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Abstract

This work reports the syntheses, crystal structures, magnetic properties and DFT
calculations of six novel polynuclear Ni' compounds  [Niy(p-HL")y(p-
N3)IN;*(CH;0H),2H0 - (1), [Nia(u-HL)a(p-N3)][NazNia(p-L)a(p-N3)o( CH;OH)(N3)]
“4CH;OH  (2), [Nig(u-L)o(1-N3)s((CH;OH)]-2CH;0H - (3),  [NagNig(u-L')a(w-OAc)(p-
N3)s(CH;0H)4]-2CH;0H (4), [Nig(u-L)a(u-CDa(C1)s] (5), [Nis(u-L)a(acac)(H,0)2] (6),
with uncommon structures and rare mixed-bridges between Ni" ions, which were prepared
from the versatile polytopic Mannich base ligand N,N’-dimethyl-N,N’-bis(2-hydroxy-3-
methoxy-5-methylbenzyl)ethylenediamine (H,L'). The anionic coligand (azide, chloride,
acetate and acetylacetonate) and reaction conditions play a crucial role in determining the
final structure of these compounds and consequently in their magnetic properties.
Compound 1 contains a Ni, cationic unit with rare di-p-phenoxido/p; -azide triple mixed
bridges whereas complex 2 is made from the same Ni, cationic unit as in 1, cocrystallized
with Na,Ni, neutral units, in which double , ;-azide bridges connect the Ni'ions, and azide
anions. Complexes 3 and 4 are Nis complexes with linear and defective dicubane structures,
respectively. In 3, rare p-phenoxido/p; j-azide/syn-syn acetate triple mixed bridges connect
central and terminal Ni" atoms whereas a double 1, | ;-azide planar bridging fragment links
the central Ni" ions. Complex 4, has two distinct types of mixed bridges, p-phenoxido
/i ia-azido and py-azido /pyj-azido and a double di-y;j-azido bridge, the latter
connecting the face-sharing Ni' ions. Complex 5 has a defective-dicubane structure with
double p-phenoxido/p;-chloro mixed bridges and di-ps-chloro bridges, whereas complex 6

has a bent structure with very uncommon single p-phenoxido bridges. The analysis of the
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magnetic properties reveals that in complexes 1-4 all magnetic pathways transmit
ferromagnetic interactions leading to S = 2 ground states for 1 and 2 and S = 4 ground states
for 3 and 4. In complex 5, the double p-phenoxido/ps-chloro mixed bridges and di-p3-chloro
bridges mediate antiferro- and ferromagnetic interactions, respectively, giving rise toa S =0
ground state. Complex 6 shows antiferromagnetic interactions between the Ni' ions through
single p-phenoxido bridging groups, leading to an S =1 ground state. DFT calculations on
the X-ray structures and model compounds were performed to support the magneto-

structural data of the above compounds.

Introduction

Polynuclear transition metal complexes with unpaired electrons in the spin ground
state have been profusely studied during the last few decades because of their relevance,
among other fields, in metalloenzimes' and molecular magnetism.” With regard to the latter
field, special attention has been recently focused in the search for coordination clusters
exhibiting slow relaxation of the magnetization and magnetic hysteresis below the so-called
blocking temperature, 75. These intriguing nanomagnets, called Single-Molecule Magnets
(SMMs),” have been suggested for applications in molecular spintronics, ultra-high density
magnetic information storage and quantum computing at molecular level." The SMM
behaviour is the result of a large spin ground state that undergoes considerable Ising-type
axial magnetic anisotropy (D), which gives rise to an energy barrier (U) that prevents
reversal of the molecular magnetization when the field is removed, leading to bistability."
The spin multiplicity of the ground state in homo- and heteronuclear coordination clusters
mainly depends on the nature of the metal ions, the magnetic exchange interactions between
them and their topology.” Therefore, to design systems with high spin ground states it is very
helpful to understand which are the main structural factors governing the magnetic exchange
interactions through the bridging ligands. In this regard, the experimental and theoretical
magneto-structural correlations, most of them derived from studies on dinuclear complexes,
are very useful tools for qualitatively assessing the magnetic coupling in coordination
clusters and then to get molecule-base materials with predicted magnetic properties.
Therefore, the adequate choice of the ligand (with specific donor sites and bridging modes),
metal ions (with specific spin and preferred stereochemistry) and anionic coligands (either

with an ancillary or bridging function) play a crucial role in determining the final
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architecture of the polynuclear complex and consequently its ground state and magnetic
properties.

We have recently shown that the Mannich base hexadentate ligand N,N’-dimethyl-
N,N’-bis(2-hydroxy-3-methoxy-5-methylbenzyl)ethylenediamine (H,L') is able to form
bis(p-diphenoxido) Cu; complexes, where the ligand acts in a compartmental form (see
Scheme 1, coordination mode a), with the two deprotonated phenol groups bridging
copper(IT) ions, and the methoxy groups remain uncoordinated.® The coordination chemistry
of the H,L' ligand remains almost unexplored and, to the best of our best of our knowledge,
only one additional paper dealing CuLn (Ln’" = Gd, Tb, Dy) complexes has been very
recently published, where the ligand acts in a compartmental mode but with the methoxy
groups coordinated to the Ln** ion (see scheme 1, coordination mode b).” As the H,L' ligand
is more flexible than the Schiff base counterparts, it should exhibit a higher versatility also
allowing the adoption of an open form with new coordination modes (see Scheme 1).
Therefore, the assembly of the fully- and semi-deprotonated ligand with metal ions and other
anionic coligands (which can also act as bridging ligands), would be a good strategy to
obtain polynuclear complexes exhibiting a wide diversity of structural types and magnetic
properties.

Following this strategy, in this paper we report on the synthesis, structural
characterization, magnetic properties and DFT theoretical calculations of six new
polynuclear Ni' complexes with different anionic coligands (azide, chloride and
acetylacetonate) where the fully or semideprotonated H,L' ligand acts in a open form with
different coordination modes. The Ni" ion has been chosen because it has considerable
magnetic anisotropy generated from the second order spin-orbit coupling and therefore it is a
promising candidate for preparing SMMs (despite this, only a few examples of nickel(Il)
single-molecule magnets have been reported so far).® It should be noted that the combination
of a diphenoxido-bridged Ni" fragment with other bridging ligands may lead to uncommon
mixed-bridged fragments able to mediate ferromagnetic interactions between the metal ions,

thus favouring a high spin ground state of the complex.

When azide is used as coligand three different phenoxide/azide mixed-bridged
complexes are obtained: a dinuclear complex [Ni(u-HL"),(u-N3)]N3-(CH30H),-2H,0 (1)
with a rare triple diphenoxido(u;;,;-N3) bridge connecting the Ni' ions, a complex salt

[Ni(-HL")(1-N3)][NasNip(p-L)a(n-N3)o(CH3;OH)(N3)]-4CH30H (2), where the cation is

the dinuclear entity of compound 1 and the anion a defective dicubane Ni,Na, anionic

3
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tetranuclear complex unit with double p;;;-N; bridges connecting the Ni' ions and
phenoxide/p; 1,1-N3 bridges linking the Ni" and Na ions, and, finally, a defective dicubane
Niy tetranuclear complex [Ni4(u—Ll)z(u—N3)4(CH3OH)2]'2CH30H (3) containing uncommon
ti,1,1-N3/pi 1,1-N3 and phenoxido/p 1,1-N3 bridges connecting the Ni" ions. A combination of
azide and acetate leads to the zig-zag hexanuclear complex [NazNi4(u-L1)z(u-OAc)z(u-
N3)4(CH30H)4]-2CH;0H  (4), with one double p;;;-N3 and two triple
phenoxido/acetate/p; 1 1-Nj triple bridge connecting the Ni' ions. With chloride as coligand,
the defective dicubane Niy tetranuclear complex [Ni4(u—Ll)2(u—Cl)2(Cl)2] (5) was obtained,
where the Ni" ions are linked by double p3-Cl and phenoxide/ps-Cl bridges. Finally, using
Ni(acac), as source of Ni" the single-phenoxido bridged bent trinuclear Niz complex [Nis(u-
L") (acac),(H,0),] (6) could be obtained. Complexes 1-4 and 5-6 exhibit overall

ferromagnetic and antiferromagnetic interactions, respectively.

Experimental

Materials and Physical Measurements. All reagents were obtained from commercial
sources and used as received. N,N'-dimethyl-N,N'-bis(2-hydroxy-3-methoxy-5-metilbenzyl-
ethylendiamine, H,L' (Scheme I) was prepared following a reported procedure.” Elemental
(C, H, and N) analyses were performed on a Leco CHNS-932 microanalyzer. IR spectra
were recorded in the region 400-4000 cm™ on a Nicolet 6700 FTIR spectrophotometer with
samples as KBr disks. Variable-temperature magnetic susceptibility and magnetization
measurements were carried out with a magnetometer Quantum Design SQUID MPMS XL5
for 1,2 and 6, SQUID MPMS-7T for 3 and Model 6000 PPMS for 4 and 5. Diamagnetic

corrections were estimated from the Pascal’s constants.

Computational Details.

All theoretical calculations were carried out at the density functional theory (DFT)
level using the hybrid B3LYP exchange-correlation functional,'® as implemented in the
Gaussian 09 program.'' A quadratic convergence method was employed in the self-
consistent-field process.'* The triple-{ quality basis set proposed by Ahlrichs and co-workers

has been used for all atoms."”” Calculations were performed on complexes built from

4
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experimental geometries as well as on model complexes. The electronic configurations used
as starting points were created using Jaguar 7.9 software.'* The approach used to determine
the exchange coupling constants for polynuclear complexes has been described in detail

elsewhere."
Crystallographic Refinement and Structure Solution.

Single crystals of suitable dimensions were used for data collection. For compounds 1,
2, 3 and 6 diffraction intensities were collected on a Bruker SMART APEX CCD
diffractometer, with graphite-monochromated Mo Ko (A = 0.71073 A) radiation at 100 K.
For data reduction, the “Bruker Saint Plus” program was used. The data were corrected for
Lorentz and polarization effects, and an empirical absorption correction (SADABS) was
applied. Structures were solved by SIR-97 and refined by fullmatrix least-squares methods
based on F* using SHELXL-97, incorporated in WinGX 1.64 crystallographic collective
package.

Intensity data for compounds 4 and 5 were collected at 100 K on a Agilent
Technologies SuperNova diffractometer (mirror-monochromated Mo Ko radiation, A =

0.71073 A) equipped with Eos CCD detector.

Data collections, unit cell determinations, intensity data integrations, routine
corrections for Lorentz and polarization effects and analytical absorption corrections with
face indexing were performed using the CrysAlis Pro software package.'® The structures
were solved using OLEX'" and refined by full-matrix least-squares with SHELXL-97."®
Final geometrical calculations were carried out with PLATON'? as integrated in WinGX.>
CCDC reference numbers for the structures of 1-6 are 981150-981155. Refinement special

details are given in ESI file.

Crystallographic parameters are summarised in Table S1.

Syntheses of Complexes.
[Niz(u-HL')2(u-N3)IN3-(CH;OH)-2HO (1).

To a suspension of H,L' (0.048 g, 0.125 mmol) in H,O (5 mL) a solution of
Ni(NOs3),-4H,0 (0.036 g, 0.125 mmol) in MeOH (5 mL) was added. The mixture was
stirred during 5 minutes until solution and then NaNj (0.0825 g, 1.25 mmol) in 1:1
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MeOH/H,0 (10 mL) was added and the mixture additionally stirred for 10 minutes. After
one hour, a green solid formed, which was filtered off and the filtrate left undisturbed at
room temperature. X-ray-quality green crystals were formed from the filtrate after two days,
which were collected by filtration, washed with MeOH/H,O and dried in vacuum. Yield:
0.0458 g, 68%. Anal. Calcd for C46H74aN19O12Nip: C, 51.32; H, 6.93; N, 13.01. Found: C,
51.12; H, 7.08; N, 12.94. Selected FT-IR data (cm™): v(azide) 2090vs, v(azide) 2021vs.

[Nip(u-HL")(1-N3)][NagNip(p-L')2(p-Na3)o(CH;OH)(N3)] -4CH;0H (2)

The synthesis of this compound is similar to that of 1 but using only methanol (20 mL)
as solvent. Yield: 0.033 g, 48%. Anal. Calcd for Co4H146N2002Na;Niy: C, 51.58; H, 6.72; N,
12.80. Found: C, 51.47; H, 6.98; N, 13.06. Selected FT-IR data (cm'l): v(azide) 2093vs,
v(azide) 2049vs.

[Nig(p-L")2(p-N3)s(CH;0H),]-2CH;0H (3)

To a solution of NiCl,-6H,0 (0.118 g, 0.5 mmol) and H,L' (0.096 g, 0.25 mmol) in
CH;0H (10 mL) was added NaNj3 (0.165 g, 2.5 mmol) in CH30H (10 mL). The mixture was
stirred during 30 minutes, and then was filtered and the filtrate kept undisturbed at room
temperature. After two days, crystals of 2 were obtained which were filtered off. The filtrate
kept undisturbed at room temperature for two months afforded green X-ray quality crystals
of 3. Yield: 0.036 g, 22%. Anal. Calcd for C4gH76N;6012Nis: C, 44.21; H, 5.87; N, 17.18.
Found: C, 44.06; H, 5.89; N, 17.56. Selected FT-IR data (cm™): v(azide) 2073vs.

This compound can also be directly prepared by using the same stoichiometry of the

reactants and triethylamine (H,L' /triethylamine = 1:2) to fully deprotonate the ligand.
[N32N14(H—L1)2(],1—0AC)2(H—N3)4(CH3OH)4] -2CH;0H (4)

H,L' (0.048 g, 0.125 mmol) and NaNj; (0.016 g, 0.25 mmol) were successively added
to a solution of Ni(OAc),-4H,0 (0.062 g, 0.25 mmol) in MeOH (20 mL). The mixture was
stirred during 30 minutes and then was filtered. The filtrate was allowed to stand at room
temperature for several days, whereupon green X-ray quality crystals of 4 formed, which
were collected by filtration, washed with MeOH/H,O and dried in vacuum. Yield: 0.042 g,
44%. Anal. Calcd for Cs4HgoN ;0 1gNisNay: C, 42.33; H, 5.92; N, 14.63. Found: C, 42.22; H,
5.82; N, 14.83. Selected FT-IR data (cm™): v(azide) 2080vs, v4s(COO) 1576vs.

[Nig(u-L)2(p-Cl)a(Cl)2] (5)
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A suspension of NiCl,-6H,0 (0.059 g, 0.25 mmol) and H,L' (0.048 g, 0.125 mmol) in
CH;CN (20 mL) was stirred and warmed up until boiling and then was cooled to room
temperature and filtered. The resulting blue solution kept at room temperature for one day
afforded red X-ray-quality crystals. Yield: 0.042 g, 58%. Anal. Calcd for C44HeoN4OgCl4Niy:
C,4597; H, 5.26; N, 4.87. Found: C, 44.71; H, 5.6; N, 4.68.

[Ni3(u-L')a(acac)>(H20)2] (6)

To a suspension of HoL' (0.048 g, 0.125 mmol) in acetonitrile (10 mL) was added a
suspension of Ni(acac), (0.032 g, 0.125 mmol) in acetonitrile (10 mL). The mixture was
stirred during 20 minutes and then was filtered. The filtrate was allowed to stand at room
temperature for several days, whereupon X-ray-quality green crystals of 6 were obtained.
Yield: 0.031 g, 63%. Anal. Calcd for CssH7sN4O14Ni3: C, 54.81; H, 6.64; N, 4.73. Found: C,
54.63; H, 6.92; N, 4.79. Selected FT-IR data (cm™): v(acac) 1606vs.

Results and discussion

The hexadentate H,L' ligand has been synthesized by using a Mannich type reaction

and can exhibit the coordination modes indicated in Scheme 1.

{@ a3 43P

-3 @@p@k Qgﬁ

o/ O M(3d)

é@a@él tt -

JANVAY FANDAY Q mes
®

Scheme 1. Structure of H,L' and its coordination modes
The reaction of the HoL' ligand with Ni(NO;),-4H,0 and NaNj3 in a 1:1:10 molar ratio
using a methanol/water 1:1 mixture afforded the diphenoxido-azide bridged dinuclear

cationic complex 1 (see Scheme 2), in which the monodeprotonated ligand acts in the

coordination mode ¢ (Scheme 1).
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[Nig(u1-HL")(u-N)IN-(CH;0H),-2H;0 (1) [Ni(u-HL)(1-N3)] [NazNiz(n—L")5(1—N3)2(CH3OH)(N3)]-4CH3OH (2)
\
o o/

1) NiCl,-6H,0

OH HO ANaNs  _ [Nig(u-L");(n-Na)a(CH;OH),]-2CH;0H (3)
H,L"'/Ni/NaN; = 1:2:10

N N > MeOH

/\_/\ "
H,L!
1) N|CI2-6H20
. H,L'/Ni=1:2 °
[Nig(-L");(acac);(Hz0);] (6) = ;CN [NaNij(ji-L")(1-OAc)z(11-N3)s(CH3OH),]-2CH;OH (4)

[Nig(p-L")2(n-Cl)2(C1),] (5)

Scheme 2. Reactivity of the H,L' ligand and complexes prepared in this work.

Under the same reaction conditions but using only methanol as solvent, the complex 2
was obtained, which is made from the same dinuclear cation complex as 1, a neutral
tetranuclear Na,Ni, complex and one azide as counteranion, where the fully deprotonated
ligand exhibits the coordination mode f. The isolation of 2 from the methanol solution may
be related with its low solubility in this solvent. This compound can also be obtained by
using NiCl,-6H,0, a Ni/ligand/azide 2:1:2 molar ratio and methanol as solvent. After
filtering off the crystals of 2, from the filtrate, crystals of compound 3 were obtained after
two months. In this compound the ligand is fully deprotonated and presents the coordination
mode e. The reaction of H,L' with Ni(Ac),-4H,0 and further with NaN3 in methanol, using
a Hle/ Ni'! /azide 1:2:2 molar ratio, led to the linear hexanuclear complex 4, where the
deprotonated ligand exhibits the coordination mode f. In view of these results, we guess that
in the reaction blend H,L'/ Ni"' /azide there must be a number of available (L')* and (HL')-
containing Ni' polynuclear complexes (including 1-4) with subtle differences in their core.
The formation of each species depend, among other factors, on the solvent and the (L')*
J(HL'Y/Ni"/N; ratio. For instance, a change in the solvent polarity could affect the
deprotonation state of the ligand and could decrease/increase the nuclearity of the Ni'

complexes due to their different solubility.
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When the ligand is allowed to react with NiCl,-6H,O in methanol and using a 2:1
Ni'/H,L' metal ratio, only the face-sharing defective dicubane complex 5 was obtained, in
which the fully deprotonated ligand exhibit the coordination mode d. Finally, the same
reaction as for 5, but using Ni(acac), instead NiCl,-6H,0 afforded the zig-zag trinuclear
complex 6, where the ligand acts in the coordination mode e. All these results clearly show
the important role of the anionic coligand (X) in determining the final polynuclear

architecture of the (L')* /(HL")/Ni'/X system.

A summary of the different polynuclear complexes obtained from the H,L'/Ni/X

reacting systems is given in Scheme 2.

Description of the structures

The crystal structure of 1 is shown in Figure 1 and consists of Ni, cationic units of
approximately C, symmetry, containing two monodeprotonated (HL')" bridging ligands and
one p;;-azide bridging group (end-on azide bridging group). The charge of the cationic
dinuclear units is balanced by a non-coordinate azide anion. Two methanol and two water
crystallization molecules are also present in the structure. Selected bond lengths and angles

for 1 are given in Table S2.

The monodeprotonated ligand uses the two amine nitrogen and two phenolic oxygen
atoms (one acting in a deprotonated form and the other one in a protonated form) for metal
coordination. Each of the protonated phenolic oxygen atoms is monocoordinated to Ni"
ions, whereas the deprotonated counterparts bridge the Ni" atoms. Therefore the ligand acts
in a 1k-Oza, 1K2-N, N’, 1x-0;a:2K-Ojs-tetradentate bridging form (Oss represents the
phenol oxygen atom), giving rise to a rather symmetrical diphenoxido-p; -azide-bridging
fragment (mode lc, scheme 1). The p, ;-azide bridging group with an acute Ni-N-Ni angle
of 83.42°, forces the Ni(O),Ni fragment to be rather folded with a hinge angle of 52.99° (the
hinge angle, B, is the dihedral angle between the two O-Ni-O planes in the bridging
fragment). Owing to the folding of the structure, the Ni---Ni distance and Ni-O-Ni bridging
angles show relatively low values of 2.8129(6) A and ~ 86.7°, respectively. The mean values
of the out-of-plane displacements of the O-C bonds belonging to the phenoxido bridging
groups from the Ni-O-Ni plane are 29.4° and 27.8°.

The NiN3O; coordination environment displays a distorted octahedral geometry, where

the three nitrogen atoms from the amine groups and the azide bridging ligand, and

9
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consequently the three oxygen atoms belonging to protonated monocoordinated phenolic
group and the deprotonated phenoxido bridging groups, occupy mer positions. In each

ligand, the phenolic oxygen atoms, deprotonated and protonated, are mutually trans.

Figure 1. Perspective view of the molecular structure of 1. Nickel, oxygen, nitrogen and carbon atoms are in
light green, red, light blue and grey, respectively. Azide counteranion, hydrogen atoms and solvent molecules
are omitted for the sake of clarity.

The Ni-N and Ni-O distances are found in the ranges 2.077(3)-2.118(3) and 2.024(2)-
2.138(2) A, respectively, the Ni-O distance for protonated phenolic groups being
significantly larger than that for deprotonated phenoxido groups, as expected. The variation
in angles between trans donor atoms at the metal center is small (8°) but the variation in
cisoid angles spans a wide range 76.60(11)-100.38(10)° for Nil and 77.31(10)-100.01(11)°
for Ni2.

Within the dinuclear Ni, unit, the protonated phenolic group of a ligand and the
oxygen atom of the methoxy group of the other ligand are involved in moderate hydrogen
bond interactions with O---O distances of 2.836 and 2.760 A, thus confirming the protonated
nature of the monocoordinated phenolic group. The coordinated and non-coordinated azide
groups, as well as the methanol and water molecules form moderate hydrogen bonds with
donor-acceptor distances in the range 2.677-2.984 A. It should be noted that there are not

intermolecular hydrogen bonds interactions connecting two dinuclear Ni, units.

10
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Compound 2 is formed by a anionic tetranuclear [NizNaz(p-Ll)z(m-
N3)2(CH30H)(N3)]™ unit and a dinuclear cationic [Niz(u-HLl)z(u-Ng)]+ unit. A perspective
view of the structure is given in Figure 2, whereas selected bond lengths and angles are

given in Table S2.

Figure 2. Perspective view of the molecular structure of 2. Nickel, sodium, oxygen, nitrogen and carbon atoms
are in light green, violet, red, light blue and grey, respectively. Disordered azide and methanol are represented
at the Nal position. Hydrogen atoms and solvent molecules are omitted for the sake of clarity.

The dinuclear unit is analogue to that of compound 1 but exhibiting a strict C,
symmetry, the two fold-axis passing through the p, ;-azide bridging ligand. The structural
parameters are very close to those observed for 1, with Ni-N,ig.-Ni and the Ni-O-Ni angles
of 84.52(12)° and 85.82(7)°, respectively, and the Ni---Ni distance of 2.8081(8) A. The
mean value of the out-of-plane displacements of the O-C bond belonging to the phenoxido

bridging group from the NiONi plane is 31.07°.

Within this dinuclear Ni, unit, the protonated phenolic group of a ligand and the
oxygen atom of the methoxy group of the other ligand are involved in moderate hydrogen

bond interactions with O---O distance of 2.748 A

The heterometallic Ni;Na, unit exhibits a face-sharing defective dicubane-like core
with two missing vertexes (Figure 2), in which two distorted octahedral Ni atoms, two Na
atoms with a very distorted six-coordinated polyhedron, two deprotonated (L')* ligands
exhibiting a 1x—0Opg, 1x-0;5:2x-O1p, 2K2—N,N’, 1k-O3p:2k-03p, 1x-O4p hexadentate

11
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bridging mode (O, and Oy represent the methoxy oxygen atoms), two p, ;-azide bridging
groups and two coordinated methanol molecules are present. The crystallographically
related Ni2 and Ni2’ atoms and N4 and N4’ nitrogen atoms of the p;;;-azide bridging
groups occupy the four vertices of the common face of the dicubane unit. The Ni atom
shows a NiN4O, coordination environment, which is made from the two amine nitrogen
atoms of the ligand, two nitrogen atoms from the azide bridging groups, and two oxygen
atoms belonging to the phenoxido-bridging groups of two different ligands connecting Na'
and Ni" atoms, which occupy frans positions on the tetragonally compressed octahedral Ni"
coordination sphere (the Ni-O distances of ~ 2.03 A are more than 0.1 A shorter than the Ni-
N distances in the equatorial plane). The Na' ions display a very distorted environment
which is made of the two methoxy and two phenoxo oxygen atoms of the two
crystallographically related L;* ligands, one methanol molecule disordered with an azide
anion and the nitrogen atom of one of the ps3-end-on azide bridging group, with Na-X
distances (X = N or O) in the range 2.265(2)-2.550(3) A. The high distortion of the NaOsN
arrangement could be due to both the non-directional nature of the electrostatic bonds and to
the rigidity of the Ni,L, skeleton. Each p,; ; -azide bridging group connecting the two Ni"
ions and one Na' give rise to Ni-N-Ni angles of 101.35(4)°, the azide ligand being tilted 45°
from the Ni(N),Ni plane. It should be noted that cocrystallization of two different complexes
in the same compound, as it has been shown to occur in 2, is a rather unusual fact.
Nevertheless, some examples of cocrystallized Ni'' complexes have been reported in recent

21
years.

Compound 3 exhibits a centrosymmetric face-sharing defective dicubane-like
structure, in which two vertices are missed. Within the cluster, Ni" ions are connected by
two phenoxido groups belonging to two deprotonated (L')* ligands, two w,1-N3 and two
u1,1,1-N3 bridging groups. The common face of the defective dicubane unit is formed by two
crystallographically related Ni2 and Ni2' atoms and the N4N and N4N’ nitrogen atoms of
the w1 -azide bridging groups. The dideprotonated ligand uses, in its coordination to the
Ni" jons, the two amine nitrogen atoms, the two phenoxido oxygen atoms, which bridge Nil
and Ni2 atoms and occupy vertices of the dicubane core, and one of the methoxy oxygen
atoms, thus exhibiting a 11k-O;a, 1K2—N, N, 1x-01a:2K-014, 2k—044 pentadentate bridging
coordination mode (mode e in Scheme 1). In addition to the phenoxido bridge, the metal
centers (Nil and Ni2) are also bridged by a p; -azide group, whereas the Nil and Ni2’
atoms are also bridged by a p; 1-azide group. The Nil-O1-Ni2, Nil-N1N-Ni2, Nil-N4N-N2,

12
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Nil-N4N-Ni2' and Ni2-N4N-Ni2' bridging angles are 108.64(14)°, 102.08(15)°,
101.10(14)°, 94.52(13)° and 92.84(13)°, respectively.

The coordination spheres around both types of Ni are completed as follows. The Nil
atom shows a NiN4O; coordination environment formed by the two amine nitrogen atoms
(N1A and N2A), the two oxygen atoms (O1A and O3A) belonging to monocoordinated and
bridging phenoxido groups of the same ligand (Ll)z' and the N1N and N4N nitrogen atoms
of the p;;-N3 and p;;1-N3 bridging groups. The Ni2 atom exhibits a NiN3O3 coordination
environment formed by the NIN, N4N and N4N’ nitrogen atoms of the p,; ;-N3 and p; ;;-N3
bridging groups, and the O2A, O1A and O1M oxygen atoms belonging to the coordinated
methoxy group, the phenoxido bridging group and the coordinated methanol molecule,
respectively. The Ni-O distances are in the range 1.956(3)-2.195(3) A, while the Ni-N
distances are in the range 2.047(4)-2.164(4) A, see Table S2. The mean value of the out-of-
plane displacement of the O-C bonds belonging to the phenoxido bridging groups from the
Nil(O1A)Ni2 plane is 18.47°, whereas the displacement of the p; ;-Nsand p, ; ;-N3 bridging
groups with respect to the Nil(NIN)Ni2’ and Nil(N4N)Ni2’ mean planes are 13.44° and
46.62°, respectively, and those of the p; ;1 ;-N3 from the Ni2(N4N)Ni2’ and Nil(N4N)Ni2
planes are 48.78° and 49.8°. The Nil(O1A)(N4N)Ni2 and Nil(N4N)(NIN)Ni2’ bridging
fragments are not planar but slightly folded with dihedral angles of 21.17° and 10.03°,
respectively. The Ni2---Ni2’, Nil---Ni2 and Nil---Ni2’ intracluster distances are 3.091,
3.202 and 3.320 A, respectively. The shortest intercluster Ni---Ni distance is 8.368 A. There
exist a moderate intramolecular hydrogen bond interaction involving the coordinated
methanol molecule and the monocoordinated oxygen phenolic atom with a O---O distance of
2.568 A.
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Figure 3. Perspective view of the molecular structure of 3. Nickel, oxygen, nitrogen and carbon atoms are in
light green, red, light blue and grey, respectively. Hydrogen atoms and solvent molecules are omitted for the
sake of clarity.

The compound 4 shows centrosymmetric linear hexanuclear structure (Na,Ni4), the Na
atoms being located at the ends of the molecule. This unique hexanuclear structure is made
from two NaNi, trinuclear units connected by a double p; ;-N3 group. Within each trinuclear
unit, Ni'" atoms are linked by a phenoxido/ wi.1-Ns/syn-syn acetate triple bridge. The ligand
acts in a fully deprotonated 1x-O;a, 1k—0;a:2k—014a, 2Kk-N, N’, 2K-034:3k-034, 3K—04p
hexadentate bridging form (mode f in schemel). Both crystallographically independent Ni"
atoms exhibit a NiN3O; coordination sphere, which is formed, in the case of the Nil atom,
by the two nitrogen amine atoms, the oxygen atoms OlA and O3A belonging to the two
phenoxido-bridging groups, the O1B oxygen atom from the syn-syn acetate group and the
NIN atom of the p, ;-azide bridge. The N atoms, and consequently the O atoms, are in mer
disposition. The Ni2 atom is surrounded by the O3A phenoxido oxygen atom, the
coordinated methoxy oxygen atom (O4A) and the O2B oxygen atom belonging to the
carboxylate group, which are in fac disposition, whereas the nitrogen atoms N1N, N4N and
N4N’ of the three p; -azide bridges occupy the remaining fac positions. The
Ni2(N4N)(N4N’)Ni2’ bridging fragment is planar but Nil(O3A)(NIN)Ni2 bridging
fragment is folded with a dihedral angle between the planes formed by NINNi2O3A and
O3ANIiIININ atoms of 28.59°. The Nil(O3A)Ni2 and Ni2(NIN)Nil bridging angles are
95.55(16)° and 92.6(2)°, respectively, whereas the Nil---Ni2 distance is 3.04 A. The mean
value of the out-of-plane displacements of the O-C bonds belonging to the phenoxido
bridging groups from the Nil(O3A)Ni2 plane is 61.29°, whereas the deviation of the end-on
bridging group with respect to the Nil(N1N)Ni2 is 42.91°.The Ni2(N4N)Ni2 bridging angle
and the Ni2---Ni2’ distance are 101.1(2)° and 3.198 A.

The Na atom shows a NaO5 coordination environment with a distorted square-
pyramidal geometry. In this description the basal plane is formed by the oxygen atoms
belonging to the phenoxido bridging group (Ol1A) and the methoxy group (O2A) of the
ligand, the molecule of methanol (O2M) and the acetate bridging group (O1B). The axial
position is occupied by the oxygen atom of the other methanol molecule (O1M). The

average distance in the basal plane is 2.325 A, whereas the apical distance is 2.172(15) A.
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The deviation of Na atom from this basal plane is 0.511 A. The shortest Ni---Ni

intermolecular distance is 9.963 A.

Figure 4. Perspective view of the molecular structure of 4. Nickel, sodium, oxygen, nitrogen and carbon atoms
are in light green, violet, red, light blue and grey, respectively. Hydrogen atoms are omitted for the sake of
clarity.

The structure of 5 is given in Figure 5 whereas selected bond distances and angles are
listed in Table S2. As observed for 3, the structure of compound 5 consists of
centrosymmetric face-sharing defective dicubane-like neutral molecules. Two types of
octahedrally coordinated Ni atoms, Nil and Ni2, can be distinguished. The
crystallographically related Nil and Nil’ occupy two vertices of the common face of the
dicubane unit and are connected by two ps-chloride bridging ligands with Nil-CI1-Nil’
bridging angles of 90.27(16)° and a Nil---Nil’ distance of 3.531 A. Ni2 and Ni2’ ions
occupying the outer part of the Niy molecule, are connected to the central Nil and Nil’ ions
through two non-equivalent p-phenoxido/us-Cl double bridges with Ni2-Cl-Nil and Ni2-O-
Nil bridging angles of 86.06(17)° and 113.4(5)° for a bridging fragment and 85.01(17)° and
112.6(7)° for the other one. The corresponding Nil---Ni2 distances for these almost planar
bridging fragment are 3.372 A and 3.352 A, respectively. The fully deprotonated ligand
exhibits a symmetrical 2K-O4a, 2Kk—Oja:1K—0Oj4p, 2K2—N, N, 2K-O34:3x-034, 1xk—Og4np
hexadentate bridging mode (mode d in scheme 1). Besides the presence of p;-Cl groups
instead of ps-azide groups connecting the Ni ions of the central bridging fragment, the most
significant difference between 3 and 5 is the existence of p-X/p-phenoxido and p;-X/p-

phenoxido double bridges connecting the central and outer Ni ions in the former (X = azide),
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instead of the two ps-X/p-phenoxido found in the latter (X = chloride). The central Nil
atoms show a NiN,O,Cl, distorted octahedral coordination environment, which is formed by
two cis-amine nitrogen atoms and two trans-phenoxido-bridging oxygen atoms of the (L')*
ligand and two cis-p3-Cl monoatomic ligands. The outer Ni2 atoms displays a NiO4Cl,
coordination sphere which is made from four oxygen atoms, two of them belonging to the
phenoxido-bridging group and the other two belonging to monocoordinated methoxy groups
of the ligand (both couples of ligands adopt a cis disposition), whereas the remaining
positions are occupied by one p3-Cl ligand and one monocoordinated Cl ligand. The Ni-O,
Ni-N and Ni-Cl bond distances are in the ranges 1.989(12)-2.347(10) A, 2.105(12)-
2.132(16) A and 2.278(6)-2.501(4) A, respectively. The mean values of the out-of-plane
displacements of the O-C bonds belonging to the phenoxido bridging groups from the
NilONi2 plane are 29.66° and 33.1°. Tetranuclear molecules of § are well isolated in the

structure, the shortest intercluster Ni---Ni distance being of 7.622 A.

Figure 5. Perspective view of the molecular structure of 5. Nickel, Chlorine, oxygen, nitrogen and carbon
atoms are in light green, yellow, red, light blue and grey, respectively. Hydrogen atoms are omitted for the sake
of clarity.

Compound 6 is made of unique bent trinuclear entities with C, symmetry, in which the
central and outer Ni" ions are bridged by single phenoxido bridging groups (Figure 6). The
fully deprotonated (Ll)z' ligand adopts a 2Kk-Oja, 2k—0j4:1x-01a4, 2K2-N, N’, 1k-Os3a
pentadentate coordination mode, with single-bridging and monocoordinated phenoxido
groups and uncoordinated and monocoordinated methoxy groups. The central Ni2 atom
exhibit a distorted octahedral NiOg coordination sphere, which is formed by two coordinated

water molecules in cis disposition and two methoxy and two phenoxido-bridging oxygen

16
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atoms (in frans disposition) belonging to two different (Ll)z' ligands. The octahedrally
distorted NiN,O4 coordination environment of Nil, is made from two amine nitrogen atoms,
one monocoordinated phenoxido oxygen atom (O3A) and the phenoxido-bridging oxygen
atom (O1A) of the deprotonated (L')* ligand, whereas the other two remaining positions are
occupied by the oxygen atoms of an acetylacetonate bidentate ligand. The Ni-O distances
are in the ranges 2.015(2)-2.110(2) and 2.018(2)-2.090(2) A for A for Nil and Ni2,
respectively (selected bong angles are given in Table S2). The mean value of the out-of-
plane displacement of the O-C bonds belonging to the phenoxido bridging groups from the
Nil(O1A)Ni2 plane is 18.13°. It should be noted that each molecule of water is involved in
a trifurcated four-centered hydrogen bond with the oxygen atoms belonging to the
uncoordinated methoxy group, the monocoordinated phenoxido group and one of the
oxygen atoms of the bidentate acetylacetonate ligand with O---O donor acceptor distances of
2.843A,2.727 A and 2.699 A, respectively (Figure S1, ESI). These moderate intramolecular
hydrogen bond interactions are ultimately responsible for the bent conformation of the Nij;
molecules. Ni; molecules are well isolated in the structure, the shortest Ni---Ni

intertrinuclear distance being of 8.973 A.

Figure 6. Perspective view of the molecular structure of 6. Nickel, oxygen, nitrogen and carbon atoms are in
light green, red, light blue and grey, respectively. Hydrogen atoms are omitted for the sake of clarity.

Magnetic Properties
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The temperature dependence of the magnetic properties of powdered polycrystalline
samples of 1-6 under a constant magnetic field of 0.1 T in the 2—300 K range are
represented in the form )T vs T plots (yu being the molar paramagnetic susceptibility of
the compound) in Figures 7-12, respectively.

The ymT values at room temperature for 1, 2, 3 and 4 (2.65 cm’ mol_lK, 5.23 cm’mol”
'K, 5.88 cm’mol 'K and 5.35 cm’mol 'K respectively) are significantly higher than those
expected for uncoupled Ni** ions (S = 1) with g = 2.0 (2.0 cm’mol 'K for 1 and 4.0 cm’mol”
'K for 2 and 4), which is mainly due to the orbital contribution of the Ni" ions. When the
temperature is lowered, the ymT for complexes 1, 2, 3 and 4 steadily increases reaching a
maximum at 25 K (3.48 cm’mol 'K), 15 K (6.91 cm’mol 'K), 10 K (11.48 cm’mol 'K) and
9 K (11.16 cm’mol 'K), respectively. Below the temperature of the maximum, the yyT
decreases down to 2 K to reach values of 2.95 cm® mol™ K, 5.84 cm® mol™ K, 8.78 cm® mol’
"' K and 9.36 cm’mol 'K for 1, 2, 3 and 4, respectively. This behaviour confirms the
existence of significant intramolecular ferromagnetic couplings between the Ni'' ions leading
to a § =2 ground state in 1, two S = 2 ground states in 2 and a S = 4 ground state for 3 and
4. The decrease in yT at low temperatures is more likely due to zero-field splitting effects

(ZFS) of the ground state and/or intermolecular antiferromagnetic interactions.
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Figure 7. Temperature dependence of y,,7 for 1.The solid line is generated from the best fit to the magnetic
parameters. Inset: Field dependence of the magnetization for 1. The black solid line represents a simulation

with the parameters extracted from the best fit of the magnetic susceptibility data.

The magnetic properties of 1 have been modelled by using the following Hamiltonian:
2
H =-JS Sy, + Z DNiSJZViz
i=1

where J accounts for the magnetic exchange coupling between the Ni*" ions and Dy

accounts for the axial single ion zero-field splitting parameter of the Ni' ions (Dy; is
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assumed to be the same for both Ni*" ions). The fit of the experimental susceptibility data
with the above Hamiltonian using the full-matrix diagonalization PHI program® afforded
the following set of parameters: J = +46.9 em™, g=2.16and D=4.9 cm’ {R= 8.4x107 (R
= Z[(;(MT')exp.—(;(MT)calcd.]z/Z(;(MT)exp)z}. As expected, similar values were obtained with
negative values of D, but the quality of the fit got worse (see ESI). The Dy; values are in
agreement with the expected single-ion values reported in the literature.> When Dy; was
fixed to zero and a term accounting for the intermolecular interactions by means of the
molecular field approximation, -z/°<S,>S,, was introduced in the Hamiltonian, the fit led to
the slightly different magnetic parameters: J = +40.9 cm™, g =2.18 and zJ° = -0.067 cm™ (
R = 5.5x107). As usual, the extracted J value when zJ> = 0 is higher than that extracted for
D = 0. It should be noted that the Dy; values obtained with z/> = 0 and the zJ° values
obtained with Dy; = 0 can be considered as the limit values for these parameters, as zJ/’and
Dy are strongly correlated and provoke the same result at low temperature. Therefore, these
parameters cannot be accurately determined by the fit of the magnetic data. Hereafter, for all
the compounds we will keep the data extracted with zJ’ fixed to zero for discussions and
comparative purposes.

In keeping with the structure of 2, we have analyzed the data of this compound with

the Hamiltonian

z

4
H ==JSyiSnin =S 1S yisS yia +ZDNiS]%/iz _ZJ'<SZ>S

i=1
where J and J; are the magnetic exchange couplings through the (diphenoxido)(u, ;-N3) and
double (n;;-N3) bridging fragments of the Ni, and Na,Ni, units, respectively, and zJ’
accounts for the intermolecular interactions using the molecular field approach. Dy; is
assumed to be the same for the two types of Ni*" ions that are present in the structure. As
indicated above, D and z/J’ are closely related and their independent contributions cannot be
accurately determined from the fit of the magnetic data. Therefore, we have fixed to zero
either zJ” or D. For zJ’ fixed to zero, the fit of the experimental susceptibility data with the
above Hamiltonian using the full-matrix diagonalization PHI program® afforded the
following set of parameters: J = +53.1 cm™, J=+26.5 cm’ g=2.16and D =5.07 cm™ with

R = 3.3x10°. As in the case of 1, similar values were obtained with negative values of D,

but the quality of the fit got worse (see ESI).
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Figure 8. Temperature dependence of y,,7 for 2.The solid line is generated from the best fit to the magnetic
parameters. Inset: Field dependence of the magnetization for 2. The black solid line represents a simulation
with the parameters extracted from the best fit of the magnetic susceptibility data.

The field dependences of the molar magnetization at 2 K for compounds 1 and 2
(inset Figure 7 and 8) match well with the curves generated with the magnetic
parameters extracted from the best fit of the magnetic susceptibility data.

The experimental susceptibility data for 3, with a centrosymmetric face-sharing
defective dicubane-like structure, were modelled with the following three-/ Hamiltonian
(see inset Figure 9):

H = _Jl (SNiISNiZ + SNil'SNiZ') - Jz (SNil'SNiZ + SNilSNiZ') - J3 (SNiZSNiZ')
where Ji, J; and J; describe the exchange pathways through the y-phenoxido/p, -
azide, p,,--azide/n,  -azide and p,; -azide/p;  ;-azide, respectively. The D parameter
accounting for the local anisotropy of the Ni" ions was not included in the Hamiltonian
to avoid overparametrization. In consequence, only data above 25 K, which are not
affected by the effects of D, were fitted with the above Hamiltonian. The best fit led to
the following set of parameters: J; = +33.5 cm™, J, =+2.0 cm™, J;=+17.4 cm™ and g =
2.23 with R =2.1x10™,
The defective-cubane core of 3 exhibits three magnetic exchange pathways: (i)
double-p, , -azide, (ii) double p;; -azide/p; -azide and (iii) double p-phenoxido/p, ;-

azide.
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Figure 9. Temperature dependence of y,,T for 3.The solid line is generated from the best fit to the magnetic

parameters. Inset top: Field dependence of the magnetization for 3. The black and red solid lines represent
Brillouin functions for an S = 4 ground state and for the sum of four Ni" ions with S = 1, respectively. Inset

botton: Magnetic exchange pathways in compound 3.

According to the structure of compound 4, the susceptibility data were modeled

with the following two-J Hamiltonian (see inset Figure 10):
H ==J,(SyuSyi2 + SnitSyin) =L (SyiaSyi)
where J; and J, describe the magnetic exchange pathways through the triple bridge
u-phenoxido/y, ;-azide/p-syn-syn acetate and double u,,-azide bridge, respectively. In
order to avoid overparametrization we have fitted the data above 20 K to eliminate the

effect of the anisotropy and possible intermolecular interactions. The best fit parameters

were: J; =+28.8 cm™, J, =+81.9 cm™'and g = 2.11 with R = 5x107.
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Figure 10. Temperature dependence of y,,7 for 4.The solid line is generated from the best fit to the magnetic

parameters. Inset top: Field dependence of the magnetization for 4. The black and red solid lines represent
Brillouin functions for an S = 4 ground state and for the sum of four Ni" ions with S = 1, respectively. Inset

botton: Magnetic exchange pathways in compound 4.

The field dependence of the molar magnetization at 2 K for compounds 3 and 4
are given (inset Figures 9 and 10), is above the Brillouin function for the sum of the
contribution of four isolated Ni" ions (red lines), which corroborates the existence of
ferromagnetic interaction between the Ni*" ions. However, the experimental data are
below the Brillouin function for a § = 4 ground state, which is due to the presence of

significant anisotropy and possible intermolecular interactions.

The ymT values at room temperature for complexes 5 and 6 (4.76 and 3.40 cm’mol”
'K, respectively) are close to those expected for four and three uncoupled Ni' jons (S = 1)
with g = 2.0 (4.0 and 3.0 cm’mol 'K, respectively). As can be observed in Figures 11 and
12, the ymT product remains almost constant for 5 until 40 K and decreases with decreasing
temperature until ~75 K for 6, respectively. Below these temperatures, the yu7 product
sharply decreases to reach a value of 0.87 cm®mol 'K at 2 K for 5 and a quasi plateau at 5 K
of 1.2 cm®mol 'K for 6. For the latter complex, the yu7 decreases again down to a value of
0.85 cm’mol 'K at 2 K (see inset Figure 12). This behaviour suggests the existence of a
weak to moderate global antiferromagnetic interaction in both compounds leading to S = 0

and S = 1 ground states for § and 6, respectively. The fact that ym7 value for 6 at 2 K is
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lower than that expected for a triplet state (~ 1 cm’mol 'K ) is due to the existence of
significant zero-field splitting effects promoted by the local anisotropy of the Ni' ions,

which are the main factor responsible of the decrease ym7 at very low temperature.
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Figure 11. Temperature dependence of y,,T for 5§ The solid lines is generated from the best fit to the magnetic
parameters. Inset left: Field dependence of the magnetization for 5. The black solid line represents a simulation
with the parameters extracted from the best fit of the magnetic susceptibility data. Inset right: Magnetic
exchange pathways in compound 5.

In order to know the influence of the Ni' local anisotropy on the magnetic properties
of Niy defective cubane complex 5, we have performed simulations with the PHI program®
on the three-/ model indicated in the inset of Figure 11 (absolute D values were varied
between 0 and 4 cm™). In all cases_ the results of the simulations clearly show that the
influence of D is a very weak effect, very difficult to evidence from the magnetic
susceptibility data. This is in good accordance with the results previously reported for
chain® and dinuclear Ni" complexes.” In view of the above considerations and to avoid
overparametrization, the magnetic data were analysed by using the following isotropic spin
Heisenberg Hamiltonian, in which the local anisotropy of the Ni" ions was not taken into

account and J; and J, were considered to be equal:

H :_‘]1 (SNilSNiz + SNilSNi2") _Jz(SNil'SNi2 + SNilSNi2') _J3(SNi1SNi1')
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A good fit was obtained with the following parameters: J; = 1.92 em™, J; = +7.2 cm™
and g = 2.18 with R = 2.5x10°°. Assuming J; = J,, the combination of sign for J; and J;
found in S (antiferromagnetic and ferromagnetic, respectively) does not lead to spin
frustration because they are not competing interactions. The ground state is singlet for all J;
/Js ratios and the first excited state a triplet lying at 1.92 cm™ above the ground state.

According to the bent trinuclear arrangement of Ni' ions in compound 6 with C,
symmetry (see inset Figure 12) the magnetic data have been analyzed according to the
following Hamiltonian:

3
H =—J,(SyiSyia + SyinSnin) + ZDNiSZ

Niz
i=l1

where J; represents the magnetic couplings between the central and external Ni" ions.
As the trinuclear molecules are very well isolated in the structure, to take into account the
decrease at very low temperature, we have considered the local anisotropy of the Ni" ions
(Dn;j is assumed to be the same for the two types of Ni%* ions). The best fit led to the
following parameters: J;, = -6.8 cm™, g = 2.19 and D = 4.4 cm™ with R =8x10”. Similar

values were obtained with negative values of D, but the quality of the fit got worse (see ESI)
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Figure 12. Temperature dependence of y,,T for 6.The solid line is generated from the best fit to the magnetic
parameters. Inset top: Magnetic exchange pathways in compound 6. Inset bottom left: highlight of the low

temperature portion of the y),T vs T plot. Inset bottom right: Energy levels diagram for 6.

The field dependence of the molar magnetization at 2 K for compounds 6 (Figure
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S2 ESI), is slightly below the Brillouin function for a § = 1 and g =2.2, thus supporting
the nature of ground state. The deviation from the Brillouin function is more likely due
to zero-field splitting effects. At applied magnetic field higher than 4T, the experimental
points are above the Brillouin function and the magnetization does not achieve a
complete saturation at 5T. This behaviour suggests the presence of low-lying excited
states that are partially [thermally and field-induced] populated.

In order to support the experimental J values found for compounds 1-6, DFT
calculations using the broken-symmetry approach were carried out on the X-ray
structures as found in solid state. As it can be observed in Table 1, the calculated values

are in good agreement in sign and magnitude with those of the experimental results.

Table 1.- Magnetic pathways and magnetic coupling constants for complexes 1-6.

Compound Magnetic pathways Jexp (cm™) Jeare (cm™)
1 di-p-phenoxido/p, j-azido +46.9 +53.3
2 di-p-phenoxido/p, j-azido +53.1(J) +54.3 (J)
di-}ll.l.]-azido +26.5 ('-]1) +30.3 (J])
Wy j-azido /p, 1 j-azido +33.5(J)) +45.3 (J))
3 p-phenoxido/p, ; ;-azido +2.0 (J») +9.2 (J»)
Di-p 1 1-azido +17.4 (J3) +23.7 (J5)
4 u-phenoxido/(syn,syn) acetate/p, ;-azido +28.8 (J)) +37.1 (J))
Di-p, 1-azido +81.9 (J,) +83.7 (J2)
p-phenoxido /ps-chloride 192 () -1.26 (J))
5 u-phenoxido /u;-chloride 10 ( Jl) -12.54 (J,)
Di-ps-chloride o +8.75 (J3)
6 p-phenoxido -6.58(J)) -6.3 (J1)

Ji and J, were considered to be equal.

Rationalization of the experimental magnetic properties in terms of the structural
parameters.

The ferromagnetic coupling exhibited by complex 1 can be justified by analyzing the
separate effects of the diphenoxido and p; ;-azide-bridging group connecting the octahedral
Ni' ions. Let us start with the diphenoxido-bridged Ni(O),Ni fragment. Experimental and
theoretical magneto-structural correlations carried out by us®® and others®” have clearly
shown that the Ni-O-Ni bridging angle (8) is the main factor affecting the nature of the
magnetic exchange interaction in planar hydroxido-, alkoxido- and phenoxido- Ni(O),Ni
complexes. Thus, for Ni-O-Ni angles close to 90°, a ferromagnetic coupling is expected. As
the Ni-O-Ni angle deviates from 90°, the ferromagnetic coupling decreases and becomes
antiferromagnetic at values of ~ 96-98° (the AF coupling is favoured when 6 increases).
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Moreover, it has been shown from theoretical studies® that, on the one side, the AF
interaction increases when 7 (the out-of-plane displacement of the phenyl carbon atom from
the Ni,O, plane) decreases and, on the other side, the AF increases when 3 decreases (hinge
angle between the O-Ni-O planes in the bridging region). In view of this, it is reasonable to
guess that small 6 angles (in the vicinity of 90-95°) combined with larger T (> 30-40°) and 3
values (> 20°) should lead to weak AF or even F interactions in diphenoxido-bridged
nickel(I) complexes. Taking into account these magneto-structural correlations, the folded
Ni(O),Ni diphenoxido-bridging fragment in complex 1, with mean 6 and t angles of 86.7°,
28.6° and a B of 50.5° should transmit F interactions between the Ni*" ions. It is well known
that the p, j-azide-bridging group generally transmits ferromagnetic interactions between the
Ni*" ions®® and it was theoretically shown® for double . 1-dinuclear Ni complexes that the
ferromagnetic interaction reach a maximum value for 6 =104° and then steadily decrease
with decreasing 6. In view of the above considerations the large ferromagnetic interaction
between the Ni' ions observed for 1 is not unexpected.

Although numerous examples of structurally and magnetically mixed-bridged
dinuclear Ni'" complexes exist, only in one of them the Ni" ions are connected by two
diphenoxido and one p,;-azido bridging group.®® This compound of formula [Niszz(um—
N3)(w1,1,1-N3)n (HL2 is a N,O tridentate chelate Schiff base ligand) exhibits a 1D polymeric
chain structure where the diphenoxido(p; ;-N3)-bridged dinickel(Il) units, [Nilez(ul,l-Ng)],
are connected by p;;;-N3 bridging groups. Therefore, complex 1 represents the first
example of a genuine dinuclear Ni'' complex containing a triple diphenoxido(p; ;-N3) bridge.
From the magnetic point of view, the polymeric compound [Niszz(Ml’l-N3)(H1,1,1-N3)]n 1sa
F/AF alternating chain with a J value for the ferromagnetic interaction mediated by the triple
diphenoxido(p; ;-N3) bridge of +34.2 cm™, which is significantly smaller than those
extracted compound 1. However, the DFT calculated J value for a dinuclear model
[Nilez(ul,l—N3)(N3)2], built from the crystal structure but exhibiting two terminal azide
ligands, was +59 cm™, which is larger but close to that calculated for 1 of +53 cm™.

In order to know if, besides the Ni-N-Ni angle (0), other structural parameters of the
1 1-azide bridging ligand, affect the magnitude of the magnetic coupling in this type of rare
triple bridged di-p-phenoxido- pi-azide dinuclear Ni" unit, we have performed DFT
calculations on a model compound where azide and nitrogen donor atoms of the ligands
have been replaced by ammonia molecules (Figure 13). In particular, taking as starting point

the X-ray structure of 1, we have calculated the effect of the following structural factors: (i)
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the variation of the Ni-N,,iq¢. distance with an concomitant change of the Ni-N,;q¢.-Ni angle
(6) (ii) the in plane motion (rocking) with O being constant (iii) out-of-plane (wagging)
motion with 0 being constant (iv) azide direct transfer where the Nymmonia-Ni-Nazide angle
varies as well as one of the Ni-N,,iq. distances giving rise to an asymmetric azide bridging
mode and (v) the same as iv but with the concomitant change of the Ni-Nazidge-Nazide angle
(azide compensated transfer). As it can be on figure 13, the increase of any of the structural

parameters i-v causes a significant decrease in the magnitude of the ferromagnetic

interaction.
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Compared to 1, the Ni(O);Ni unit of the diphenoxido/p, ;-azide bridging fragment of
the 1D complex [Nilez(ul,l—N3)(u1,1,1—N3)]n has an smaller average Ni-O-Ni bridging angle
(6) and larger T and 3 angles and therefore should provoke a larger ferromagnetic coupling.
Beside this and with regard to the Ni-N3-Ni fragment, the 1 D chain complex possesses a Ni-
Nazide-Ni bridging angle 6 = 86.11° and structural factors (i-v) that all favour the existence
of a stronger ferromagnetic interaction than in 1 (in the 1 D complex has a symmetrical Ni-
N3-N fragment, with a zero Ni-Ni-Nj; torsional angle and a Ni-N,,i4. distance of 2.092 A that
is shorter than that of 1), which agrees well with the theoretical results. The reason why the
experimental magnetic coupling for [Niszz(ul,l—N3)(u11,1—N3)]n is weaker than in 1, may be
found in the fact that the fitting of the magnetic data for the former, even good, was
performed only in the 20-300 K and, moreover, it does not reproduce well the maximum
observed in the yyT vs T plot as well as the experimental points below the temperature of
the maximum. This can introduce some degree of uncertainty in the extracted J value being
ultimately lower than expected. We feel, in light of the results for 1 and 2 (see below), that
the magnetic coupling in this type diphenoxido(p, ;-N3)-bridged dinickel(Il) unit should be
above +40 cm’.

To the best of our knowledge, compound 2 represents the first example of a compound
where coexist in the crystal structure two different azide-bridged dinuclear Ni" units: one
with diphenoxido-p; ;-N3 and the other one with double p,;;-N3; bridges. Within the
diphenoxido(p; 1-N3)-bridged dinickel(IT) unit of 2, the 6, T and B angles with values of
85.83°, 31.02° and 51.27°, respectively, as well as the Ni-Ng,q-Ni angle of 84.53°, all of
them favour a slightly stronger ferromagnetic interaction for this unit in 2 than in 1, which
agrees well with the experimental and calculated results.

As for the double (u;1,1-N3)-bridged unit, the ferromagnetic nature of the experimental
magnetic coupling constant is not unexpected as it is well known that p;;;-N3 bridges
transmit ferromagnetic interactions. Although no experimental magneto-structural
correlation has been established yet for double (j;;-N3)-bridged dinuclear Ni'" complexes,
however, as indicated elsewhere, DFT calculations® predict ferromagnetic interactions and a
weak dependence on the Ni-Ngq.-Ni angle (8) so that J increases with 0 to reach a
maximum at ~104°. The exchange coupling constants for 2 lies close to the lowest end of the
range of values usually observed for this type of compound (~ +20 cm™).>**3! Tt should be

remarked that the structurally similar complex [NiNa(u; ,;-N3)(p-o-vanillin),(DMF)],
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exhibits a Ni-Nge-N angle (100.63°) that are very close to that observed for the Na,Ni, unit
in 2 (101.33°) and, as expected, a magnetic coupling constant (J = +20.2) which is not far
from the observed value for 2.** The slightly larger J; value observed for 2 compared to
[NiNa(p.1,1-N3)(p-o-vanillin),(DMF)], may be due, among other factors, to the bigger Ni-
Nazige-N angle observed for the former complex and to differences in the coordination
environments of the Ni' ions in both compounds (NiN4O; and NiN,Oy). Nevertheless, the
observed and calculated J; values for these compounds are significantly smaller than those
found in other polynuclear Ni" complexes with similar Ni-N-Ni angles but coplanar double
i -azide bridges connecting Ni" ions, which could be due to the deviation of the Wi ia-
azide bridging ligand from the Ni-(Nazide)2-Ni plane, which as indicated the DFT calculations
for the model compound of 1, decrease the magnitude of the ferromagnetic interaction
transmitted by the p,; ;-azide bridging group. Anyway, we have performed DFT calculations
on the model compounds [Ni(n-EO),(NH3)s]*", where the bridging fragment Ni(Nayige)oNi
and the y, j-azide ligands are coplanar with a bridging angle 6 = 100° and Ni-N,iq. distances
of 2.1 A. The t angle (the shift of the p, j-azide groups with regard to the Ni(Nyzig.)>Ni plane
was varied between 0 and 30°. As can be observed in Figure S3, the deviation of the ;-
azide group from the Ni-(Ngzige)2-Ni plane provokes a slight but significant decrease of the
ferromagnetic interactions. These theoretical results justify the relatively small J value for
the interaction transmitted through the double p, ;-N3 bridge in 2.

Although there are some examples of polynuclear Nig complexes containing the
defective-dicubane Nis unit observed in 3, to the best of our knowledge, this complex is
the first genuine Niy example with such a structure. The defective-cubane core of 3 exhibits
three distinct magnetic exchange pathways between the Ni' ions: (i) double pi1,1-azide (ii)
double p, j-azide/ n; -azide and (iii) p-phenoxido/ ;1 -azide, which are described by the
coupling constant J;, J3 and J,, respectively. As in the case of 2, the ferromagnetic
interactions found for 3 through (i) and (ii) exchange pathways are relatively small, due to
the deviation of the p; j-azide bridging ligand from the Ni-(Nazge)2-Ni plane, particularly in
the case p,; j-azide groups. The fact that the pathway (i), bearing two p; ;-azide bridging
groups (which show the larger deviation from the Ni-(Nyiqe)2-Ni plane), transmits a weaker
ferromagnetic interaction than the pathway (ii), which contains only a p, ;-azide bridging
group, is therefore not surprising. Regarding (iii), as far as we know, only five dinuclear
complexes containing a mixed phenoxido/p, j-azide pathway have been reported so far,**

which exhibit ferromagnetic interactions with J values between +5.7 and +51.2 cm™. Recent
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DFT theoretical studies**® have predicted that the ferromagnetic exchange interaction mainly
depends on the values of the corresponding Ni-Opnenoxido-NI/Ni-Ophenoxido ad Ni-Ngzide-N/Ni-
Nazige ratios as well as on the asymmetry of the two Ni-Nyg. distances. Thus, the
ferromagnetic interaction increases with increasing the Ni-Nyzige-IN/Ni-Nyzige ratio and the
asymmetry of the two Ni-Nyq. distances, and decreases with decreasing the Ni-Opnenoxido-
Ni/Ni-Ophenoxido ~ ratio.  Therefore  phenoxido and  pj-azide  bridges have
countercomplementary effects on the magnetic exchange coupling. Compound 3 has the
phenoxido/p, 1 1-azide bridging fragment with the lowest Ni-Nyqe-Ni angle (92.88°), the
longest Ni-N,iqe distance and the largest deviation of the p;; ;-azide ligand from the Ni-
Nazide-Ni plane and therefore a very weak ferromagnetic interaction is expected, which
agrees well with the experimental results.

The tetranuclear Nis complex 4 has two different magnetic exchange pathways
between Ni' ions: (i) a mixed triple bridge p-phenoxido/syn-syn acetate/p; -azide and (ii)
coplanar double p; ;-azide, which are described by the magnetic exchange parameters J; and
Jo, respectively. It should be noted that 4 is only the second example of a structurally and
magnetically characterized Ni" polynuclear complex where the mixed triple bridge p-
phenoxido/syn-syn acetate/p; j-azide is present. The first example is the trinuclear bent
complex [Ni3L32(OAc)2(u1,1-N3)2(H20)2] (L = 2-[(3-dimethylaminopropylimino)-methyl]-
phenol)3 O that exhibits a ferromagnetic exchange coupling through this mixed triple bridge
with J =+16.51 em™. However, this magnetic coupling is significantly weaker than that
found in 4 (J; = +28.8 cm'l), which may be due the fact that the Ni-Ophenoxido-N1 angle of
95.53° in 4 is expected to transmit ferromagnetic coupling whereas the same bridge in
[NizL*,(0AC)y(11.1-N3)2(H,0),] with a Ni-Ophenoxido-Ni angle of 99.50° is expected to
transmit antiferromagnetic coupling. Therefore, in 4 both phenoxido and p,; ;-azide transmit
ferromagnetic coupling whereas in [NisL’(OAc)a(pu1.1-N3)2(H20),] only the latter, which
would lead to a stronger ferromagnetic coupling for the former. Although it is well known
that the syn-syn acetate bridge transmits antiferromagnetic coupling, however when other
bridges are present, as in the case of 4, ferromagnetic coupling can be observed through
countercomplementarity.®® In fact, DFT calculations on diphenoxido-acetate compounds,”®
where the syn-syn acetate group has been substituted by two molecules of water, clearly
show that the syn-syn acetate bridge has a ferromagnetic contribution to the exchange

through contercomplementarity of ~+10 cm™.
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As expected, the coplanar double p; ;-azide bridge mediated a strong ferromagnetic
coupling (J, = +81.9 cm'l). As far as we know this is the larger ferromagnetic interaction
ever observed transmitted by this type of bridge between Ni" ions. Nevertheless, the strong
ferromagnetic interaction mediated by the p; j-azide bridge in 4 cannot be justified only by
the magnitude of the Ni-N,,q.-Ni bridging angle as compounds having similar bridging
angles exhibit much lower J values, and there must be also consequence of the other ligands
coordinated to the Ni' ions. In fact, the influence of the non-bridging ligands on the
magnitude of J has been extensively demonstrated in the literature.*

It is worth mentioning that dynamic ac magnetic susceptibility measurements as a
function of the temperature at different frequencies reveal that neither 3 nor 4 with S = 4
ground state exhibit slow relaxation of the magnetization and therefore SMM behaviour
even in the presence of a small external dc field of 1000 G to fully or partly suppress the
possible quantum tunneling relaxation of the magnetization.

Complex 5 has two different types of exchange pathways between the Ni' ions:
chlorophenoxido (described by J; and J;) and di-us3-chloro (described by J3). Let us start
with the di-ps-chloro exchange pathway. Although a number of structurally and
magnetically dichloro-bridged Ni" complexes have been reported so far,’’ no clear magneto-
structural correlation have been established yet. Nevertheless, experimental magneto-
structural data for such a type of Ni' complexes indicate that five-coordinated Ni" ions
usually exhibit antiferromagnetic interactions whereas octahedral or pseudooctahedral six
coordinated Ni" ions show ferromagnetic interactions with J values between +5 cm™ and
+15 cm™. If the Ni' ions are seriously tetragonally distorted the coupling could be
antiferromagnetic. Moreover, the recently reported symmetrical cubane, [Ni(p;-
CICI(HLY]4 (HL* = 2-methyl-1-(pyridine-2-yl)propane-2-ol)** only containing di-p3-chloro
exchange pathways between the Ni'' ions exhibit a ferromagnetic exchange coupling with J
= +11.5 cm™. In complex 5 the Ni" ions connected di-p3-chloro bridges exhibit a distorted
octahedral geometry and, therefore, a ferromagnetic interaction should be expected for this
exchange pathway, which, together with the theoretical results, support the experimental set
of J values where J5 is ferromagnetic.

As for the phenoxido/chloro pathways described by J; and J,, the medium to strong
antiferromagnetic interaction expected for the phenoxido exchange pathway with Ni-O-Ni
angles of ~ 114° should be counterbalanced, at least partly, by the weak ferromagnetic

interaction expected for the single-chloro exchange pathway. For instance, this
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counterbalance effect has been observed in a previously reported phenoxido/chloro dinuclear
Ni" complex,**** with Ni-O-Ni and Ni-CI-Ni angles of 105° and 85.35°, respectively, and a
magnetic coupling J = -1.17 cm™, whereas in the second one, with Ni-O-Ni and Ni-CI-Ni
angles of 103.6° and 83.78°, respectively, the magnetic coupling parameter was J =+5.0 cm’
' In this latter case, the decrease of the Ni-O-Ni reduce the antiferromagnetic exchange
through the phenoxido bridge in some an extent that the ferromagnetic exchange through the
Ni-CI-Ni becomes predominant. In the case of 5, with a larger Ni-O-Ni angle (~114°), a
stronger antiferromagnetic interaction is expected for the magnetic coupling mediated by the
phenoxido/chloro pathways, which agrees well with the theoretical J values.

Finally, Ni"' complexes containing only single-phenoxido bridges between the metal
ions are rare,” exhibit Ni-O-Ni angles larger than 100° and consequently AF interactions
between the Ni' ions. To the best of our knowledge, compound 6 is the first example
reported to date of a Ni; system with only such a type of bridge. Therefore, the AF
interaction observed for 6 through the single-phenoxido exchange pathway with a Ni-O-Ni
angle of ~119° is not surprising.

Conclusions

The flexible and versatile polytopic ligand N,N’-dimethyl-N,N’-bis(2-hydroxy-3-
methoxy-5-methylbenzyl)ethylenediamine allows the preparation of six new polynuclear
Ni"' complexes with uncommon/unique structures, ranging from Ni, to Nis, in which the
ligand adopts a variety of bridging coordination modes. The formation of a specific complex
depends on the satisfactory choice of both anion coligad and reaction conditions (metal to
ligand molar ratio and solvent). Ni, complexes exhibit either double p;;-azide bridge or
rare di-p-phenoxido/p, -azide triple mixed bridges, which transmit medium and strong
ferromagnetic interactions between the Ni' ions, respectively, leading to a S = 2 ground
state. Niy azide containing complexes exhibit unique structures with bent and defective
dicubane like topologies, depending on whether or not syn-syn acetate is additionally present
in the structure. The complex with linear topology exhibits rare p-phenoxido/p; j-azide/syn-
syn acetate triple mixed bridges between central and terminal Ni" atoms and a double Wi i1-
azide planar bridge between the central Ni" ions, which communicate medium and very
strong ferromagnetic interactions, respectively. The complex with defective-cubane Ni4 core
has two distinct types of mixed bridges, p-phenoxido /p, 1 1-azido and p; 1-azido /u; 1 1-azido
and a double di-p;; -azido bridge, which mediate weak to medium ferromagnetic

interactions between the Ni" ions. Both Nis azide containing complexes have an S = 4
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ground state. The Nis complex with chloride anions as coligands has a defective-dicubane
structure with double p-phenoxido/p;-chloro mixed bridges and di-ps-chloro bridges, which
propagate weak antiferro- and ferromagnetic interactions between the Ni' ions, respectively,
leading to a S = 0 ground state. Finally, Ni; complex with acetylacetonate as coligand
exhibits a bent structure with very unusual single p-phenoxido bridges and a weak
antiferromagnetic interaction between the Ni' leading to a S = 1 ground state. DFT
calculations support the sign and magnitude of the experimental J values and help to
correlate the structure and magnetic properties of these compounds. Although the Niy azide

containing complexes have an S = 4 ground state, none of them exhibit SMM behaviour.

Electronic Supplementary information (ESI)

X-ray crystallographic data for 1-6, including data collection, refinement and selected
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