higher than the predicted spin-only (g = 2.00) value of 13.125
cm® mol™ K expected for seven noninteracting Co*" ions; this
is likely due to the unquenched spin orbital angular momentum
observed for octahedral Co®* ions.

ac Magnetic Susceptibility Studies. As a result of the
notable single-ion anisotropy of the lanthanide ions and
unquenched spin orbital angular momentum of the Co**
ions, ac susceptibility studies were carried out on complexes
1-7 in the 1.8—15 K region in zero applied field with a 3.5 Oe
driving field to probe for slow magnetic relaxation, i.e, SMM
behavior. The ac in-phase susceptibility studies of complex 1,
shown as '\ T vs T in Figure S21, were collected at various
frequencies. The values at high temperatures agree well with
the dc susceptibility data at the same temperature. The in-phase
susceptibility displays features similar to the dc plot, further
suggesting the depopulation of excited states as temperature is
lowered and at low temperature displays a slight frequency
dependent drop. The out-of-phase susceptibility (", Figure
6) shows a slight tail at low temperatures, indicating 1 might
display behavior characteristic of a weak SMM.

The ac in-phase susceptibility for complex 2 (y'uT vs T,
Figure S22) shows a slight decrease with decreasing temper-
ature and is in good agreement with the dc susceptibility data.
However, no frequency dependent drop is seen in the in-phase
susceptibility for complex 2 at low temperatures, and
consequently no signal is observed in the ac out-of-phase
susceptibility (y”y, Figure $23), indicating complex 2 does not
display behavior characteristic of a SMM. The ac in-phase
susceptibility of complex 3 (y'yT vs T, Figure S24) is in good
agreement with the dc data at the same temperature range and
similarly to 3 continues to show an increase in y'\T with
decreasing temperatures before a slight frequency dependent
drop is observed at low temperature. Also similarly to 3, a
frequency dependent rise in the out-of-phase susceptibility
(r"w Figure 7) is observed as a peak tail, indicating 3 also
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Figure 6. Plot of y"y signal for dried, microcrystalline complex 1 at
the indicated frequencies.
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Figure 7. Plot of "y signal for dried, microcrystalline complex 3 at
the indicated frequencies.

displays behavior characteristic of a SMM. The ac in-phase
susceptibility of complex 4 (y'yT vs T, Figure S25) is in good
agreement with the dc data at the same temperature range and
continues to show an increase in y'uT with decreasing
temperatures before a slight frequency dependent drop is
observed at low temperature. Consequently, a frequency
dependent rise in the out-of-phase susceptibility (y”y, Figure
8) is observed as a peak tail, indicating 4 also displays behavior
characteristic of a SMM. The ac in-phase susceptibility (v’ T vs
T, Figure S26) of complex § is in good agreement with the dc
data at the same temperature and relatively flat indicating the
presence of very few low-lying excited states. There is the slight
beginning of peak tail in the out-of-phase (y”y, Figure S27),
indicating § also displays behavior characteristic of a weak
SMM. The ac in-phase susceptibility (y'yT vs T, Figure S28) of
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Figure 8. Plot of y"y signal for dried, microcrystalline complex 4 at
the indicated frequencies.

complex 6 is in good agreement with the dc data at the same
temperature and is relatively flat, indicating the presence of very
few low-lying excited states. There is the slight beginning of
peak tail in the out-of-phase (y”y, Figure S29), indicating 6
displays behavior characteristic of a weak SMM.

The ac in-phase susceptibility studies of complex 7, shown as
x'mT vs T in Figure 9 were collected at various frequencies. The
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Figure 9. Plot of y'\T signal for dried, microcrystalline complex 7 at
the indicated frequencies.

values at high temperatures agree with the dc susceptibility data
at the same temperature. The in-phase susceptibility measure-
ments display features similar to the dc plot, including the
increase in y'uT at low temperatures before a frequency
dependent drop in the signal is observed around 4 K. The out-
of-phase susceptibility (y”, Figure 10) shows a partial peak at
frequencies greater than 500 Hz and tails for all the lower
frequency suggesting 7 might display behavior characteristic of
a slow magnetic relaxation and consequently SMM behavior.
In order to obtain an estimate of Uy and 7, for 7 in the
absence of y”y; peak in T vs frequency data, we have used the
x'm and y"y for the tails at four frequencies (v) and at different
T values to construct a log (y"/y'm) vs 1/T plot (Figure 11)
based on the Kramers—Kronig eq (eq 1),' where @ (= 27w) is
the angular frequency of the ac field. Fitting of the data and
X—{A = log(wr,) + Uor
Am ksT (1)

log
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Figure 10. Plot of y"y; signal for dried, microcrystalline complex 7 at
the indicated frequencies.
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Figure 11. Plot of In(y”/x') vs 1/T for 7 in zero-applied field at the
indicated ac frequencies. The solid lines are fits of the data; see the text
for the fit parameters.

averaging of the obtained parameters gave U =~ 18.8 & 1.8
em™ and 7, ~ 8.9 + 0.6 X 1077 .

4. CONCLUSION

In summary, Co',, 1, a series of Co™,Ln™ (Ln™ = Nd™ 2, Sm™
3, Gd 4, Tb™ s, D)}H 6) and Co', 7, complexes were
synthesized and structurally characterized. Of the two synthetic
routes tested, the first one yielded only Co", cubane species.
The synthetic route that produces Co"—Ln™ involves the
combination of Ln(NO;);xH,0/Co(OAc),/H,vab/NaOMe
in 0.4:0.5:1:1 ratio in methanol. This procedure also generates a
heptanuclear homometallic Co, compound. Compounds 2—6
are the fifth reported complexes containing phenolate/enolate
bridged Co™L,Ln™ core. Six of the reported complexes, 1, 3, 4, 5,
6, and 7, afford slow relaxation of magnetization and
consequently SMM behavior. The contribution of the Ln™
ion is evidenced by the different magnetic behavior observed in
the various Co",Ln" compounds. Thus, the foregoing results
illustrate how Co'™-Ln™ systems can provide a successful
platform to generate SMMs. At the same time, the study
highlights the need for more detailed understanding on various
factors that influence the magnetic outcome, opening up the
route for yet to be explored synthetic strategies.
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