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Thioether-terminated nickel(i) coordination
clusters with {Nig} horseshoe- and {Nig}
rollercoaster-shaped coresf

Sebastian Schmitz,? Jan van Leusen,? Arkady Ellern,® Paul Kégerler*®< and
Kirill Yu. Monakhov*®

We report two polynuclear nickel(i) compounds whose supramolecular structures are controlled by small
inorganic templating anions and m-conjugated Schiff-base ligands (L-SMe®*~ and HL-SMe®7) with peri-
pheral, structurally exposed methylthioether groups. The central component of the compound
[Nig(L-SMe)3(CO3)(MeOH)g(THF),]Cl-:2MeOH (1, monoclinic space group P2/c) displays a horseshoe-
shaped {Nig} core templated by p-COs>~ moiety due to the fixation of atmospheric carbon dioxide.
According to thermogravimetric analysis, compound 1 retains the structural integrity of its carbonate-
bonded metal core [Nig(L-SMe)s(CO3)]* up to ca. 390 °C. In the crystal lattice, compound 1 features an
one-dimensional hydrogen-bonded chain structure [{COz c Nig}---Cl---{CO3 C Nig}l,. The structure of the
compound [Nig(HL-SMe),(L-SMe),(OH)4(MeCN)4(H20)4](NO3),-11MeCN-2PhCN (2, triclinic space group
P1) consists of a dicationic crown-like {Nig} metallamacrocycle hosting two NOz™ anions in the upper and
lower cavities. The {Nig} complex is characterised by antiferromagnetic exchange interactions, whereas
{Nig} reveals predominantly ferromagnetic exchange coupling between the spin-1 Ni(i) centres. The pres-
ence of terminal thioether anchoring groups at the periphery of complex 1, coupled with high thermal
stability and solubility in several common organic solvents, renders this compound an interesting candi-
date for molecular surface-deposition from solution using electrospray ionisation mass spectrometry
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Introduction

Fabrication of nanomaterials' with well-defined morphology
and properties derived from the contact of individual coordi-
nation complexes and clusters of magnetic, electrochemical,
and catalytic interest with a metallic substrate (electrode)
attracts great attention in modern surface chemistry” and
physics® and is motivated by the continual search for multi-

“Institut fiir Anorganische Chemie, RWTH Aachen University, Landoltweg 1,

52074 Aachen, Germany. E-mail: paul.koegerler@ac.rwth-aachen.de,

kirill. monakhov@ac.rwth-aachen.de

bChemz'stry Department, Iowa State University, 1711 Gilman Hall, Ames, IA 50011,
USA

‘Jiilich-Aachen Research Alliance (JARA-FIT) and Peter Griinberg Institute (PGI-6),
Forschungszentrum Jiilich, 52425 Jiilich, Germany

tElectronic supplementary information (ESI) available: Synthesis of the
H;L-SMe ligand and its proposed oxidation pathway, depiction of the non-func-
tionalised H;L ligand, synthesis and solid-state molecular structures of com-
pounds A and B, IR spectra and crystal data and structure refinement details of
compounds 1, 2, A and B, and ESI-MS spectrum of compound 1. CCDC
1440001-1440004. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c5qi00278h

This journal is © the Partner Organisations 2016

approach and, possibly, for supported-transition metal complex heterogeneous catalysis.

functional, compact, and biocompatible structures for renew-
able and sustainable energy. The peripheral functionalisation
of stimuli-responsive metalorganic compounds with the elec-
tron-rich “anchoring” groups® such as e.g. cyclic or acyclic
thioether (-S-), 1,2-dithiolane (-S-S-) or thiol (-SH) constitutes
one out of multiple chemical strategies® to anchor molecules
to macroscopic solid-state electrodes® (e.g., gold). The ligand
environment of the metal centres as well as the structural,
thermal and redox stability, solubility (for solution-driven
molecular deposition), and volatility/sublimability (for depo-
sition from the solid phase) of molecules are the key features
in multilateral surface-oriented investigation toward hybrid
catalytic systems and electronic devices.

The structural, spectroscopic, electrochemical, and catalytic
properties of diamagnetic and paramagnetic S-terminated
transition metal complexes and clusters were extensively
studied during previous years: (i) electrochemical, electro-
catalytic, and/or in situ infrared spectroscopic properties of
some cobalt, iron, ruthenium, and osmium complexes
adsorbed on gold electrodes via the sulfur-based binding
groups (thiols, thiophenes, thiocyanates, etc.) were reported.””®
(ii) Reactivity of a few iron and rhodium complexes toward
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thiolate-stabilised gold nanoparticles was discussed.’ (iii) The
mono- and dinuclear Cr(m)'® and Ni(u)"' complexes bearing
thioether groups at the periphery of the PNP and PNP = S che-
lates were exploited for the catalytic polymerisation and oligo-
merisation of ethylene. (iv) In view of the high interest for the
selective formation of self-assembly of highly ordered and
oriented metal-organic monolayers on surfaces or the inte-
gration of metal complexes into mesoporous materials,"” the
deposition of S-terminated heterometallic complexes and clus-
ters of Mo and Pd or Pt was studied on gold surfaces by scan-
ning tunnelling microscopy (STM), ellipsometry, and X-ray
photoelectron spectroscopy (XPS)."? (v) The tetrahedral mixed-
metal {RuCos} carbonyl clusters functionalised with the phos-
phane-thiol ligands were studied on a gold surface by STM,
XPS and X-ray absorption spectroscopy.'® (vi) The chemical,
structural, and thermodynamic characterisation of the mono-
nuclear Pt(n) cis-complexes and the heterotrinuclear {Co,Pt}
clusters containing N-substituted bis(diphenylphosphanyl)
amine ligands with the pendant thiobenzyl ester groups'® as
well as a trinuclear Ag(r) complex and a Ag(1) coordination
polymer with a thioether function in their short-bite diphos-
phine ligands'® were described. (vii) Sulfur-assisted phenyl
migration from phosphorus to platinum in molecular {PtW,}
and {PtMo,} clusters with thioether-functionalised short-bite
ligands of the bis(diphenylphosphanyl)amine-type was demon-
strated.'” The synthesis and structural chemistry of several
methylthio- or thiocyanate-furnished coordination complexes
of Mn(m,m),"® Fe(u),"® and Fe(m)** which exhibit ferromagnetic
and antiferromagnetic exchange interactions were also
reported. To the best of our knowledge, the potential of the
above-mentioned metal complexes in catalytic processes on
substrate surfaces has not been explored so far.
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By contrast, surface studies towards nano and quantum
computation which used the thioether-functionalised mole-
cules exhibiting slow-relaxation of magnetisation (single-mole-
cule magnets, SMMs) were performed and dealt with the
{Mng"™n}'},>" {Fel'}** (see also gold nanoparticles functiona-
lised with a 1,2-dithiolane-decorated Fe}' SMM?>?), {Fe}"Cr™},**
and {NiJ}** complexes. The chemical and physical behaviour
of the {Cry'Ni"}-nuclearity rings*® (with antiferromagnetic
coupling in bulk) and the {MnJ3MnY}-nuclearity compound®”
(with ferromagnetic coupling in bulk) upon deposition and
anchoring to gold surfaces via sulfur bonds was assessed.

Our exploratory work is motivated by the potential use of
isolated transition metal coordination complexes and clusters
with the structurally exposed sulfur-based anchoring groups in
industrially relevant catalytic processes on solid supports at
low and high temperatures. Our strategy implies the synthesis
and characterisation of polynuclear metal compounds with the
functional nano-sized structures as well as their addressing
from the perspectives of homogeneous catalysis, with the sub-
sequent immobilisation of these molecules onto porous met-
allic substrates or noble metal-coated mesoporous silica
nanoparticles®® (e.g., SBA-15) to eventually enable supported-
transition metal complex heterogeneous (or heterogenised
homogeneous®’) catalysis. In particular, Ni(u) Schiff-base com-
plexes,®® used as catalysts in the hydrogenation (see, e.g.
reduction of benzene®') and oxidation reactions as well as for
the ethylene polymerisation,>® constitute interesting target
candidates for the above-mentioned functionalisation and
application.

Herein, we report the preparation of two novel polynuclear
nickel(n) complexes supported by a n-conjugated Schiff-base
ligand with the chemically engineered -SMe functionalities
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Fig. 1 The hexadentate Schiff base HsL-SMe (=C,;H1gN,0O3S) used in
this work.

(see HzL-SMe in Fig. 1), isolated as [Nig(L-SMe);(CO;)-
(MeOH)((THF),]C1-2MeOH (1) and [Nig(HL-SMe),(L-SMe),-
(OH),(MeCN),(H,0),](NO;),-11MeCN-2PhCN (2), which are of
relevance to in situ ultra-high vacuum deposition on surfaces
by electrospray ionisation®* (ESI). The obtained ionic com-
pounds were characterised by infrared (IR) spectroscopy, ESI
mass spectrometry (ESI-MS), and thermogravimetric analysis
(TGA) and their solid-state molecular structures were deter-
mined by single-crystal X-ray diffraction. The magnetic pro-
perties were assessed via dc and ac magnetic susceptibility
measurements and our study thus expands knowledge on
existing topologies and magnetism in nickel coordination
chemistry.**

Results and discussion
Synthesis and thermal stability

Compounds 1 and 2 were synthesised via one-pot four-com-
ponent in situ reactions of n equivalents of NiX,-6H,0 [n = 2
for X = Cl (1) and n = 1.4 for X = NO; (2)] with two equivalents
of 2-aminophenol, one equivalent of freshly prepared
2-hydroxy-5-(methylthio)isophthalaldehyde and two equiva-
lents of triethylamine under reflux conditions in a mixture of
organic solvents (Scheme 1). Note that upon increasing n to 2
in the synthesis reaction for compound 2, no solid product
could be isolated. Likewise, changing or replacing the counter-
anions in the Ni(u) precursors also prevents precipitation of
crystalline product. A methanol/tetrahydrofuran volume ratio
of 4:1 was used for the formation of the moisture stable, crys-
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talline compound [Nig(L-SMe);(CO3)(MeOH),(THF),]Cl-2MeOH
(1) and a acetonitrile/benzonitrile volume ratio of 10: 1 for the
moisture sensitive, crystalline compound [Nig(HL-SMe),-
(L-SMe),(OH)(MeCN),(H,0),](NO5),-11MeCN-2PhCN (2). The
aerobic reaction affording compound 1 is furthermore charac-
terised by the uptake of atmospheric CO,. Dark-red com-
pounds 1 and 2 with a potentially redox-active, fully-
deprotonated L-SMe®~ ligand (see Fig. S1 and synthesis of
H;L-SMe in the ESIf) were obtained in ca. 39% and 55%
yields, respectively. Compound 1 is well soluble in THF, DMF,
and MeCN and modestly soluble in MeOH and CH,Cl,, while
compound 2 is well soluble in THF, DMF, and MeOH and
moderately soluble in MeCN and CH,Cl,.

In contrast to the gradual decomposition in TGA experi-
ments of compound 2 occurring as an ill-defined mass loss
step between 40 and 800 °C, the thermal stability of compound
1 in a N, atmosphere is characterised by three distinctive
steps: (i) the first step (40-210 °C) corresponds to a 13.8%
mass loss of two uncoordinated MeOH solvent molecules (the
compound was measured immediately following synthesis) as
well as two THF and two MeOH ligands coordinated to the
Ni1/Ni'1 and Ni2/Ni'2 atoms, respectively (Amic,e = 13.8%). (ii)
The second step shows a 6.6% mass loss of four remaining
MeOH ligands coordinated to the Ni3/Ni'3 atoms (AMcae =
6.5%) between 210 °C and 390 °C. (iii) The third, small step
(1.8% mass loss from 390 °C to 400 °C) indicates chloride
counterion desorption (A, = 1.8%). Thus, the TGA suggests
that the [Nig(L-SMe);(CO;)]" core fragment is stable up to ca.
390 °C and this high thermal stability might enable the use of
this magnetic complex in high-temperature catalytic reac-
tions®* on solid supports. It is noteworthy that the molecular
ion peak of [Nig(L-SMe);(CO;3)H,]" without coordinated solvent
molecules could be detected by ESI mass spectrometry
(Fig. S71).

Interestingly, the 2-hydroxy-5-methyl-
isophthalaldehyde (see Fig. S2t for the structure of the non-
functionalised H;L ligand) instead of its methylthio derivate
in the synthesis under less basic conditions (in the absence of
Et;N; Scheme S1t) has resulted in the formation of mono-
nuclear nickel(r) Schiff-base complexes with compositions
[Ni(H;L),]Cl,-4MeOH (A) and [Ni(H;L),](NO;),-4MeOH (B), see

use of

[Nig(L-SMe)3(CO3)(MeOH)g(THF),]Cl-2MeOH

™

=
~

s
OH  + 1 NiXo-6H,0
‘o ©: +2 Etz;N
[e) (0] reflux
A =
NHy  _2H,0 (i)
OH

[Nig(HL-SMe),(L-SMe)y(OH)4(MeCN)4(H20)41(NO3)-11MeCN-2PhCN

@)

Scheme 1 Synthesis of the hexanuclear and octanuclear nickel(i) Schiff-base complex compounds 1 and 2. Reaction conditions: (i) n = 2 for X = Cl
and MeOH : THF = 4: 1; (i) n = 1.4 for X = NOz and MeCN : PhCN = 10 : 1. For the IR spectra of these compounds, see Fig. S3 and S4.}
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Fig. S8 and Tables S5-S87 for solid-state structure information.
The sulfur ligand constituents and the presence of triethyl-
amine thus appear to be crucial for the synthesis of com-
pounds 1 and 2.

X-ray crystal structure analysis

The solid-state molecular structures of compounds 1 and 2
were established by single-crystal X-ray diffraction analyses and
are illustrated in Fig. 2-4. Compound 1 crystallises in the
monoclinic space group P2/c (Table S1, the ESIT) and consists
of the cationic complex [Nig(L-SMe);(CO;)(MeOH)qs(THF),]"
(Fig. 2a), counterbalanced by a Cl~ anion, and two crystal
solvent (methanol) molecules. The nano-sized [Nig(L-SMe);-
(CO5)(MeOH)((THF),]" complex contains a distorted horse-
shoe-shaped Ni, core structure. The Ni atoms are connected to
a ne-CO;>” group, a result of the fixation of atmospheric
carbon dioxide (Fig. 2b). Molecular “horseshoe”-like structures
have also been observed for {Crg'}-nuclearity complexes.’
Sorption of atmospheric CO, under aerobic reaction con-
ditions is well-known in coordination chemistry;*® homonuc-
lear and heteronuclear transition-metal and lanthanide
complexes that incorporate the carbonate ion in a wide variety
of bridging modes have been described.?”

View Article Online
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The {CO; C Nigs} fragment in compound 1 is ligated by
three in situ-formed Schiff bases (threefold-deprotonated
L-SMe’~; see Fig. 1) acting as N,Oj-chelates for the divalent
nickel centres. Six MeOH and two THF solvent molecules com-
plete the coordination spheres of metal ions (Fig. 3): Nil or Ni'
1 site binds to one THF molecule, Ni2 or Ni'2 to one terminal
MeOH molecule, and Ni3 or Ni'3 to two terminal MeOH mole-
cules. Bond distances of the NOs-coordinated nickel ions (in
A): Ni1-Op gpe: 2.0010(19)-2.158(2) A; Nil-Np gpe: 1.976(2) A;
Nil-Opp:  2.098(2) A; Nil-Oco: 2.0896(19); Ni2-Opgne:
1.9726(18)-2.143(2); Ni2—Np gpe: 1.963(2); Ni2-Oppeons: 2.119(2);
Ni2-Oco,: 2.0306(18); Ni3-Op.gpe: 2.000(2) and 2.0359(19);
Ni3-Npsume: 1.995(2); Ni3—Opeon: 2.095(2) and 2.112(2); Ni3-
Oco,: 2.0856(19). Thus, each Ni(u) centre in compound 1 exhi-
bits a pseudo-octahedral local geometry with axially distorted
O positions. The [Nig(L-SMe);(CO;)(MeOH)s(THF),]" structure
reveals the non-bonding Ni1---Ni2 (or Ni'1---Ni'2), Ni1---Ni3 (or
Ni'1---Ni'3), and Ni2---Ni'2 separations of 2.9707(6), 3.1251(6),
and 3.0323(7) A, respectively (the sum of the covalent radii of
two Ni atoms is 2.48 A (ref. 38)). The magnetically relevant
bond angles fall in the ranges 90.313(74)-90.828(78)° for Ni1-
(13-0)-Ni2, 96.916(79)-101.451(84)° for Nil-(j3-0)-Ni3, and
96.608(17)-100.461(17)° for Ni2—(j13-0)-Ni'2.

Fig. 2 (a) Molecular structure of [Nig(L-SMe)3(CO3z)(MeOH)g(THF),]* in compound 1. (b) Different views of the Nig core templated by CO3>~ with a

1..1,.1, 1.1

ue—nmtntintintin® binding mode. (c) A segment of the extended solid-state structure of compound 1, highlighting the association of two {Nig}

coordination clusters via C—H| sme--Cl hydrogen bonding interactions (O—Hmeon---Cl interactions are also shown). Hydrogen atoms not involved in
hydrogen bonds are omitted for clarity. Colour code: H, black; C, grey; N, blue; O, red; S, yellow; Cl, light green; Ni, dark green. The nickel and sulfur
atoms, carbonate ion, and co-crystallised MeOH molecules are represented as ball-and-stick models. The chloride ion is depicted as space-filling
model. See Table S2} for bond lengths and angles.

526 | Inorg. Chem. Front.,, 2016, 3, 523-531 This journal is © the Partner Organisations 2016
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Fig. 3 A fragment of compound 1 representing pseudo-octahedral
coordination geometries of the Ni(i) centres. For clarity, only one chelat-
ing Schiff-base ligand L-SMe>® is explicitly depicted. The nickel, nitrogen,
oxygen, and sulfur atoms are represented as ball-and-stick models. The
terminal-coordinated solvent molecules are highlighted in different
colours: MeOH, purple; THF, sky blue. Elemental colour code: C, grey;
N, blue; O, red; S, yellow; Ni, dark green.

Fig. 4 (a) Molecular structure of [Nig(HL-:SMe),(L-SMe),(OH),4-
(MeCN)4(H20),412* in compound 2. (b) Non-planar ring of eight nickel(i)
atoms as metal core in compound 2. (c) Side view of the solid-state
structure of compound 2 showing two NO3z~ anions in the top and
down cavities. Hydrogen atoms and solvent molecules are omitted for
clarity. The nickel and sulfur atoms as well as the C and N atoms of
MeCN in (c) are represented as ball-and-stick models and the nitrate
ions as space-filling models. Colour code: C, grey; N, blue; O, red; S,
yellow; Ni, dark green. See Table S47 for bond lengths and angles.

This journal is © the Partner Organisations 2016
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A further interesting feature of compound 1 is the infinite
one-dimensional chain structure in the crystal lattice, made up
from repeating [Nig(L-SMe);(CO;3)(MeOH)s(THF),]" entites
assembled via four C-Hj.gye-Cl (dc..ci = 3.6385(4) A and
3.7100(4) A) and two identical O-Hyeop+-Cl (do...c1 = 3.0958(3)
A) hydrogen bonds, as shown in Fig. 2c.

Compound 2 crystallises in the triclinic space group P1
(Table S31) and shows a dicationic {Nig} metallamacrocycle
[Nig(HL-SMe),(L-SMe),(OH),(MeCN)4(H,0),]** (Fig. 4a), remi-
niscent of a rollercoaster, and counterbalanced by two NO;~
anions. Eleven acetonitrile and two benzonitrile molecules co-
crystallise in the unit cell. The central metal core in the nano-
sized [Nig(HL-SMe),(L-SMe),(OH),(MeCN),(H,0),]** moiety
displays a non-planar ring of eight nickel(u) atoms (Fig. 4b).
This ring is maintained by two monoprotonated HL-SMe”~
and two fully-deprotonated L-SMe®~ Schiff-base ligands (see
Fig. 1) as well as four bridging OH™ groups. The coordination
spheres of four nickel (Ni2, Ni3, Ni6 and Ni8) atoms are com-
pleted by terminal MeCN molecules, those of the other four
(Ni1, Ni4, Ni5 and Ni7) only by terminal H,O molecules (one
MeCN/H,O per Ni). As a result, each of the Ni(u) ions in the
ring resides in a pseudo-octahedral N,O, or NOs coordination
environment (ratio N,O4:NO5 = 4:4). The NiN,O, bond dis-
tances (in A) amount to Ni2-Opgye: 1.990(7)-2.151(7); Ni2—
Npswme: 1.980(8); Ni2—OH: 2.045(7), Ni2-Nyjecn: 2.091(8); Ni3-
Opsme: 1.973(7)-2.171(7); Ni3-Np.gue: 1.992(9), Ni3-OH: 2.061
(7); Ni3-Npeen: 2-075(10); Ni6-Oy gpe: 1.978(7)-2.162(7), Ni6-
Npswme: 1.992(8); Ni6-OH: 2.029(7); Ni6-Nyjecn: 2.112(9); Nis-
Opsme:  1.996(7)-2.141(7); Ni8-Npgwe: 1.977(9), Ni8-OH:
2.056(7), Ni8-Npecn: 2.080(10). For the NiNO; environment:
Ni1-Oy.sme: 2.027(7)-2.087(7); Nil-Ny.gme: 2.013(8); Nil-OH:
2.093(7), Nil-Oyo: 2.071(7); Ni4-Opgme: 2.039(7)-2.077(7);
Ni4-Np.sme: 2.018(9); Nid-OH: 2.138(6); Nid-Oy,o: 2.059(7);
Ni5-Op.sme: 2.038(7)-2.054(7); Ni5-Np.gme: 2.010(8), Ni5-OH:
2.133(7); Ni5-Oyo 2.071(7); Ni7-Opgme: 2.043(7)-2.063(7);
Ni7-Np.sme: 1.991(8); Ni7-OH: 2.116(7); Ni7-Og,o: 2.080(8).
The non-equivalent, non-bonding Ni---Ni distances range from
3.0662(25) to 3.1001(25) A. The magnetically relevant bond
angles fall in the ranges 93.5(3)-100.7(3)° for Ni3—(p;-
020r.5me)-Ni8 and Ni3—(j13-012y.gve)-Ni7, and 95.1(3)-96.6(3)°
for Ni2—(j1,-01403)-Ni5 and Nil—(j1,-0150;;)-Ni6.

In general, the [Nig(HL-SMe),(L-SMe),(OH)4(MeCN),-
(H,0),]*" architecture can be viewed as a metallocavitand®”
hosting two NO;™ anions in a nesting fashion (Fig. 4c). These
nitrate groups are situated 2.3973(80) A above and 2.6004(83) A
below the nickel ring plane and connected to the internal
oxygen atoms of the dicationic complex via four H-bonds: (i)
021 or 026 of NO;™ is linked to two bridging OH™ groups
(021-Oyy: 2.7958(123) A-2.8692(117) A; 026-Ocyy: 2.9280(101)
A-2.9428(123) A) and one coordinated H,O molecule (021~
O5u,00 3.0352(115) A; 026-09y: 2.9195(145) A). (ii) The
fourth H-bond appears between 022 or 025 of NO;~ and the
H,O ligands at the Nil and Ni4 centres (022-O7y,c:
2.7542(125) A; 025-0644 ot 2.8609(123) A).

We note that in the crystal structures of compounds 1 and
2, the S atoms at the periphery of the Schiff-base ligands

Inorg. Chem. Front,, 2016, 3, 523-531 | 527
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L-SMe®*~ and HL-SMe”" are not involved in any intermolecular
coordination bonds.

Magnetism and magnetochemical modelling

Magnetic properties of compounds 1 and 2 were studied based
on the temperature- and field-dependent dc (static) and ac
(dynamic) magnetic susceptibility. Since the ac susceptibilities
do not reveal any out-of-phase components for compounds 1
nor 2, the experimental data of the magnetic dc measurements
are presented as y,7T vs. T and M, vs. B curves in Fig. 5. For
compound 1, a y,,T value of 7.68 cm® K mol™* at 290 K is
within the interval of 5.88-9.19 cm® K mol™" expected for six
non-interacting high-spin Ni(u) centres.*® Lowering the temp-
erature, y,7T slowly decreases for T > 100 K and rapidly
decreases below that point indicating predominantly antiferro-
magnetic exchange interactions between the Ni(u) centres. For
compound 2, the corresponding value at 290 K is 9.29 cm® K
mol™" being in the range expected for eight non-interacting
high-spin Ni(m) centres (7.84-12.25 cm® K mol™").*° In contrast
to compound 1, y,,T slowly increases by decreasing the tem-
perature, reaching a maximum at 7 ~ 30 K. The y,,T value
rapidly decreases on further temperature decrease. Such a
maximum results from predominantly ferromagnetic exchange
interactions between the eight Ni(u) centres. Since both mag-
netisation curves of compounds 1 and 2 do not exhibit satur-
ation, a reliable conclusion with respect to the upper limit of
total effective spin ground state S, is impossible.

A model description of the magnetic susceptibilities was
based on the following assumptions, in order to contain com-
putational limitations and to restrict the number of indepen-
dent fitting parameters: Since the ligand field of each Ni(u)
centre is well approximated as octahedrally symmetric, the
ground term is an orbital momentum singlet 4, originating
from ground term *F of the free high-spin Ni(u) ion - accord-
ing to the crystal structure, the distortion of the octahedral
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Fig. 5 Temperature dependence of y,,T at 0.1 Tesla for compounds 1
and 2; inset: field dependence of the molar magnetisation M, at 2 K;
circles: experimental data, solid graphs: least-squares fits.
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symmetry is expected to be small. Therefore, the zero-field
splitting is expected to be negligible and thus omitted. Hence,
the magnetic features of compounds 1 and 2 are described in
terms of an isotropic effective spin approach (S = 1) including
an effective Heisenberg-Hamiltonian to characterise the
exchange interactions. The number of exchange parameters is
restricted in a further approximation: exchange pathways exhi-
biting similar geometries are assumed as identical, see Fig. 6
for the resulting coupling schemes.
The exchange interaction Hamiltonian for compound 1

Hexi = —2/a (8185 + 8586) — 2/8(8285 + 8485) — 278384
and accordingly for compound 2

ﬁex,z = —2/a (Slgz + 3‘53’6) -2/ (3’23’3 + 3’45’5)
- 2Jc (5637 + 3158) — 2Jp8785 — 25838,

in combination with the Zeeman Hamiltonian are employed to
model the experimental data within the computational frame-
work CONDON 2.0."" The least-squares fit to the magnetic
data of compound 1 (quality-of-fit parameter SQ = 0.9%)
results in the exchange parameters J, = —7.7 + 0.1 ecm™", Jg =
+7.2+ 0.1 cm™}, Jo = —2.6 + 0.1 cm ™', and an isotropic g-value
of giso = 2.25 + 0.01. These parameters confirm the predomi-
nantly antiferromagnetic exchange interaction between the six
Ni(u) centres. The magnitudes of the exchange interaction
energies reveal weak interactions within the compound that
result in a ground state of a total effective spin S, = 0.

The least-squares fit to the magnetic susceptibility data of
compound 2 is slightly worse (SQ = 1.5%) if a model including
three independent exchange coupling parameters (J, = Jp =
—16+0.1cm ', Jp=—1.2+01cm ', Jc=/p=+5.2 0.1 cm ™},
Ziso = 2.13 £ 0.02) is employed. A slightly better goodness-of-fit
is achieved (SQ = 1.2%) in the approximation shown in Fig. 6
based on the less-symmetric structure of the compound,
although the margin of error of the fit parameter Jg is larger.
The corresponding least-squares parameters are J, = —1.5 +
02cm™, Jp=—-1.1+01cm ', Jc=+4.6+0.1cm™ ', Jp=—1.6+
0.1 cm™, Jg = +4.9 + 1.7 cm™" and gz, = 2.13 = 0.02. Even
though the calculated values exhibit weaker net exchange
interactions in compound 2 than in compound 1, they
confirm the predominantly ferromagnetic interaction between
the eight Ni(u) centres. According to the calculated parameters,

Fig. 6 Coupling schemes used for the magnetochemical modelling for
compounds 1 and 2.
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the ground state of compound 2 is characterised by a total
effective spin Sy = 2.

Conclusion

We synthesised and characterised two polynuclear nickel()
compounds 1 and 2 with structurally exposed thioether func-
tional groups in the periphery of the cationic complexes
[Nis(L-SMe)3(CO5)(MeOH)s(THF),]”  and  [Nig(HL-SMe),-
(L-SMe),(OH),(MeCN),(H,0),]**, respectively. These coordi-
nation clusters with distinct nickel topologies are character-
ised by different total ground-state spins and exhibit different
types of exchange interactions: predominantly antiferro-
magnetic for the horseshoe-like {Nig} with S, = 0 and predo-
minantly ferromagnetic for the rollercoaster-like {Nig} with S
= 2. Due to specific chemical properties (thermal stability,
solubility and detectability following ESI-MS), the anion-tem-
plated self-assembly 1 appears to be a suitable candidate for
molecular deposition and anchoring onto metallic surfaces via
a thioether linkage and studies at solid-liquid interfaces. In
forthcoming studies we will explore its potential as a heteroge-
nised homogeneous catalyst, for example via the use of cation
exchange®® to incorporate the solvent-free [Nig(L-SMe);(CO;)]*
fragment into large-pore metal-organic frameworks. We also
plan to assess compound 1 and its carbonate-bonded metal
core [Nig(L-SMe);(CO5)]" as catalysts for ethylene oligomerisa-
tion where we expect the catalytic activity and selectivity to also
depend on the pendant thioether groups.''>*** Finally, we
target the immobilisation of the horseshoe-like {Nis} complex
with its structurally exposed thioether anchoring groups onto
noble metal-coated mesoporous silica nanoparticles (such as
SBA-15),** in order to probe industrially relevant catalytic oxi-
dation reactions on solid supports at low and high
temperatures.

Experimental
Materials and methods

The synthesis of compounds 1, 2, A and B was carried out
under aerobic conditions. All starting materials were from
commercial sources and used as received. Solvents were used
without further purification. The IR spectra of compounds 1,
2, A and B were recorded on a Nicolet Avatar 360 FTIR spectro-
meter (KBr pellets, v = 4000-400 cm™'). TG/DT analyses of
compounds 1 and 2 were performed under N, flow and a
heating rate of 5 K min~" in the temperature range 25-800 °C
on a Mettler Toledo TGA/SDTA 851e instrument. The ESI-MS
spectrum of compound 1 in the positive ion mode was
recorded on a 4000 QTRAP mass spectrometer system, using
the LC/LC-MS method with direct infusion.

Synthesis of [Nig(L-SMe);(CO;z)(MeOH)s(THF),]Cl-2MeOH
(1). NiCl,-6H,0 (0.095 g, 0.4 mmol), 2-hydroxy-5-(methylthio)
isophthalaldehyde (0.040 g, 0.2 mmol) and 2-aminophenol
(0.044 g, 0.4 mmol) were solved in a mixture of MeOH (8 mL),

This journal is © the Partner Organisations 2016

View Article Online

Research Article

THF (2 mL) and triethylamine (0.056 mL, 0.4 mmol). The
resulting red coloured mixture was stirred for 90 minutes
under reflux. The MeOH/THF/Et;N solution was filtered off
and the filtrate was kept in a capped vial at room temperature.
Dark-red single crystals of compound 1 were obtained via slow
evaporation after ca. two weeks and then washed with a small
amount of ice-cold methanol. Yield of the air-dried crystals:
0.049 g (38.5% based on H;L). C,ClHgsNgNigO,S; (1910.34 g
mol™'; disregarding solvent). IR (KBr pellet), vya/cm™: 3405
(br,m), 2919 (w), 1615 (m), 1586 (sh), 1524 (m), 1473 (s), 1456
(sh), 1431 (sh), 1389 (s), 1336 (sh), 1313 (m), 1256 (sh), 1187
(w), 1150 (w), 1109 (w), 1047 (m), 1035 (sh), 950 (w), 883 (w),
827 (w), 744 (m), 684 (w), 589 (w), 524 (m). MS (MeOH, "ESI):
m/z: 1536.8 (Cg4Hy7NgNigO;1,S5", 100%).

Synthesis of [Nig(HL-SMe),(L-SMe),(OH),(MeCN),(H,0),]
(NO3),-11MeCN-2PhCN  (2). Ni(NO;),-6H,0  (0.060 g,
0.2 mmol), 2-hydroxy-5-(methylthio)isophthalaldehyde (0.040 g,
0.2 mmol) and 2-aminophenol (0.044 g, 0.4 mmol) were solved
in a mixture of acetonitrile (10 mL), benzonitrile (1 mL) and
triethylamine (0.056 mL, 0.4 mmol). The resulting red
coloured mixture was stirred for 70 minutes under reflux. The
MeCN/PhCN/Et;N solution was filtered off and the filtrate was
kept in a capped vial at room temperature. Red single crystals
of compound 2 were obtained via slow evaporation after ca.
one week and then washed with a small amount of ice-cold
acetonitrile. Yield of the air-dried crystals: 0.033 g (55% based
on Ni). CoyHgeN4NigOy6S; (2401.55 ¢ mol™'; disregarding
solvent). TR (KBr pellet), vpma/ecm™: 3424 (br, m), 3056 (w),
2918 (w), 2224 (W), 1617 (s), 1587 (s), 1527 (s), 1478 (vs), 1457
(sh), 1434 (w), 1386 (vs), 1312 (s), 1292 (sh), 1278 (sh), 1252 (s),
1189 (w), 1150 (w), 1109 (w), 1051 (s), 953 (w), 882 (m), 827
(m), 748 (s), 687 (m), 589 (m), 549 (w), 517 (m).

X-ray crystallography

Single-crystal X-ray diffraction data for all compounds were col-
lected on a Bruker Apex II diffractometer with Mo Ka radiation
(A =0.71073 A) at 153 K. Crystals were mounted in a Hampton
cryoloop with Paratone-N oil. Absorption corrections were
applied numerically based on multifaceted crystal model using
SADABS software.”> A summary of the crystal data and struc-
ture refinements for compounds 1, 2, A and B are given in
Tables S1, S3, S5 and S7 in the ESI,} respectively. Details are
described in the CIF files. CCDC 1440001-1440004 contain the
supplementary crystallographic data for this paper.

Magnetic susceptibility measurements

Magnetic susceptibility data of compounds 1 and 2 were
recorded using a Quantum Design MPMS-5XL SQUID
magnetometer for direct current (dc) and alternating current
(ac) measurements. The polycrystalline samples were com-
pacted and immobilised into cylindrical PTFE capsules. The
dc susceptibility data were acquired as a function of the field
(0.1-5.0 T) and temperature (2.0-290 K). The ac susceptibility
data were measured in the absence of a static bias field in the
10-1000 Hz frequency range (T = 2.0-50 K, B,. = 3 G), but no
out-of-phase signals were detected. Data were corrected for dia-
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magnetic contributions from the sample holder and the com-
pounds (ygia(1) = —0.96 x 107> em® mol™, ygi.(2): —1.20 X
10~ em® mol ™).
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