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ABSTRACT: The use of (2-(f-naphthalideneamino)-2-hydroxymethyl-1-propanol)
ligand, H;L, in Ni/Ln chemistry has led to the isolation of three new isostructural
[Ni"4Ln";] metallic cages. More specifically, the reaction of Ni(ClO,),-6H,0, the
corresponding lanthanide nitrate salt, and H;L in MeCN, under solvothermal
conditions in the presence of NEt;,, led to the isolation of three complexes with the
formulas [NigGdy(OH)(HL)s(NO;)3]-5.7SMeCN-2Et,0-1.5H,0 (1-5.7SMeCN-
2Et,0-1.5H,0), [NigDy;(OH)s(HL)((NO,);]-2MeCN-2.7Et,0-2.4H,0 (2-2MeCN-
2.7Et,0-2.4H,0), and [NigEry(OH)4(HL)4(NO,),]-5.75MeCN-2Et,0-1.5H,0 (3-
5.75MeCN-2Et,0-1.5H,0). The structure of all three clusters describes a [Ln™.]
triangle capping a [Ni's] trigonal prism. Direct current magnetic susceptibility studies in
the 5—300 K range for complexes 1—3 reveal the different nature of the magnetic
interactions within the clusters: dominant antiferromagnetic exchange interactions for
the Dy™ and Er'™ analogues and dominant ferromagnetic interactions for the Gd™
example. Alternating current magnetic susceptibility measurements under zero external dc field displayed fully formed
temperature- and frequency-dependent out-of-phase peaks for the [Ni'¢Dy";] analogue, establishing its single molecule
magnetism behavior with Ug = 24 K.

B INTRODUCTION

assuming, of course, that an Arrhenius analysis is valid for such

One of the most active areas in the field of molecular magnetism
is the search for single molecule magnets (SMMs), i.e., molecules
that retain their magnetization once magnetized in the absence of
magnetic field' The number of such species has grown
exponentially over the last 2 decades, with the phenomenon
initially observed for transition-metal centers such as Mn, Fe, Co,
and Nj, with the [Mn,,0OAc] and the [Feg/tacn] molecules being
the very first examples.” In addition, in 2003 the mononuclear
complex (NBu,)[Pc,Ln] (Ln = Tb, Dy) was also found to
display SMM behavior, thus opening the way for 4f SMMs.”
Nowadays, the introduction of 4f centers in the field of SMM:s is
mainly due to the two fundamental properties of lantha-
nides—(1) their large magnetic moment, since they can host
up to seven unpaired electrons in the 4f orbitals, and (2) their
large magnetic anisotropy, due to the large spin—orbit coupling
present (with the exceptions of La™, Gd™, and Lu™)—both of
which are the main prerequisites for the appearance of SMM
behavior. Today, molecules with impressive SMM properties
have been reported with examples including 4f centers, while the
3d SMMs seem to have reached their peak. These new 4f-
containing species, either 3d—4f or purely 4f, display extremely
large energy barriers for the reorientation of the magnetization,
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systems.

We recently reported the use of the naphthalene-based triol
ligand H,L [L = 2-(f-naphthalideneamino)-2-hydroxymethyl-1-
propanol, Scheme 1] for the synthesis of polynuclear 3d

complexes® and Mn-4f complexes.® Herein, we report the use

Scheme 1. Structure of the Ligand Discussed in the Text and
Its Coordination Modes in 1-3
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of this triol Schiff base ligand for the synthesis of a new family of
enneanuclear [Ni"¢Ln™,] complexes.

B EXPERIMENTAL SECTION

All manipulations were performed under aerobic conditions, using
materials as received (reagent grade). Caution! Although no problems
were encountered in this work, care should be taken when using the
potentially explosive perchlorate anions. H;L was synthesized by the
reaction of 2-hydroxy-1-naphthaldehyde with 2-amino-2-methyl-1,3-
propanediol in MeOH, as described in the literature.” Elemental
analyses (C, H, N) were performed by the University of Ioannina
microanalysis service. Variable-temperature, solid-state, direct current
(dc) magnetic susceptibility data down to S K were collected on a
Quantum Design MPMS-XL SQUID magnetometer equipped with a 7
T dc magnet at the University of Edinburgh. Diamagnetic corrections
were applied to the observed paramagnetic susceptibilities using Pascal’s
constants. EDS measurements were performed on a JEOL JSM-6390LV
scanning electron microscope at the University of Crete.

General Synthetic Procedure for Complexes 1-3. All three
complexes were prepared from the reaction between Ni(ClO,),-6H,0
(110 mg, 0.3 mmol), the corresponding Ln(NO;);-6H,0 salt (0.3
mmol), and H;L (78 mg, 0.3 mmol) in the presence of excess base, NEt;,
in MeCN under solvothermal conditions (95 °C, 20 h). After cooling to
room temperature, the resulting green solution was layered with Et,O
(10 mL), and green crystals of the general formulas
[NigLn;(OH)¢(HL)4(NO;)5]-5.7SMeCN-2Et,0-1.5H,0 were isolated
in ~35—45% yields after ~3 days (Ln = Gd, 1-5.75MeCN-2Et,O-
1.5H,0; Er, 3- 5.75MeCN-2Et,0-1.5H,0). For the Dy analogue, the
formula was found to be [NigDy;(OH)(HL)s(NO;);]-2MeCN-
2.7Et,0-2.4H,0 (2:2MeCN-2.7Et,0-2.4H,0).

Anal. Calcd (found) for 1-2MeCN-1H,0: C 40.73 (40.57), H 3.78
(3.50), N 5.56 (5.51); 2-1MeCN-1H,0: C 40.23 (40.37), H 3.71 (3.43),
N 5.10 (4.96); 3-2MeCN-1H,0: C 40.30 (40.43), H 3.74 (3.48), N 5.50
(5.65).

X-ray Crystallography. Diffraction data for 1-5.75MeCN-2Et,0O-
1.5H,0, 2-2MeCN-2.7Et,0-2.4H,0, and 3-5.75MeCN-2Et,0-1.5H,0
were collected at 80 K on a Xcalibur R four-circle diffractometer with a
ruby CCD detector. The structure of 3 was solved by direct methods
with SHELXS. The structures of 1—3 were refined by full-matrix least-
squares techniques on F* with SHELXL.*® The refinement of the
structures for 1 and 2 was started by using the coordinates of the heavy
atoms taken from the isomorphous crystal 3. The H atoms were
included in an idealized geometry riding on their parent atoms with C—
H =0.95-0.99 A and with U,,(H) = 1.2U,((CH,CH,) or 1.5U,(CH,),
except for water H atoms, which were located in the Fourier maps and
refined with O—H distances restrained to 0.840(1) A and then parent
atoms were constrained (AFIX 3 instruction). Data collection
parameters and structures solution and refinement details for structures
2 and 3 are listed in Table S1 (Supporting Information). Crystals of
compound 1 decompose during measurements between room temper-
ature and 240 K and show slight twinning during decreasing of the
temperature to 80 K. Preliminary refinement, on data from twinned
crystal, had been made and showed that the structure is isomorphous
with crystal 3. Unfortunately, high residual peaks around heavy atoms
(Gd and Ni) had been observed, and for this reason, as well as the high R
factor (~0.17), these results are not of good quality.

B RESULTS AND DISCUSSION

Synthesis. The formation of complexes 1—3 occurred upon
the reaction of Ln(NO,);-6H,0 (Ln = Gd, Dy, Er), Ni(ClO,),
6H,0, and H;L in 1:1:1 ratio in the presence of an excess of NEt;
in MeCN, under high-pressure and high-temperature conditions,
according to eql:

7090

Intensity (a.u.)

ErNi Er
ErNi g

T — 77T
1.46 3.46 5.46 7.46 9.46 1146 1346 1546

Energy (eV)

Figure 1. EDS analysis of complex 3.

Figure 2. Molecular structure of 3. Solvent molecules and H atoms are
omitted for clarity. Color code: Ni = green, Er = purple, O =red, N =
blue, and C = gray.

& £A

Figure 3. Metallic core of complexes 1—3 described as (a) corner-
sharing [Ni,Ln,(HL),(OH),] cubanes and (b) corner-sharing [Ni,Ln, ]
tetrahedra. Color code: Ni = green, Ln = purple, and O = red.

6Ni(CIQ,),-6H,0 + 3Ln(NO,),-6H,0 + 6H,L + 60H"
MeCN _
—— [NigLn,(OH),(HL),(NO,),] + 12CIO,

+ 6NO,™ + 12H" + 54H,0 (1)
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Figure 4. (a) Square antiprismatic coordination sphere for Er(1) and
(b) triangular dodecahedron for both Er(2) and Er(3), as calculated
with the program SHAPE.

In order to investigate how the reaction’s conditions affect the
identity of the products, we tried changing the amount/nature of
the base used, as well as the time of the reaction. By repeating the
reaction in the absence of base, we were not able to isolate any
crystalline material; as expected, the presence of base is crucial for
the formation of the products, since besides deprotonating the six
H,L ligands it also provides the six y1;-OH™ groups present in the
structure (vide infra). In addition, despite the fact that we used an
excess of base, the ligands were not fully deprotonated, since all
six ligands were found to be in the doubly deprotonated HL*~
form. Furthermore, the nature of the base used (NEt;, NMe,OH,
and NaOH) did not change the identity of the products, as
verified by IR spectroscopy and X-ray powder diffraction. Finally,
repeating the reaction under normal laboratory bench conditions
did not lead to any crystalline material, thus showing the need for
high temperature and pressure for the formation of 1—3. For all
three clusters we obtained large, single crystals suitable for X-ray
single-crystal crystallography. In addition, we performed energy
dispersive X-ray spectroscopy (EDS) measurements, a powerful
tool that allows us to check the homogeneity of our crystals, in
order to investigate the purity of the bulk crystalline material of 3
(Figure 1); the Ni:Er ratio was found to be 64.9:35.1, in excellent
agreement with the theoretical value of 66.6:33.3 as established
by single-crystal X-ray crystallography

Description of Structures. Selected interatomic distances
and angles for clusters 2 and 3 are listed in Tables S2 and S3
(Supporting Information). Complexes 1 and 3 are isostructural,
while complex 2 differs only in the number of the cocrystallized
solvate molecules (2MeCN-2.7Et,0-2.4H,0 for 2 vs
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Figure 6. v, T vs T plot for complexes 1 ([Ni¢Gd;]), 2 ([NigDy,]), and

3 ([NigEr;]) under an applied dc field of 0.1 T. The solid line represents
a fit of the data in the 5S—300 K range (see the text for details).
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Figure 7. Curie—Weiss plot for complexes 1—3 for the 50—300 K range.

5.75MeCN-2Et,0-1.5H,0 for 1 and 3); therefore, we will only
provide a description of the [NigEry(OH)s(HL)s(NO3),]

Figure S. Crystal-packing of 3.

DOI: 10.1021/acs.inorgchem.5b01149
Inorg. Chem. 2015, 54, 7089—7095


http://dx.doi.org/10.1021/acs.inorgchem.5b01149

Inorganic Chemistry

S8 S9
(N O'
’ LV 2 1
I ¢4
” L4 A
] ’ A S2
®----®
" ‘ r ’ ‘
I 4 Y] I s
e 0 N ' a
Y .
4 [} S6, ‘
S4 . ¢ N
' Pid S
,,‘- .r - -- - -
L “‘ S§7

Figure 8. Exchange interaction scheme for 1. Color code: red line = J;,
blue line = J,, orange line = J5; Gd = purple spheres and Ni = green
spheres.

complex (Figure 2) and highlight any differences between them
and complex 2; complex 3 crystallizes in the triclinic space group
PT; its metallic core consists of a [Er;™"] equilateral triangle (Er--
Er = 3.6 A) capping a [Nig"] trigonal prism. The lanthanide
triangle is held in position by six y;-OH groups, with each one
bridging two Er'" ions and one Ni" ion. The [Nig"] trigonal
prism consists of six y43-Oy alkoxide groups, belonging to the six
doubly deprotonated 3.3111 (Harris notation)® HL*~ ligands,
and three 7':57":p nitrate groups responsible for bridging the
three [Ni, ] pairs located at the corners of the trigonal prism. The
depth of the prism is ~2.84 A, while its edge is ~6.4 A. All six
HL*"ligands adopt the same 3.3111 coordination mode.
Alternatively, the metallic core may be envisaged as three
corner-sharing [Ni,Er,] tetrahedra or, finally, as three corner-
sharing [Ni,Er,(HL),(OH),] cubanes (Figure 3). All Ni"
centers have an OsN coordination sphere adopting an octahedral
geometry, while the three Er' ions are eight-coordinate with
their coordination sphere being exclusively oxygen dominated.
Following a SHAPE analysis,” the theoretical polyhedra for the
lanthanide centers were found to be square antiprismatic for
Er(1) and triangular dodecahedron for both Er(2) and Er(3)
(Figure 4). The Ni--O, Ni-N, and Ln--O bond lengths are
~1.990—2.171, ~1.978—1.980, and ~2.29—2.36 A, respectively,
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Figure 10. Arrhenius plot using powder ac magnetic susceptibility data
for complex 2.

while the Ni---O---Nj, Ln---O---Ln, and Ni---O---Ln angles are in
the ~86.10°—-86.60°, 102.10°-103.46°, and 104.55°—106.28°
range, respectively.

In the crystal lattice there are no intermolecular H-bonds
between the clusters, while the molecules of 1 and 3 form sheets
of “tubes” in a head-to-tail fashion (Figure 5). Similarly, complex
2 adopts the same crystal packing as 1 and 3, while again no
intermolecular H-bonds are present. Complexes 1—3 join only a
small family of structurally characterized [MgLn;] (M = Cu, Fe,
Mn, Ni) cages of which there are only four examples: (i) complex
[CuDy;Lg] (LH, = 1,1,1-trifluoro-7-hydroxy-4-methyl-S-aza-
hept-3-en-2-one) with a trigonal prismatic structure,'® (ii) cluster
[FegDy;(p,-tea),(us-teaH),] (Hstea = triethanolamine) with a
conelike structure,"" (iii) complexes [MngLn,(L),] [HL= (S,E)-
4-(2-hydroxybenzylideneamino)-2-hydroxybutanoic acid] (Ln =
Dy, Tb, Gd),"* and (iv) cluster [NisLay(IDA)s)] (IDA =
iminodiacetate) with a hexagonal cagelike cluster."’

Finally, clusters 1—3 are the newest members of a growing
family of complexes featuring the H;L ligand and its
deprotonated form. Initially started with the isolation of two
[Cu,], [Ni,] and [Co™,Co";] clusters,’ followed by the
characterization of a family of [Mn"(Ln,] (Ln= Gd, Tb and
Dy) and herein with the isolation of 1—3, the ligand and its
deprotonated form can adopt three different coordination modes
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Figure 9. (a) Plot of yT vs T for complex 2 and (b) plot of yy
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Figure 11. Ground-state magnetic anisotropy axes for the Dy centers
present in 2.

leading to the synthesis of polynuclear complexes with beautiful
structures.

Direct Current Magnetic Susceptibility Studies. Varia-
ble-temperature dc magnetic susceptibility measurements were
performed for all three complexes in the temperature range 5.0—
300 K, under an applied field of 0.1 T, and are plotted as y\ T vs T
in Figure 6. For 1 the room temperature T of 32.14 cm® K
mol ™ is very close to the theoretical value of 30.55 cm® K mol™
for six non-interacting Ni"" ions (g = 2.13) and three non-
interacting Gd™ ions. Upon cooling, yT increases to reach the
maximum value of 44.80 cm® K mol ™" at 9 K, before it drops to
7.66 cm® K mol ™" at § K, suggesting the presence of either both
ferromagnetic and antiferromagnetic interactions or competing
interactions. For complex 2, the room temperature y, T of 48.50
cm® K mol ™ is slightly smaller than the theoretical value of 49.42
cm?® K mol™ for six non-interacting Ni" ions (g =2.13) and three
non-interacting Dy™ ions (S=°/,, L =5,]="/,, g="/5). Upon
cooling, the y\T product remains practically unchanged until
~50K, before it rapidly decreases to the minimum value of 25.89

3

cm® K mol™ at § K, suggesting potentially dominant
antiferromagnetic interactions; of course, this statement should
be met with caution, since the depopulation of the Stark sublevels
should clearly affect the shape of the curve. Finally, for 3, the
room temperature T of 40.28 cm® K mol™" is very close to the
theoretical value of 41.35 cm® K mol ™ for six noninteracting Ni'
ions (g =2.13) and three noninteracting Er'" ions (S =3/,, L =6,
J="/, g= ¢/;). Upon cooling, the yy T value decreases slightly
until ~15 K to a value of 38.03 cm® K mol ™, before it increases to
reach the value of 38.96 cm® K mol™" at 5 K. In order to get a
qualitative view of the dominant interactions present in each
cluster, we performed a Curie—Weiss analysis of the high-
temperature (50—300 K) magnetic susceptibility data (Figure 7),
yielding € values of 8.18, 0.74, and —3.03 K for 1, 2, and 3,
respectively, albeit this approach cannot exclude the effect of the
Stark sublevels” depopulation.

We were able to successfully fit the magnetic susceptibility data
for complex 1, adopting a three-] model (Figure 8) assuming the
following interactions: one ]| interaction between all neighboring
Gd—Gd pairs, mediated by two ;-OH groups, one ], between all
neighboring Gd—Ni pairs mediated via two p3-Op alkoxide
groups, and one J; interaction between neighboring Ni—Ni pairs
mediated through two p;-Op alkoxide (Ni—Oz—Ni = 86.1°) and
one 17":n":u nitrate group. Using the powerful program PHI'* and
employing the Hamiltonian eq2

A

+ 8,8 + 358, + 885 + 858, + 858, + 8,8, + 8.,
+ 8,8+ 8,50 — 2,85, + 88, + 8S5) @)

afforded J; = =042 cm™, J, = 0.80 cm™, and J; = 13.13 cm ™},
with gy = 2.13 and ggq = 2.00. These parameters lead to the S =
1/2) 3/2) 5/2) 7/2; 9/2z 11/21 13/21 15/27 17/2) and 19/2 SPin states being
populated, even at 2 K, and located within less than 2 cm™". All
values obtained are in excellent agreement with those reported
already in the literature; the exchange interaction between Gd—
Gd centers, ], should be very weak and either ferromagnetic or
alntiferromagnetic,15 ], between Ni—Gd should be weak and in
many cases have been found to be ferromagnetic,'® while the
interaction Ni—Nj, J;, should be ferromagnetic according to the
magnetostructural correlation reported for [Niy,(Og),] cubane-
like structures, according to which Ni—Og—Ni angles below 99°
should favor ferromagnetic interactions."”

Table 1. Ni—Ln SMMs with Fully Formed Out-of-Phase Peaks in the Absence of a Direct Current Field

complex”
{L'NiLn}{W(CN),}]
NizDYZ(L2)4(N03)z(DMF)2]
NizDYz(Lz)4(N03)2(MeOH)z]
[Tb2N14(L%)2CIZ(OH)Z(CH3O)2(CH30H)6] ClZ(CIO4)2
[DY2Ni4(L3)zC12(OH)2(CH3O)2(CH30H)5] Clz(CIO4)z
Ni(u-L*) (4-NO;)Dy(NO;),]
{DY (hfac)3}2{Ni(bpca) 23]
NisLny(OH)¢(LH)s(NO3);]
Ni,Dy;(HL?),]Cl

[
[
[
{
{
[
[
[
[
[Ni",Ln",(CH,C0,),(HL?),(H,0),](NO;),

U4 (K) 7o (s) ref
15.3 45%x 1077 18
18.5 54 %1077 19
21.3 1.5 %107 19

30 2.09 X 107° 20

32 107610712 20
7.6 7.2 %1076 21

49 1.3x107¢ 22
23.8 3.63x10°% this work
85/53.5 59% 107723 % 107¢ 23

19 423 x 1077 24

“L' = Schiff base of 2,2-dimethylpropane-1,3-diamine and 2-hydroxy-3-methoxybenzaldehyde; L= Schiff base of o-vanillin and 2-aminophenol; L* =
Schiff base of o-vanillin and diethylenetriamine; L* = N,N’,N”-trimethyl-N,N"-bis(2-hydroxy-3-methoxy-5-methylbenzyl)diethylenetriamine; hfac =
1,1,1,5,5,5-hexafluoroacetylacetonate; bpca = bis(2-pyridylcarbonyl)amine anion); L* = (E)-2,2'-(2-hydroxy-3-((2-hydroxyphenylimino )methyl)-5-
methylbenzylazanediyl)diethanol; LS = 2-methoxy-6-[ (E)-2"-hydroxymethyl-phenyliminomethyl ]phenolate.

7093

DOI: 10.1021/acs.inorgchem.5b01149
Inorg. Chem. 2015, 54, 7089—7095


http://dx.doi.org/10.1021/acs.inorgchem.5b01149

Inorganic Chemistry

Alternating Current Magnetic Susceptibility Studies.
For all clusters, ac magnetic susceptibility measurements were
performed on polycrystalline samples, in the 1.8—10 K range in
zero applied dc field and 3.5 G ac field oscillating at 200—1000
Hz range, as a means of investigating possible SMM behavior.
From all three complexes studied, only cluster 2, [NigDys;],
displayed interesting behavior; the in-phase, vy, (plotted as y,/'T
vs T, Figure 9a), signal decreases upon decreasing temperature,
indicating the presence of low-lying excited states with higher “S”
values than the ground-state. Furthermore, it displays frequency-
dependent out-of-phase, y”, signals below ~3.6 K, with fully
formed peaks (Figure 9b), thus proving SMM behavior. The ac
magnetic susceptibility data were fitted to the Arrhenius
relationship (eq 3)

7 = 7, exp(Ug/kT) 3)
where U, is the effective relaxation barrier, 7 is the characteristic
relaxation time, 7, is the pre-exponential factor, and k is the
Boltzmann constant, yielding only one activated regime with U
=23.84 K and 7, = 3.63 X 10~® s (Figure 10).

Furthermore, we were able to calculate the anisotropy axis for
each Dy ion using an electrostatic model recently reported by
Chilton et al., based on electrostatic energy minimization for the
prediction of the ground-state magnetic anisotropy axis.”®
Following this method and the program MAGELLAN, the
ground-state magnetic anisotropy axes in 3 were found to be
almost coplanar, “pointing” to the corners of the trigonal prism,
and tilted toward the capping nitrate ligands (Figure 11).

Finally, complex 2 joins a small family of Ni—Ln SMMs that
contains only a handful of compounds displaying fully formed
out-of-phase peaks in the absence of a dc field (Table 1).

B CONCLUSIONS

This work expands the use of the triol Schiff base ligand 2-(f-
naphthalideneamino)-2-hydroxymethyl-1-propanol, H;L, in
mixed-metal 3d—4f cluster chemistry. Initially employed in 3d
chemistry and followed by Mn-4f chemistry, this ligand has now
been employed in Ni-4f chemistry, leading to the synthesis and
characterization of a family of enneanuclear [NigLn] clusters (Ln
= Gd, Dy and Er), with the Dy analogue displaying SMM
behavior with U = 24 K. From our work so far concerning the
use of the H;L ligand, we have managed to isolate clusters with
nuclearities ranging from four up to nine that display interesting
magnetic properties. Further work, as a means of further
expanding the cluster chemistry of this ligand in other synthetic
schemes, is currently underway.
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Crystallographic table and bond distances/angles for complexes
2 and 3 and CIF files for 1—3. The Supporting Information is
available free of charge on the ACS Publications website at DOI:
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