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Introduction

In search of molecules displaying ferromagnetic
exchange: multiple-decker Ni;> and Ni;g com-
plexes from the use of pyridine-2-amidoximef

Constantinos G. Efthymiou,?® Luis Cunha-Silva,® Spyros P. Perlepes,”
Euan K. Brechin,® Ross Inglis,*® Marco Evangelisti*® and
Constantina Papatriantafyllopoulou*®

The use of pyridine-2-amidoxime (pyaoxH,) in Ni chemistry has provided access to a dodecanuclear
complex and a hexadecanuclear Ni cluster, namely [Nijx(pyaox)s(pyaoxH)g(MeOH),Cl,]Cly-5MeOH
(1-5MeOH) and [Nijg(pyaox)g(pyaoxH)g(MeOH)41(SO4)4-10H,0-26MeOH  (2:10H,0-26MeOH). Complex
1.5MeOH was isolated by the reaction of NiCl,-6H,0, pyaoxH, and NaOMe in a 1:1:2 molar ratio in
MeOH in 60% yield. Treatment of NiSO4-6H,O with pyaoxH, and NEtz ina 1:1:2 molar ratio in MeOH
afforded 2-10H,0-26MeOH in good yield (65%). The two compounds display a multi-decker configuration
based on stacked Niy layers, (Ni4(pyaox)g(pyaoxH)z}z"X (x = 3, 1.5MeOH; x = 4, 2.10H,0-26MeOH); each
deck consists of two square planar and two octahedral Ni' centres. The number of decks observed in
1.5MeOH and 2:10H,0-26MeOH depends on the nature of the inorganic anion that is present in the reac-
tion system, which provides elements of synthetic control towards new high nuclearity Ni"' species.
2:10H,0-26MeOH is the first structurally characterized complex of any metal displaying a quadruple-
decker configuration, being also the highest nuclearity metal cluster bearing pyaoxH, and the highest
nuclearity Ni'" cluster with any type of 2-pyridyl oxime. Each cluster cation displays ferromagnetic
exchange between the octahedral Ni" ions resulting in a spin ground state of S = 6 for L and S = 8 for 2.
Magnetothermal studies have been performed and discussed for both clusters.

new era in transition metal cluster chemistry, sparking off
intense interest in the synthesis and characterization of new

It has been over 20 years since the discovery that the discrete
[Mn"™MnYY 0,,(0,CMe),,(H,0),] molecule could possess an
energy barrier to its spin vector reversal that was large enough
to observe magnetic hysteresis, the classical property of a
magnet." This discovery constituted the commencement of a

“School of Chemistry, National University of Ireland Galway, University Road,
Galway, Ireland. E-mail: constantina.papatriantafyllopo@nuigalway.ie;

Tel: +353 91 493462

bDepartment of Chemistry, University of Patras, 26504 Patras, Greece
‘REQUIMTE-LAQV, Department of Chemistry and Biochemistry, Faculty of Sciences,
University of Porto, 4169-007 Porto, Portugal

4EastCHEM School of Chemistry, The University of Edinburgh, David Brewster Road,
EH9 3F] Edinburgh, UK. E-mail: r.inglis@ed.ac.uk; Tel: +44 (0)11 650470

‘Instituto de Ciencia de Materiales de Aragon (ICMA), CSIC-Universidad de
Zaragoza, Departamento de Fisica de la Materia Condensada, 50009 Zaragoza,
Spain. E-mail: evange@unizar.es; Tel: +34-876-55-3342

tElectronic supplementary information (ESI) available: Tables with bond dis-
tances and angles, hydrogen bonding details, magnetism and heat capacity
plots for 2:10H,0-26MeOH. CCDC 678537 and 1502969. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/c6dt03511f

This journal is © The Royal Society of Chemistry 2016

coordination compounds that could behave like magnets at
very low temperatures in the absence of an applied magnetic
field. Such species are now known as single-molecule magnets
(SMMs)* with their properties originating from intrinsic struc-
tural and electronic characteristics of their metal cores. The
potential applications of SMMs range from high-density infor-
mation storage, molecular spintronics, to qubits for quantum
computation.®® Furthermore, several other quantum mechan-
ical phenomena have been identified in SMMs, such as spin-
phonon coupling,’ spin state entanglement,” spin
parity effects,” both thermally assisted and pure quantum tun-
neling of the magnetization (QTM),® and quantum phase
interference.””?

Clusters containing Mn  ions have proven to be the most
fruitful source of SMMs to date. This is not surprising consid-
ering that: (1) the first and most well-known SMM comes from
Mn cluster chemistry, a fact that activated intense research in
this area, and (2) the d* Mn™ ion displays significant an-
isotropy, an inherent requirement for the generation of new
SMMs.?> However, SMMs are also known for 3d metal ions
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other than Mn, e.g. V™", Fe", Fe'™, Ni", lanthanide ions, acti-
nide ions, and combinations of 3d with 4d, 5d or 4f paramag-
netic metal ions.>'® Among them, Ni" has shown much
promise in the synthesis of both SMMs'' and spin phonon
traps,'> due to its significant single-ion anisotropy and its
paramagnetic nature when confined within a highly symmetric
cage.

The isolation of new SMMs remains a hot research field,
not only for a better understanding of the phenomenon but
also for bringing these species closer to technological appli-
cations. In fact, the chances of identifying novel types of
coordination clusters with improved or new magnetic pro-
perties will be increased by the development of new reaction
systems with suitable organic ligands or combinations of
organic and inorganic ligands. The organic ligand often dic-
tates the cluster symmetry, metal topology and the number of
metal ions that are present, which in turn affects the nature of
the magnetic exchange interactions and the intermolecular
interactions between the polynuclear molecules in the crystal.
One fertile approach towards the synthesis of new polynuclear
metal complexes with interesting magnetic properties is the
use of oxime ligands, since oximates are good bridging groups
fostering formation of coordination clusters."> We and others
have been investigating a number of oxime-based ligands, and
one broad family of the latter has been the 2-pyridyl oximes
(Scheme 1).'* The anions of 2-pyridyl oximes are versatile
ligands for a variety of research objectives; the activation of
2-pyridyl oximes by 3d-metal centres towards further reaction
is also becoming an exciting area of research.’® Such ligands
have been key “players” in several areas of single-molecule and
single-chain magnetism."®

Restricting further discussion to nickel, our groups have
been engaged in the use of 2-pyridyl oximate ligands for Ni"
cluster synthesis for many years. The first step of this approach
included the synthesis and characterization of complexes of
pao~,"” mpko™** and ppko~,"7¢*%¢%1% j ¢ complexes bearing
anionic ligands in which R contains no additional donor site.
In a second step, we have been studying Ni"" complexes with
anionic ligands in which R contains a donor site, i.e., clusters
of (py)pko™ 7*?*° and pyaoxH /pyaox>~.>! In particular, the
ligand pyaoxH, (pyridine-2-amidoxime; IUPAC
N-hydroxy-pyridine-2-carboxamidine) belongs to the class of
amidoximes. Although the versatile chemistry of conventional
oximes has been extensively studied over the years in both the
organic chemistry and coordination chemistry literature,

name:

R = H; paoH
R = Me; mpkoH
R = Ph; ppkoH
N C — oemvridul-
R = 2-pyridyl; (py)pkoH
“ R = CN; pckoH
N R= NH,; pyaoxH,

Scheme 1 General structural formula and abbreviations of the
2-pyridyl oximes discussed in the text.
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amidoximes, RC(NH,) = NOH, have so far received substan-
tially less attention.?? The presence of the amino functionality
is expected — due to its coordination capability, potential for
deprotonation and hydrogen bonding effects - to alter the
coordination behaviour of this ligand (and hence the identity
of the resultant Ni"! complexes) in comparison with that of the
pao~, mpko™, ppko™, (py)pko~, etc., ligands.

In 2008, our groups employed pyaoxH, in Ni cluster chem-
istry and proved that it can be a fruitful method for the syn-
thesis of high nuclearity species.”’ Nevertheless, the use of
pyaoxH, for the synthesis of polynuclear Ni compounds
remains limited.”*** In particular, so far there have been
reports of only salts of the cations [Ni,(pyaox),(pyaoxH),L,]**
(L = imidazole, 1-methylimidazole, pyridine, 3-methylpyridine,
4-methylpyridine),>*** [Nig(pyaox),(pyaoxH),L';] (L' = H,O,
imidazole),®**  [Niy,(pyaox)e( pyaoxH)s(H,0),(N3),]*"  and
[Niy,( pyaox)s( pyaoxH)e(H,0),]°".>"****  The cations have
single-(Ni,), double-(Nig) and triple-decker (Ni;,) structures,
where each deck is composed of the same tetranuclear cationic
unit {Ni,( pyaox),( pyaoxH),}*" (proved to be present in solution
by ESI-MS spectrometry>>**) and features two square planar
and two octahedral Ni" centres.

In this work, we expand the above mentioned family of mul-
tiple-decker Ni clusters by reporting the syntheses, crystal
structures and magnetic and heat capacity properties of two
such species, namely [Ni;,(pyaox)s(pyaoxH)s(MeOH),Cl,]
Cl;:5MeOH (1-5MeOH) and [Ni;¢(pyaox)s( pyaoxH)s(MeOH),]
(SO4)4-10H,0-26MeOH (2-10H,0-26MeOH). The two clusters
are high-spin featuring both the singly (pyaoxH™) and doubly
deprotonated (pyaox>”) forms of pyaoxH,. 2-10H,0-26MeOH is
the first example of a metal cluster with a quadruple-decker
topology, being also the highest nuclearity metal cluster, in
general, containing any form of the pyaoxH, ligand and the
highest nuclearity Ni" cluster with any type of 2-pyridyl oxime.
In addition, its nuclearity is the highest that has been observed
so far in metal clusters bearing 2-pyridyl oximes.'’%*® The
number of the decks in 1-5MeOH and 2-10H,0-26MeOH, and
hence the nuclearity of the products, depend on the nature of
the inorganic anion that is present in the reaction system, pro-
viding elements of synthetic control towards new ferro-
magnetic species. Portions of this work have been previously
communicated.?

Experimental section
Materials and physical measurements

All manipulations were performed under aerobic conditions
using materials (reagent grade) and solvents as received. The
organic ligand pyaoxH, was synthesized following the reported
method.?” Elemental analyses (C, H, N) were performed by the
University of Patras microanalysis service. IR spectra
(4000-400 cm™') were recorded using a Perkin Elmer 16PC
FT-IR spectrometer with samples prepared as KBr pellets. The
magnetic susceptibility measurements were carried out on a
Quantum Design SQUID magnetometer MPMS-XL 7 operating

This journal is © The Royal Society of Chemistry 2016
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between 1.8 and 300 K for dc-applied fields ranging from 0 to
5 T. Microcrystalline samples were dispersed in vaseline in
order to avoid torquing of the crystallites. The sample mulls
were contained in a calibrated gelatin capsule held at the
center of a drinking straw that was fixed at the end of the
sample rod. Alternating current (ac) susceptibility measure-
ments were carried out under an oscillating ac field of 3.5 Oe
and frequencies ranging from 0.1 to 1500 Hz. The heat
capacity measurements were carried out for temperatures
down to 0.3 K by using a Quantum Design 14T-PPMS,
equipped with a *He cryostat. The experiments were performed
on thin pressed pellets (ca. 1 mg) of a polycrystalline sample,
thermalized by ca. 0.2 mg of Apiezon N grease, whose contri-
bution was subtracted by using a phenomenological
expression.

Synthetic details

Preparation of the complex [Ni,,( pyaox)s( pyaoxH)s(MeOH),CL
Cl;-5MeOH (1-5MeOH). Solid NaOMe (0.054 g, 1.00 mmol) was
added to a colourless solution of pyaoxH, (0.068 g, 0.50 mmol)
in MeOH (15 mL); the solid soon dissolved. Solid NiCl,-6H,0
(0.119 g, 0.50 mmol) was then added and the resulting slurry
was stirred for 15 min at room temperature. The dark brown
slurry was filtered and the solution was left to stand undis-
turbed in a closed flask for a period of 3-4 days. Dark brown
crystals appeared which were collected by filtration, washed
with H,O (1 mL), cold EtOH (1 mL) and Et,O (3 mL), and
dried in air. Yield: 60%. The dried solid was analyzed satisfac-
torily as 1. Caled (found): C 34.07 (33.84), H 2.86 (2.90),
N 19.33 (19.21) %. IR (KBr, cm™'): 3328b, 1654m, 1608s,
1577m, 1542s, 1483s, 1448w, 1416m, 1303w, 1263w, 1158m,
1103w, 1076m, 1023m, 992w, 938w, 782m, 729w, 702w, 645m,
517w, 480w.

Preparation of the complex [Ni,¢( pyaox)s( pyaoxH)s(MeOH),]
(S04)4-10H,0-26MeOH (2-10H,0-26MeOH). NEt; (0.139 mL,
1.00 mmol) was added to a colourless solution of pyaoxH,
(0.068 g, 0.50 mmol) in MeOH (20 mL). Solid NiSO,-6H,0
(0.130 g, 0.50 mmol) was then added and the resulting solu-
tion was stirred under heating (45 °C) for 15 min. The dark
brown solution was left to stand undisturbed in a closed flask
for a period of 3-4 days. Dark brown crystals appeared which
were collected by filtration, washed with cold EtOH (1 mL)
and Et,0 (3 mL), and dried in air. Yield: 65%. The dried
solid was analyzed satisfactorily as 2-8H,0-22MeOH. Calcd
(found): C 32.78 (32.52), H 4.69 (4.25), N 15.04 (15.17)
%. IR (KBr, cm™): 3332b, 1654m, 1606m, 1580w, 1542m,
1482m, 1415m, 1300w, 1263w, 1100s, 1022w, 981w, 933w,
777m, 747w, 700w, 646m, 617s, 515w, 468m.

Single-crystal X-ray crystallography

Suitable single-crystals of 1-5MeOH and 2-10H,0-26MeOH
were mounted on a Hampton Research CryoLoop using
FOMBLIN Y perfluoropolyether vacuum oil (LVAC 25/6) pur-
chased from Aldrich,?® with the help of a Stemi 2000 stereo-
microscope equipped with Carl Zeiss lenses. Data were collected
at 150(2) K on a Bruker X8 Kappa APEX II charge-coupled

This journal is © The Royal Society of Chemistry 2016
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device (CCD) area-detector diffractometer (Mo K, graphite-
monochromated radiation, 2 = 0.71073 A) controlled by the
APEX2 software package,” and equipped with an Oxford
Cryosystems Series 700 cryostream monitored remotely using
the software interface, Cryopad.’® Images were processed
using the software package SAINT+,*" and data were corrected
for absorption by the multi-scan semi-empirical method
implemented in SADABS.?*> The structures were solved by the
direct methods of SHELXS-97,** and refined by full-matrix
least squares on F* using SHELX1-97.**

All non-hydrogen atoms were directly located from differ-
ence Fourier maps and successfully refined with anisotropic
displacement parameters. For both compounds, hydrogen
atoms attached to carbon and to the hydroxido groups were
located at their idealised positions and included in the struc-
tural model in subsequent refinement cycles in riding-motion
approximation with Ui, = 1.2 (aromatic carbon) or 1.5 (-CHj
and -OH groups) of U of the parent atom. Hydrogen atoms
associated with the nitrogen atoms were markedly visible in
difference Fourier maps and were included in the structures
with the N-H and H---H distances restrained to 0.90(1) and
1.50(1) A, respectively, and with Uigo = 1.5 X Ueq(N).

For 2-10H,0-26MeOH the hydrogen atoms belonging to
the uncoordinated water molecules could not be directly
located from difference Fourier maps and no attempt was
made to place these in approximate calculated positions;
they have been included in the empirical formula of the
compound.

Beside the solvent molecules located in both the structures
(5 MeOH in compound 1, as well as 10 H,O and 26 MeOH in
2), considerable smeared-out electron densities were found in
the empty spaces available in the two structures, which pre-
vented a sensible location and refinement of other solvent
molecules. A search for the total potential solvent area using
the software package PLATON’® revealed the presence of large
voids housing the disordered molecules. The two data sets
were then analysed using the Squeeze,® and the reflection
lists arising from this procedure were used for the final struc-
tural refinements.

Full details can be found in Table 1 and the cif files.

Results and discussion
Synthetic parameters and IR spectra

Our groups have strong interest in the employment of
2-pyridyl oxime ligands as a route to high nuclearity 3d tran-
sition metal clusters and SMMs.""" ! As a part of this
program, we recently decided to explore pyaoxH, in Ni" cluster
chemistry. Thus, a variety of experiments were performed to
study how the different synthetic parameters affect the identity
and/or crystallinity of the isolated product. In particular, treat-
ment of NiCl,-6H,0 with one equivalent of pyaoxH, and two
equivalents of NaOMe in MeOH gave a dark brown solution
from which the dodecanuclear cluster [Ni;,(pyaox)s( pyaoxH)s

Dalton Trans., 2016, 45, 17409-17419 | 17411
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Table 1 Crystallographic data for compounds 1.5MeOH and
2:10H,0-26MeOH
1-5MeOH 2-10H,0-26MeOH
Formula® C79Ho,ClgN36Ni15019  Cia6H228Ny5Nij607,S4
M, 2769.12 4635.16
Crystal system Triclinic Triclinic
Space group P1 Pi
alA 14.8718(8) 16.6742(9)
b/A 15.1738(7) 17.3665(17)
c/A 15.3809(8) 19.7073(10)
al® 60.525(2) 106.175(3)
Bl 73.084(3) 113.293(2)
l° 69.854(2) 99.202(4)
VIA3 2805.3(3) 4792.3(6)
Z 1 1
T/K 150(2) 150(2)
APIA 0.71073 0.71073
D /g em™ 1.639 1.606
u(Mo Koa)/mm™" 2.182 1.672
Reflections collected 147 901 321514
Independent reflections 14 885 21715
Rint 0.0422 0.0375
R, ¢ 0.0596 0.0461
WR, ¢ 0.2006 0.1148
Goodness of fit on F* 1.047 1.138
Apmax/min/e A 4.818/-0.908 1.194/-0.700

“Including solvent molecules. ”Graphite monochromator. ‘R, =

S(Fol = [EVZIFo|. “ WRy = [EW(Fo® = FY Y EwEs" V1",

(MeOH),Cl,]Cl,-5MeOH (1-5MeOH) was obtained in 60% yield.
Its formation can be summarized by eqn (1):

12NiCl,- 6H,0 + 12pyaoxH, + 18NaOMe
weor [Niy (pyaox) (pyaoxH), (MeOH),Cl, | Cl,
1
+ 18NacCl + 72H,0 + 16MeOH

(1)

The methoxide ions act as proton acceptors to facilitate
formation of pyaox”~ and pyaoxH~ ligands. The reaction pro-
cedure involved a slight excess of NaOMe over that required by
eqn (1), and this might have proven beneficial in shifting a
possible equilibrium to the right. The reaction mixtures which
lead to 1 should be filtered before crystallization to remove
NaCl which is insoluble in MeOH. The product also needs to
be washed with a small amount of H,O to ensure complete
removal of NaCl.

The determination of the crystal structure of 1 with single
crystal X-ray crystallography revealed that the twelve metal ions
have an unprecedented triple-decker topology with each
“deck” containing two square planar and two octahedral Ni"
atoms. The intriguing structural and magnetic features of 1
(vide infra) prompted us to further study this reaction system
exploring the ability of pyaoxH, to deliver other novel poly-
nuclear Ni"" compounds. In the context of this investigation,
we decided to employ different counterions possessing higher
charge than CI™ hoping that they could stabilize higher nucle-
arity clusters. Indeed, this turned out to be the case and the
treatment of NiSO,-6H,O with one equivalent of pyaoxH, and
two equivalents of NEt; in MeOH gave a dark brown solution

17412 | Dalton Trans., 2016, 45, 17409-17419
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from which the higher nuclearity cluster [Ni;q(pyaox)s
(pyaoxH)g(MeOH),](SO,), (2) was obtained in 65% yield. Its
formation can be summarized by eqn (2):

16NiSO4- 6H,O ~+ 16pyaoxH, + 24NEt; + 4MeOH
_ [Niss(pyaox) (pyaoxH) (MeOH), | (5Ou),
2
+ 12(NHEt3), SO, + 96H,0

(2)

The reaction mixture which leads to 2 should be heated for a
few minutes to facilitate the dissolution of NiSO,-6H,O
(presumably by reaction with the organic ligand) in MeOH.
We observed that reactions with small variations in the
Ni"': pyaoxH, ratio gave the same Ni;s compound. The nature
of the base and the crystallization method are not crucial for
the identity of the product and affect only its crystallinity; we
were able to isolate 2 (IR evidence) by using a plethora of bases
such as NaOMe, NaOH, NHj3; etc.

The IR spectra of dried 1-5MeOH and 2:10H,0-26MeOH
exhibit a strong broad band at ~3330 cm™" assignable to the
Y(OH) vibration of coordinated MeOH molecules, as well as
solvent MeOH and H,0 molecules, and to the y(NH,)/v(NH)
vibrations of the pyaoxH/pyaox™~ ligands. The broadness and
low frequency of these bands are both indicative of strong
hydrogen bonding. There are medium intensity bands at 1566
and 1116 cm™" in the spectrum of the free pyaoxH, ligand,
which are assigned to v(C=N)yxime and v(N-O)oxime, respec-
tively.”” The 1116 cm™" band is shifted to a lower wavenumber
(1103 em™" in 1-5MeOH; 1100 cm " in 2-10H,0-26MeOH).
This shift is attributed to the coordination of the oximate
nitrogen.>” The band is strong in the spectrum of the Nijg
cluster, because it also has a v;3(F,) [14(SO)] character due to
the ionic sulfates (Ty symmetry). Somewhat to our surprise,
the 1566 cm™" band is shifted to a higher wavenumber in the
complexes (1577 em™" in 1-5MeOH, 1580 cm™" in 2-10H,0-
26MeOH), overlapping with an aromatic stretch. This shift
may be indicative of the oximate nitrogen coordination.?”
Extensive studies on Schiff-base complexes (which also
contain a C=N bond) have shown®® that a change in the s
character of the nitrogen lone pair occurs upon coordination
such that the s character of the nitrogen orbital, which is
involved in the C=N bond, increases; this change in hybridiz-
ation produces a greater C=N stretching force constant rela-
tive to the free neutral ligand. The in-plane deformation band
of the 2-pyridyl ring of free pyaoxH, at 632 cm ' shifts
upwards in 1-5MeOH (646 cm™) and 2-10H,0-26MeOH
(645 cm™"), confirming the involvement of the ring-N atom in
coordination.*®

Description of structures

Representations of the molecular structure and the structural
core of compound 1-5MeOH are shown in Fig. 1. Selected
interatomic distances and angles are listed in Table 2.
Compounds 1-5MeOH and 2-10H,0-26MeOH display related
structures based on parallel Ni, layers, {Ni4(pyaox),
(pyaoxH),}**, (x = 3, 1-5MeOH; x = 4, 2-10H,0-26MeOH). Thus,

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Representations of the molecular structure of the cation of 1
(top) and its triple-decker structural core (bottom).

Table 2 Selected interatomic distances and angles for 1-5MeOH?

Ni1-04 2.0279(18) Ni3-N11 2.250(2)
Ni1-02 2.0293(19) Ni4-04 1.8306(18)
Ni1-N10’ 2.048(2) Ni4-N5 1.853(2)
Ni1-N11' 2.070(2) Ni4-N12 1.861(2)
Ni1-01 2.1705(19) Ni4-N4 1.903(2)
Ni1-N17 2.278(2) Ni5-05 1.8263(19)
Ni2-03 1.998(2) Ni5-N15 1.846(2)
Ni2-05 2.0033(19) Ni5-N8 1.852(2)
Ni2-N16 2.031(2) Ni5-N7 1.887(2)
Ni2-N17 2.089(2) Ni6-06 1.8227(18)
Ni2-02 2.1729(19) Ni6-N18 1.846(2)
Ni2-Cl1 2.5713(10) Ni6-N2' 1.846(2)
Ni3-N14 2.013(2) Ni6-N1’ 1.888(2)
Ni3-06 2.0320(18) Ni2---Ni3 3.891(2)
Ni3-01' 2.0589(19) Ni2-.-Ni5 3.323(2)
Ni3-N13 2.076(2) Ni2---Ni6 4.670(2)
Ni3-01 M 2.113(2) Ni1---Ni3 3.141(2)
04-Ni1-N10’ 178.74(8) N5-Ni4-N12 174.14(10)
02-Ni1-N11' 172.77(8) 04-Ni4-N4 172.22(9)
01-Ni1-N17 175.06(7) N12-Ni4-N4 102.89(10)
05-Ni2-N16 175.01(9) N15-Ni5-N8 173.30(11)
02-Ni2-Cl1 172.98(5) 05-Ni5-N7 170.12(10)
03-Ni2-N17 169.24(8) N15-Ni5-N7 102.09(11)
06-Ni3-N13 173.75(9) N18-Ni6-N2' 174.26(10)
O1M-Ni3-N11 172.46(9) 06-Ni6-N1’ 172.83(10)
N14-Ni3-N11 89.73(9) N18-Ni6-N1' 102.40(10)
“Symmetry transformations used to generate equivalent atoms: "= —x,
-y, -z +1.

This journal is © The Royal Society of Chemistry 2016
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only the structure of compound 1-5MeOH will be discussed in
detail and compared to that of 2-10H,0-26MeOH.

Complex 1-5MeOH crystallizes in the triclinic space group
P1. Its structure consists of [Nij,(pyaox)s(pyaoxH)s
Cl,(MeOH),]*" cations, Cl~ counterions and MeOH lattice
molecules. The centrosymmetric cation of 1.5MeOH is com-
posed of six distorted octahedral (Ni1, Ni2, Ni3 and symmetry
equivalents) and six square planar (Ni4, Ni5, Ni6 and sym-
metry equivalents) Ni'" atoms, which are held together through
two n'm'm":p and four nm'in’p, pyaoxH™ ligands, as well as
two n'm'm'm*:p; and four n'mZn'ni:p, pyaox’” groups
(Scheme 2). The coordination sphere of the Ni'' atoms is com-
pleted by two terminal chlorido ligands on Ni2 and Ni2’, and
two terminal MeOH molecules on Ni3 and Ni3'. The twelve
metal ions in 1-5MeOH are arranged into three layers, which
are stacked one above the other forming an unusual, for 3d-
metal cluster chemistry, triple-decker topology. Each “deck”
contains two square planar and two octahedral Ni'" atoms,
whereas the linkage of the central deck with each of the outer
decks is achieved through two bridging oxygen atoms from
two n'm'm*p; pyaoxH™ ligands and two bridging oximate
nitrogen atoms from two n'm*n'in’*p, pyaox’” groups. The
four Ni'' atoms of the two outer layers are arranged in an
almost planar topology with the largest deviation from the
plane being 0.14 A for Ni3 and Ni6, whereas the metal ions in
the central layer are perfectly coplanar. The distance
between two adjacent decks is ~2.70 A. The chromophores in
1-5MeOH are  Ni(1,1)(Npy)(Nox)2(Oox)s,  Ni(2,2")(Npy)(Noy)
(Oox)3(Cl), Ni(3,3")(Npy)(Nox)2(Oox)2(Onmeon) and Ni(4,4'/5,5'/6,6')
(Npy)(Nox)(Nam)(Oox), where the abbreviations “py”, “ox” and
“am” are for the 2-pyridyl, oximate and deprotonated amino
donor atoms, respectively. The strong ligand field, deproto-
nated amino donor atoms are coordinated only to the square
planar Ni"" atoms and may be considered responsible for their
geometry. The average Ni(4,5,6)-Npy, Nox, Oox bond distances
are 1.893, 1.850 and 1.827 A, respectively, while the average
Ni(1,2,3)-Npy, Noy, Oox bond lengths are 2.052, 2.140 and
2.062 A, respectively. The longer bonds involving Ni(1,2,3)
compared to those involving Ni(4,5,6) are a consequence of
the higher coordination number of Ni1, Ni2 and Ni3.

The n'm*n":n*p, coordination mode of pyaox®~ found in
1-5MeOH is extremely rare in the coordination chemistry of
pyridine-2-amidoxime.>* In fact, this can be rationalised by
considering the C-N,, bond lengths; the C-N,, and C-N,,,, dis-
tances for the n'in*n'n’p, pyaox’” ligands (average values:
1.345 and 1.322 A) are longer and shorter, respectively, than
those for the n*:n'm*:n%:p; pyaox’~ ligands (1.318 and 1.336 A),

7 7 7 H 7 i
1 e NH; I~ | A\
& C g e & ¢ Sni S ¢ N
N\ N\ N\ N\

N N N N I N
N N~ N~,~ N —N-o
- o\‘ \\‘/ cI; i Q NiT )\
n'm'm'n n'm'mi LR O I

Scheme 2 The crystallographically established coordination modes of
pyaoxH™ and pyaoxz‘ in complexes 1 and 2.
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indicating a decreased double bond character for the C-Nyy
bond and an increased double bond character for the C-N,,
bond in the former.

The crystal structure of 1-5MeOH is stabilized by strong
intramolecular hydrogen bonds between the O atoms of the
terminally ligated MeOH molecules (O1M), which act as
donors, and the terminal chlorido ligands, which act as accep-
tors [O1 M--Cl1 = 3.199(2) A, H1 M--Cl1 = 2.256(2) A,
01 M-H1 M-Cl1 = 167.19(2)°]. In addition, there is a network
of intermolecular H bonds that involve: (1) the CI~ counterions
(acceptors) and the NH, groups (donors) of the organic
ligands [N3---Cl3 = 3.245(2), H3B---Cl3 = 2.360(2) A, N3-H3B-
Cl3 = 166.93% N9---CI3 = 3.282(2) A, H9B---CI3 = 2.421(2) A,
N9-H9B-CI3 = 159.83°] resulting in the formation of 1D
chains, and 2) the coordinated chlorido ligands (acceptor) and
the MeOH lattice molecules (donors) [03 M---Cl1 = 3.237(2) A,
H9 M--Cl1 = 2.422(2) A, 03 M-H9 M-Cl1 = 163.49°].
The cations of 1 are in close proximity with the shortest
metal---metal separation between the adjacent Ni;, units being
4.797(2) A (Ni5---Ni5).

Representations of the molecular structure and the struc-
tural core of compound 2-10H,0-26MeOH are shown in Fig. 2.
Selected interatomic distances and angles are listed in
Table S1 in the ESL.}

Complex 2-10H,0-26MeOH crystallizes in the triclinic space
group P1. Its structure consists of [Ni;¢(pyaox)s(pyaoxH)g
(MeOH),]*" cations, SO,*>~ counterions, and MeOH and H,O
lattice molecules. Similarly to 1-5MeOH, the Ni" atoms in
2-10H,0-26MeOH are stacked in four layers, which form an
unprecedented quadruple-decker topology. In particular, the
inner decks in 2-10H,0-26MeOH are identical with the central
deck of 1-5MeOH; thus, figuratively speaking, an internal deck
has been added to the Ni,, cation of the latter to form a Ni;q
cluster (2-10H,0-26MeOH). In addition, the external decks in
2-10H,0-26MeOH are similar to the corresponding decks in
1-5MeOH, with their only difference being the replacement of
the chlorido ligands in the latter by terminal MeOH molecules
in the former. The octahedral metal centres are Nil, Ni2, Ni3
and Ni4 (and their symmetry equivalents) and the square
planar ones are Ni5, Ni6, Ni7 and Ni8 (and their symmetry
equivalents). The presence of many lattice molecules and
counterions in the crystal structure of 2-10H,0-26MeOH
results in the formation of a network of strong intermolecular
hydrogen bonding interactions. Details of these interactions
are listed in Table S2 in the ESLT As it was the case for
1-5MeOH, the cations of 2-10H,0-26MeOH, are in close proxi-
mity with the shortest metal---metal separation between the
adjacent Ni,q units being 4.671(2) A (Ni1---Ni7).

1-5MeOH and 2-10H,0-26MeOH are new additions in the
small family of high nuclearity, high spin Ni compounds with
multiple-decker metal topology.>*** In particular, 2-10H,O-
26MeOH is the first structurally characterized complex of
any metal displaying a quadruple-decker configuration.
Compound 1-5MeOH can be described as a “trimer-of-tetra-
mers”, while 2-10H,0-26MeOH as a “tetramer-of tetramers”,
where the tetramer in both cases is the structural unit
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Fig. 2 Representations of the molecular structure of the cation of 2
(top) and its quadruple-decker structural core (bottom).

{Ni,( pyaox),(pyaoxH),}**, which has been previously observed
in a discrete tetranuclear cluster.”>** The number of the
decks, and hence the nuclearity and spin, of 1-5MeOH and
2-10H,0-26MeOH is affected by the nature (charge, shape) of
the inorganic anion that is present in the reaction system pro-
viding the elements of synthetic control towards new high
nuclearity Ni"" clusters. Both compounds contain the singly
and doubly deprotonated pyridine-2-amidoxime ligand, with
2-10H,0-26MeOH being (1) the highest nuclearity metal
cluster bearing this ligand, (2) one of the few highest nuclear-
ity hexadecanuclear metal clusters with any 2-pyridyl oxime, in
general,'’“*® and (3) the highest nuclearity Ni"" cluster with
2-pyridyl oximes. Furthermore, complex 2-10H,0-26MeOH
joins only a very small family of Ni;¢ clusters with O- or/and
N-ligation.*°

This journal is © The Royal Society of Chemistry 2016
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Magnetic susceptibility studies

In order to probe the magnetic properties of the clusters,
direct current (dc) magnetic susceptibility measurements were
performed on polycrystalline samples of compounds 1 and 2
in the temperature range 2-300 K, with an applied magnetic
field of 0.1 T.

The collected data are plotted as yT versus T in Fig. 3,
which reveal room-temperature yy7 values of 7.16 and
9.03 em® K mol™" for 1 and 2, respectively. These are in good
agreement with the y\7T value expected (g = 2.10) for six non-
interacting octahedral Ni" ions (6.615 cm® mol™ K) in 1, and
eight non-interacting octahedral Ni" ions (8.82 ¢cm® mol™ K)
in 2. For both compounds, the value of y\T steadily increases
to a maximum value (14.5 cm® mol™" K at 14 K, 1; 21.7 cm?
mol™" K at 10 K, 2), and then sharply decreases to 10.8 and
14.0 cm® mol™" K at 2.0 K for 1 and 2, respectively. The profile
of the ymT versus T plots is indicative of dominant ferro-
magnetic interactions between the paramagnetic ions within
the cations of 1 and 2. The low temperature decrease of the
xmT value is attributed to intermolecular antiferromagnetic
interactions and/or zero-field splitting. The former is con-
sistent with the crystal structure of the two compounds
(vide supra).

In order to fit the y\T data for 1-5MeOH, we modeled the
Nis magnetic core with the 2/-model described in Fig. 4, left,
(the octahedral Ni" atoms define two triangles related by an
inversion centre) employing the isotropic spin-Hamiltonian

(1):

H= - 2]1(§1'§3 +81-81 + 85:85 + 818y + 8-83)

A e A L. (1)
—2J5(S1-Sy + S1-S3 + 8183 + S1-Sy) + ZipggniHSi

where J is the isotropic exchange interaction parameter, i is the
index for each Ni" ion in the Nig core, up is the Bohr magne-
ton, gni = 2.10, the g-factor of the Ni'" ions, B is the applied
magnetic field and § is a spin operator. The data was numeri-

22—-
20—-
18—.
16—-

14 1

2,T (cm® K mol'™)

¥ ¥ T ¥ T T T
0 50 100 150 200 250

T(K)

Fig. 3 Plot of ymT as a function of T for complexes 1 () and 2 (O); the
solid lines represent the fit of the data to the theoretical models given in
the text.
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Fig. 4 Schematic presentation of the coupling scheme used to model
susceptibility data for the cations of 1 (left) and 2 (right).

cally fitted using the simplex algorithm,*! with intermolecular
interactions being taken into account in the frame of mean-
field theory, by the use of the Curie-Weiss temperature, 0. The
fit affords the parameters J; = +5.14 cm™, J, = +3.01 cm™* and
0 = —5.73 K. This results in an S = 6 ground state with the
nearest excited states being S = 5, lying 8.38 cm™" higher in
energy, and S = 4, lying at 17.11 cm™". A plot of energy versus
the total spin state is given in Fig. S1, left, in the ESLF
Similarly, the 2/-model described in Fig. 4, right, was used in
order to fit the data for the Nig magnetic core of
2-10H,0-26MeOH using the isotropic spin-Hamiltonian (2):

H = =21 (S1:84 + 8283 + $2-Sur + 3-8y + §1-8s + 8585 + 8584
—2]5(81-85 + 8585 + 83-84 + 818y + 883 + S3-S)
+ ZiupgniHS;
(2)

The fit afforded the parameters J; = +5.45 em™, J, =
+2.00 cm™" and @ = —3.43 K. This results in an § = 8 ground
state with the nearest excited states being S = 7 (3.95 cm™)
and S = 6 (8.07 cm™") lying relatively close in energy, Fig. S1,}
right. We have also collected the alternating current (ac) mag-
netic susceptibility in zero applied dc field for both complexes,
which revealed no frequency dependence (Fig. S2 in the ESI{).
Fig. S3 in the ESIf shows the dc-field magnetization data
M(H) collected in the range 0-7 T at three temperatures
between 2.3 and 20 K for 1 and 2. In both cases, M(H) initially
rises quickly at the lowest temperatures, as expected for ferro-
magnetic exchange, and then keeps increasing slowly even at
the highest applied fields, without reaching saturation. In
accordance with the susceptibility data, this behaviour is
attributed to intermolecular antiferromagnetic interactions,
likely combined with some degree of magnetic anisotropy. For
comparison, the calculated Brillouin curves were also plotted
assuming uncorrelated molecules with S = 6 (1) and S = 8 (2)
for the representative temperatures. For both compounds, it is
observed that the experimental data tend to lie below the cal-
culated curve, suggesting the influence either from antiferro-
magnetic intermolecular correlations or from low-lying excited
spin states. The latter is more evident in 2 with respect to 1, as
it is revealed from the larger deviation of the calculated curve
and experimental data, which indicates that 2 does not display
a well-defined ground state spin value. Keeping the values of
S and g stable, detectable improvements are obtained only by
adding an abnormally high uniaxial magnetic anisotropy
term D in the case of 1. Since this applies also at the lowest
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investigated temperatures, in which the influence of excited
states should be negligible, we conclude, in agreement with
the susceptibility data, that antiferromagnetic interactions
between cations are important for the two complexes.

It has recently been reported that the dominant factor
which affects the magnetic properties of the oximato Ni"" com-
pounds is the length of the bridging N-O bond.>*** In particu-
lar, DFT calculations on an oximato bridged Ni"" compound
revealed that N-O distances larger than 1.394 A result in ferro-
magnetic interactions, while shorter ones propagate antiferro-
magnetic interactions. This observation has been explained by
considering that with the decrease of the N-O bond, the spin
population on the N and O atoms increases, thus enhancing
the antiferromagnetic coupling between Ni" ions. In com-
pounds 1-5MeOH and 2-:10H,0-26MeOH, the N-O distances
are in the range of 1.401-1.425 A, and thus the experimentally
obtained ferromagnetic interactions are in excellent agreement
with the previously reported theoretical calculations.

Specific heat measurements

Fig. 5 shows the collected specific heat C(T,H) data of 1 as a
function of temperature for several applied fields. No parti-
cular feature is detected except for a very broad anomaly
around 2 K at zero applied field, whose magnetic nature is
proven by the fact that it quickly moves towards higher temp-
eratures as the field H is increased. As typical for molecule-
based materials,” the contribution to the total C arising from
lattice vibrations dominates as 7' increases above that of liquid
helium.

The lattice contribution can be described by the Debye
model (dashed line in Fig. 5), which simplifies to a C/R = aT®
dependence (R is the gas constant) at the lowest temperatures,
where @ = 3.9 x 107 K* for 1. The magnetic contribution
Cm (see inset in Fig. 5) is then obtained by subtracting the
lattice contribution to the total C. This analysis reveals a bump
centered at ~9 K, that we associate with a Schottky-like
anomaly, ie., crystal-field splitting of the S = 6 multiplet. By
decreasing the temperature, magnetic fluctuations within the
2D layers show up in the anomaly centered at =2 K. To prop-

10k ® uH=0 i
o uH=1T
* uH=3T
10°F x  uH=5T i 1
« A G e lattice
— 107F Y ]
O ..
..
107 e
5 10 15 20
10° TR
10

T(K)
Fig. 5 Specific heat C for 1 normalised to the gas constant R vs. T in

the indicated temperature and field ranges. Inset: Magnetic contribution
C» as obtained by subtracting the lattice contribution (dashed line) to C.
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erly associate these features with the magnetic contribution,
we estimate the zero-field magnetic entropy Sm = [Cn/TdT,
shown in Fig. S4 in the ESL.} This tends at high-T to the value
of 2.8 R, which is in fair agreement with the magnetic entropy
expected, R In(2S + 1) = 2.56 R (provided the spin value is
S = 6) and consistent with the magnetization data. Since the
lattice contribution is sensibly larger than Cy,, the latter is
affected by an important uncertainty. This inhibits us from
providing anything other than a qualitative analysis of the
experimental data.

Specific heat data have been also collected for 2 and these
are shown in Fig. S5 in the ESIf as a function of temperature
for several applied magnetic fields. As it is the case for 1, the
specific heat at high temperatures is dominated by a non-mag-
netic contribution, which is due to the thermal vibrations of
the lattice. Furthermore, there is a clear magnetic contri-
bution, which extends over a broad temperature range, ie.,
from the lowest accessed T to well inside the range mainly
determined by the lattice contribution to the specific heat. The
fact that 2 does not display a well-defined ground state spin
value (S ~ 8, vide supra) prevents to determine reliably the
magnetic contribution by subtracting the lattice specific heat
from the total measured signal, as in the case of the Ni;,
complex. As a result, a valuable analysis of the specific heat
data is not feasible for 2.

Conclusions

The employment of pyaoxH, in Ni"" chemistry has provided
access to the new multiple-decker Ni complexes [Ni;,(pyaox)s
(pyaoxH)s(MeOH),Cl,]Cl,-5MeOH (1-5MeOH) and [Ni;¢( pyaox)s
(pyaoxH)g(MeOH),](SO,),10H,0-26MeOH  (2-10H,0-26MeOH)
comprising stacked Ni, layers, {Ni,(pyaox),(pyaoxH),}**, (x = 3,
1-5MeOH; x = 4, 2-10H,0-26MeOH), with each layer containing
two square planar and two octahedral Ni"" centres.

Compound 1-5MeOH is a new addition to the small family
of Niy, clusters with a triple-decker topology.>*>** Compound
2-10H,0-26MeOH displays a quadruple-decker configuration,
which has never been observed before in metal cluster chem-
istry. In addition, 2-10H,0-26MeOH is the highest nuclearity
metal cluster bearing pyaoxH, and joins only a very small
family of Nij¢ clusters with O- or/and N-ligation. It also
belongs to the very small family of the hexadecanuclear homo-
metallic or/and heterometallic clusters, which display the
highest nuclearity that has been observed so far for com-
pounds containing 2-pyridyl oximes, being the only Ni" cluster
in this category."”?*

Dc and ac magnetic susceptibility and heat capacity
measurements were performed on 1 and 2, which revealed
that both display ferromagnetic exchange interactions result-
ing in a spin ground state of S = 6 for 1 and S = 8 for 2.
Intercationic interactions, as revealed by single crystal X-ray
crystallography, affect the magnetic properties preventing an
in-depth analysis of the heat capacity measurements.

This journal is © The Royal Society of Chemistry 2016
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The number of decks in 1 and 2 is affected by the use of
different inorganic anions with the bulkier and of a higher
charge anion (SO,>~ vs. Cl7) being able to stabilize the higher
nuclearity cluster. This could lead to the development of a
rational method towards the increase of the nuclearity and the
spin of ferromagnetic species. Based on this, we believe that
we have seen just the tip of the iceberg in the Ni"/pyaoxH,
compounds with a multiple decker topology. We have every
reason to believe that higher nuclearity such species (e.g:, Ni,o,
Ni,4, etc.) are waiting to be discovered. Further studies towards
this direction are currently in progress including the employ-
ment of higher charge counterions (e.g., PO,*”). These studies
will be reported in due course.
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